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Summary
The magnetotransport properties of three new superconducting compounds
(Y l-xCaxBa2Cu307-8, ThBa2Cu06+8 and RNhB2C) have been investigated. The study
has principally involved measurements of the anisotropic resistivity, magnetoresistance,
and Hall effect of these compounds, using a new 15 Tesla superconducting magnet
system.
Results of measurements of the resistivity, Hall effect and magnetoresistance of
sintered and thin film samples of Y l-xCaxBa2Cu307-8 are presented. The Hall coefficient
of the fully oxygenated overdoped material is smaller in magnitude and has a weaker

It just showed how one ought never to underestimate a man

simply because he devotes his life to shoving oars into rivers
and pulling them out again, this being about as silly a way of
passing the time as could be hit upon.
Bertram Wooster on an oarsman friend of his.

temperature dependence than that of optimally doped material, while the resistivity has an
upward curvature and can be well fitted by A + BT + CT2. Despite these large changes in
P and RH, cot(SH) shows remarkably little variation with doping, as is the case for
underdoped YBa2Cu307-8. In addition, it is shown that overdoping Y l-xCaxBa2Cu307-8
causes the mixed-state resistivity to shift rather than broaden in applied magnetic fields.
Measurements of the c-axis magnetoresistance of single crystals of
T12Ba2Cu06+8 (TI-2201) reveal a striking four-fold angular dependence as the magnetic
field is rotated in the ab-plane. A metallic c-axis resistivity (dpc/dT > 0) indicates that the
out-of-plane transport may be coherent, and based on this assumption a simple model for
this system is developed, using Boltzmann transport theory with an anisotropic relaxation
time 'to CalCulations based on this model are used to extract the anisotropy in the in-plane
mean free path from the experimental results. It is shown the measured changes in the
anisotropy in 't cannot fully account for the temperature dependence of the in-plane Hall
coefficient. Furthermore, despite a metallic c-axis resistivity, the c-axis mean free path is
estimated to be less than the c-axis lattice parameter for all but the lowest temperatures.
Finally, the new class of rare earth intermetallic borocarbides RNi2B2C has been
investigated. The results of resistivity, susceptibility, thermoelectric power, Hall effect
and magnetoresistance measurements are presented for nonsuperconducting and
superconducting, magnetic and nonmagnetic members of this family (R =Y, La, Ho, Er,
Lu). These results clarify the nature of the electronic transport in these compounds, and
reveal some important connections between the normal-state properties and the
superconductivity. In particular, measurements of single-crystals show for the first time
that Pc = Pa. Furthermore, a negative longitudinal magnetoresistance in HoNhB2C above
TN, which scales as HIT, demonstrates unambiguously the presence of spin-disorder
scattering in this compound.
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Two basic properties define a material as a superconductor: perfect conductivity
and perfect diamagnetism. The latter property arises from the Meissner effect, and
distinguishes a superconductor from a perfect conductor.
Perfect conductivity means that an electric field accelerates superconducting
electrons, rather than sustaining their velocity against resistance (as described by Ohm's
law in a normal conductor). This is described by the first of the London equations [1]:

(1.1)

where E is the electric field inside the superconductor, ls is the superconducting current
and A = mfn se2 (ns is the number density of superconducting carriers and m their mass) .
Combining equation 1.1 with Maxwell's equation VxE = -(1/c)2JB/2Jt results in the
following equation (in cgs units):

20
(1.2)

where H is the magnetic field strength inside the superconductor. By restricting the
solutions of equation 1.2 to those for which the expression within the brackets is zero,
and not just the time derivative, the second London equation is obtained. Combined with
Maxwell's equations, this yields the result
( 1.3)

which describes the Meissner state (perfect diamagnetism). Magnetic fields are
exponentially screened from the interior of a superconducting sample with the (London)
penetration depth 'A, which is related to A by the following expression:

(l.4)
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The two London equations provide a description of the electrodynamics of the

The pairing mechanism

superconducting state, but say nothing about the actual mechanism that causes
superconductivity. The driving force behind superconductivity is thermodynamic in
origin, it being energetically favourable for a superconductor to be in the superconducting
state below a critical temperature Tc.

1.1.2

As mentioned above, the BCS theory of superconductivity involves phonons as
the pairing mechanism. This theory has been remarkably successful in the description of
superconductivity in the low-T c superconductors. Other, more exotic, pairing
mec hanisms have been proposed to. account for the higher transition temperatures of the
high-T c superconductors. These include strongly coupled BCS, phonons in conjunction

The mechanism of superconductivity

Microscopic theory of superconductivity

with a van Hove singularity, and interactions which are electronic or magnetic in origin
(including resonating valence bond [4] and spin fluctuations [5]). The interpretation of
the normal-state transport properties in terms of these different approaches is discussed in
section 1.3.4.

Superconductivity is a collective, many-body effect. The microscopic theory
conventional (low-T c) superconductors was developed by Bardeen, Cooper

~ffi'eHfl'V~ (BCS) in

1957 [2] (and is described in detail, for instance, in Tinkham

[3]). The physical principles behind this theory are discussed briefly below.
Below Tc, there is an instability for electrons (or holes) from within kBTc of the
Fermi energy to form paired entities (Cooper pairs), in which the constituent electrons
(holes) have equal and opposite momentum and spin. The mechanism for this instability
can vary, but in the case oflow-Tc superconductors it is provided by a weakly attractive
phonon interaction (i.e. lattice vibrations). The Cooper pairs are bosons, and it is
favourable for them to occupy the same ground state described by a single wave function
(lying about kBTc per pair below the Fermi energy). Associated with the condensation of
Cooper pairs into this state, a gap opens in the single-electron density of states with a
width E g , centred around the Fermi energy. States below the gap are full, and
consequently an energy Eg is required to break a Cooper pair (in standard weak-coupling
s-wave BCS theory, Eg

= 3.5kBTc).

The energy Eg can be provided by thermal

activation, for instance. Between absolute zero and T c, there exists a dynamic equilibrium
of Cooper pairs being formed and broken.

1.1.3

Motivation for studies of the normal-state
It is widely believed that studies of the normal-state properties of superconductors

are necessary to fully understand the mechanisms of superconductivity. The properties
responsible for superconductivity (i.e. the pairing mechanism, density of states, electronelectron interactions etc) are expected to manifest themselves in normal-state properties
such as the resistivity, susceptibility, thermopower and the Hall effect. Indeed, it is
probably no coincidence that high-T c superconductors in the normal-state are poor
conductors in comparison to other good metals. The strong interactions which are
responsible for the high T c values are also probably responsible for the poor
conductivity.
In addition to the above, the normal-state is often far from "normal", and provides
a fascinating challenge in its own right. In the case of high-T c superconductors, the
normal-state properties are even challenging some of the corner-stones of solid-state
physics, such as Fermi-liquid theory (see section 1.3).

Now, because all of the Cooper pairs are described by one wave function, any
scattering event must affect all of the pairs in exactly the same way. That is to say that the
Cooper pairs can only lose energy in a way that is so improbable as to be negligible. It is
this resistance to change shown by the correlated electrons that is the essence of
superconductivity. A supercurrent, consisting of Cooper pairs moving coherently with a
drift velocity, feels no electrical resistance.

4
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1.2

Intermetallic Superconductors

binary and ternary combinations of elements: for instance UPt3, UBel3, URU2Si2 and
CeCu2 Sh all superconduct below 1 K.

1.2.1

Superconductivity in metallic elements

Finally, the Chevrel phases (RMo6Sg and RMo6Seg) and the rhodium rare-earth
borides (RRh4B4) are ternary intermetallic compounds exhibiting superconductivity. The

Superconductivity in metallic elements is not unusual. There are 26 naturally

coexistence of long range antiferromagnetic order and superconductivity at low

occurring metallic elements which superconduct at atmospheric pressure, and a further 17

temperatures in several of the Chevrel phases (which also have quite high Hc2 and Tc

metals and 5 non-metals which superconduct under high pressure [6]. Transition

values [6]) has been a fruitful field for investigating the interplay of magnetism and

temperatures (at 1 atmosphere) range from 325 ilK (Rh) to 9.2 K (Nb).

superconductivity .

The first observation of superconductivity was made by H. Kamerlingh Onnes in
1911, for mercury (Tc

= 4.15 K) [7]. Historically, the search for superconductivity was

extended from the transition elements to transition metal compounds by Meissner's group

1.2.3

Quaternary intermetallic superconductors

in Berlin, between the wars. They found a large number of carbides and nitrides with the
rock salt (B 1) structure. The search was widened (by several groups) after World War IT

While several of the above binary and ternary compounds could accommodate

to include binary solid solution alloys of the d-band transition metals, and a wealth of

substitutions (so there could be more than two or three elements in the chemical formula),

new superconducting compounds and alloys were discovered [6]. Such combinations of

there were no true quaternary intermetallic superconducting compounds until the

metallic elements are loosely referred to as being intermetallic t .

discovery of the borocarbide family in 1994 [10, 11]. This discovery was fortunate, with
"unwanted" carbon contamination [12] affecting a compound mistakenly identified as a
Y-Ni-B phase [13].

1.2.2

The borocarbide family has the general formula RNhB2C, with R =Y, La, Ce,

Binary and ternary intermetallic superconductors

Srn, Tb, Dy, Ho ,Er, Tm and Lu, although novel variations on this general theme are still
With regard to superconductivity, the most important of the intermetallic groups is

being discovered (such as YPd2B2C, which with a Tc of 23 K [14] has the highest

the A15 family. They have a cubic structure belonging to the Pm3n space group, and

known T c for a bulk intermetallic compound). The crystal structure is tetragonal and

have the general formula A3B. The first two compounds discovered were V 3S i (T c = 17

layered, but the electronic properties are essentially isotropic (see figures and references

K) and Nb3Sn (Tc = 18 K) [8], and the family now contains over 20 members, with a

in chapter 5).

maximum T c of 23 K for thin films of Nb3Ge [9]. These are type 11 superconductors

Working with more complex systems has allowed greater opportunity to balance

with large upper critical fields, making high-current and high-field applications possible.

opposing tendencies within a single compound, making relatively high transition

Indeed, the 15T magnet system, described in chapter 2 and with which most of the

temperatures and complex magnetic states possible. These materials have opened up a

experiments in this thesis were made, has coils constructed of the A 15 superconductors

rich new area of research in intermetallic superconductivity.

Nb3Ti and Nb3Sn (the latter being an insert).

Chapter 5 of this thesis presents results of a study of the normal-state transport

Other binary intermetallic compounds include the Laves phases with the formula

and magnetic properties of the RNhB2C superconductors. A more detailed introduction

AB2 (CI4, C15 and C16 structures), and the a (AI2) and cr (D8b) phases, with a wide

to these materials is given in chapter 5, along with a discussion of the experimental

range of compositions and large unit cells. Heavy fermion compounds include both

results.

t An intermetallic compound has precise atomic positions, whereas an intermetallic alloy is a solid
solution of two or more metallic components (even though they may be combined in apparently
stoichiometric ratios). The term intermetallics is usually loosely used to mean intermetallic compounds.
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1.3

High-Temperature Superconductors

1.3.1

Crystal structure

1.3.2

Doping and the electronic phase diagram
An idealised phase diagram of a hole doped superconductor is shown in figure

1.2. Valence sums suggest that in the undoped parent compound copper in the CU02
The discovery of the first high-T c superconductort (La2-xBaxCu04) was made by
1.G.Bednorz and K.A.Miiller in 1986 [15]. Subsequently, many other members of what

planes should adopt a 3d9 configuration, leading to a half filled 3d x2-y2 band, which will
be metallic according to independent electron single-particle band theory. However, the

has come to be known as the cuprate family of high-temperature superconductors have
been discovered (see, for example, [16]).

There are several scenarios which can cause an initially half filled band to be insulating.

The cup rate superconductors have a layered perovskite structure. Copper-oxide

These include the Mott-Hubbard mechanism (due to strong on-site Coulomb repulsion),

planes are separated from each other by planes of various rare earths and oxides. The

nesting of the Fermi surface causing a charge or spin density wave (halving the size of

number of CU02 planes per unit cell can vary, from one (as in La2-xSrxCu04), to three

the Brillouin zone), and more exotic pictures such as the RVB model [4].

undoped material is in fact an antiferromagnetic insulator, with a Neel temperature TN.

(as in Bi2Sr2Ca2Cu301O). These CU02 planes are widely believed to be responsible for

As the doping is increased, the long range antiferromagnetic order is lost, and TN

both the superconductivity and the normal-state transport properties. The separating

decreases rapidly. For some high Tc superconductors there is thought to be a spin-glass

layers can have a doping effect, and are often referred to as charge reservoir layers.

state between the antiferromagnetic and superconducting regions of the phase diagram

Figure 1.1 illustrates the crystal structure of the high-temperature superconductor
YBa2Cu307.

[17, 18]. As the hole doping is increased further there is a metal-insulator transition, and
the material enters the superconducting region.
The superconducting transition temperature appears to vary parabolically with
hole doping, described by the following empirical formula [19]:

- - - CuO chains

y----I-~--

J

CuOz planes

Tc
= 1-82.6(p-0.16)2
Tc(max)

(1.5)

where p is the hole concentration and Tc(max) the maximum value ofTc (optimal doping).
As the hole doping is increased further still, the material becomes non-superconducting,
and has some of the properties of a Fermi liquid-like metal.
Not all compounds can be doped completely across the phase diagram shown in

c

figure 1.2. Two specific examples relevant to this thesis are given below.

b

Cu-'--~~~_-4~

charge
reservoir
layer

(1)

YBa2Cu307-0 can be varied across the underdoped side of the phase diagram

from nonsuperconducting to slightly overdoped (optimal doping occurs for 0 "'" 0.05). In
addition, calcium substitution for yttrium can overdope this compound (see chapter 3 of

1£--.;:.-

a

0

--~~

this thesis).
(2)

Figure I .I

The crystal structure of orthorhombic YBa2Cu307.

T12Ba2Cu306+o can be varied across the overdoped side of the phase diagram,

from optimal doping (0 "'" 0) to non-superconducting (0 > 0.1) (see chapter 4 of this
thesis).

t The term "high-T c superconductor" has come to refer to the generic class of cuprate superconductors,
regardless of the actual T c value. Doping can result in extremely low T c values for some cuprate
superco.nduct~rs, but the ter.m "high-Tc" still applies in the sense of the underlying superconducting
mechamsm beIng somehow different to conventional "low-T COO superconductors.
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sample density of La1.83Sro.17CU04t showed that RH is inversely proportional to the
sample density, and can be corrected to give a good estimate of the in-plane value of RH
for single crystals [28].

underdoped overdoped
......

...

In-plane normal-state resistivity
The temperature dependence of the normal-state resistivity of the cuprates
depends on the carrier doping. These temperature dependences of Pab are illustrated in
figure 1.3, using the examples of underdoped and optimally doped YBa2Cu307-0 and of

Hole concentration
Figure 1.2

1.3.3

overdoped TI2Ba2Cu06+o (after A.P.Mackenzie et al. [29]).

Schematic phase diagramfor a hole doped high-Tc superconductor.

YBa Cu 0
2

Normal-state transport properties

3

6.72

(underdoped)
S 0.3

The normal-state transport properties of high-T c superconductors have been

C

-

reviewed extensively elsewhere (see, for instance, [20-25]). Some key features of the

S
» 0.2
......
......

normal-state resistivity and Hall effect which make the cuprates such remarkable materials
are discussed below. First of all, the issue of polycrystalline samples versus singlecrystals is briefly addressed.

YBa Cu 0
2

3

6.95

(optimally doped)

;>
......
......

m
......
m
(1)

~

0.1

TI 2Ba2 CuO 6+u"
. - - (overdoped)

Polycrystalline samples
In general, ceramic samples of the high-T c cuprates are more easily synthesised

50

and are closer to ideal stoichiometry than single-crystals, and much of the published work
has been for polycrystalline material.

200
150
100
Temperature / K

250

300

Due to the large anisotropy of the cuprates, the resistivity of polycrystalline
material reflects that of the ab-planes (Pab), but does not follow precisely the same
temperature dependence. Sample porosity and grain boundary resistance can have a
significant effect on the resistivity [26-28], and single-crystal data is preferable to that of
sintered samples.

Figure 1.3

The temperature dependence of the ab-plane resistivity of YBa2Cu306.72
(underdoped),

YBa2Cu306 .95 (optimally doped) and

(overdoped), after A.P.Mackenzie et af. [29].

In contrast to the resistivity, the Hall coefficient appears to be independent of
grain boundary scattering [27]. In addition to this observation, a study of the effects of

10

t Not reported in this thesis, but published in reference [28].
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The optimally doped material shows a remarkable linear resistivity from T c to the

The temperature dependence of Pc is affected by both the doping level and the

highest measurable temperatures (BhSr2Cu06 has a linear resistivity from 10 to 700 K

anisotropy of the specific compounds, and is often non-metallic even when Pab is metallic

[30]). This is unlikely to be due to a standard electron-phonon interaction, because it

(dpat/dT > 0). Furthermore, when pc is metallic, it does not necessarily follow the same

stretches over such a wide temperature range (the Debye temperature is approximately

temperature dependence as Pab (see chapter 4 of this thesis), although Pc/pab is

300 to 400 K for most of these materials).

temperature-independent for the particular case of overdoped nonsuperconducting

The underdoped material appears to have a linear resistivity at high temperatures,

La2_xSrxCu04 (x > 0.3) [37].

but to deviate downwards from this for temperatures below a characteristic temperature
T*. In addition, for low doping levels Pab is often non-metallic at low temperatures. This
general behaviour for the underdoped materials can be seen, for instance, in underdoped

In-plane Hall effect

La2_ xSrxCu04 (x < 0.15) [31], YBa2Cu307-0 [32] and YBa2Cu408 [33].
The overdoped material, in contrast to the above, has an upwardly curving in-

The general doping and temperature dependence of the in-plane Hall coefficient of

=A +

the cuprates is well established experimentally (see, for instance, [20, 25, 34], and

BT +CT2 [29]. In the case of overdoped La2- xSrxCu04 (x > 0.2), Pab appears to follow

references therein). The optimally doped material shows an approximately lIT

a T1.5 power law [31], but it is not obvious that the data cannot also be fitted by a sum of

temperature dependence, while the overdoped material has a smaller value of RH, with a

T and T2 terms. The tendency towards a T2 resistivity is widely interpreted as indicating

much weaker temperature dependence. The underdoped material has a larger value of RH,

that the fully overdoped material is a Fermi liquid (or at least is tending towards such a

and a temperature dependence which is stronger still than the optimally doped case, if

state) [34, 35]. Significantly, however, the T2 resistivity is not observed to the lowest
15 K) when a large magnetic field is

measured to sufficiently high temperatures [34, 38].
Perhaps the most startling experimental result is that the cotangent of the Hall

used to suppress the superconductivity [29], possibly indicating that the ground state of

angle (cot(SH) =Pxx/pxy = Pat/RHB) has a T2 temperature dependence over a wide range

this material is not a conventional Fermi liquid.

of temperature and doping for most of the compounds measured. This dependence is not

plane resistivity. In the case of ThBa2Cu06+0, this can best be described by Pab

temperatures in overdoped ThBa2Cu06+0 (Tc

z

always exact: for instance cot(SH) appears to have a slightly less than T2 dependence for
sintered samples of overdoped La2_xSrxCu04 (x > 0.15) [39], and thin films of
underdoped YBa2Cu307-0 [40] (see also results shown in chapter 3 for calcium-

Out-of-plane normal-state resistivity
Because of the layered structure of the cuprate superconductors, the velocity of

substituted YBCO thin fllms) .
B. Batlogg and co-workers have shown that RH(T) data can be scaled onto a

carriers perpendicular to the CU02 planes may be orders of magnitude smaller than the

universal curve for overdoped La2_xSrxCu04 [39], giving values of a characteristic

corresponding in-plane velocities. (Note that this is not invariably true for layered

temperature T*. This behaviour gives evidence for a small energy scale which decreases

structures, as shown by work in chapter 5 on the rare earth borocarbides.) This large
anisotropy gives rise to striking differences in the behaviour of the in-plane and c-axis

rapidly on the overdoped side of the phase diagram.
In addition to the above, it is noted that low-temperature Hall effect measurements

resistivities.

of overdoped ThBa2Cu306+0 indicate that the Fermi surface of this overdoped material is

The c-axis resistivity (Pc) varies in magnitude between the various cuprate
families, and even across a single doping series [36]. For most of these materials, the

relatively large, corresponding to approximately 1.3 itinerant holes per copper atom [29].
(This particular result is discussed further in chapter 4.)

Mott-Ioffe-Regel (MlR) limit (widely interpreted for the cuprates as meaning when the caxis mean free path is approximately equal to the c-axis lattice parameter) is violated [36],
indicating that the c-axis transport may not be coherent.
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Theories of normal-state transport

Challenging features of the normal-state transport

Spin-fluctuation scattering
In perhaps the least exotic approach to understanding the normal-state properties
of the cuprates, Boltzmann transport theory is applied to a Fermi surface with an

Several features of the normal-state resistivity and Hall effect indicate that

anisotropic mean free path (m.f.p.) due to spin-fluctuation scattering. This viewpoint

standard models may not be applicable to charge transport in the cuprates. In particular,

arose primarily from the nearly antiferromagnetic Fermi liquid picture of Pines and co-

the linear resistivity and the strong temperature-dependence of the Hall coefficient of the

workers [5], who have made detailed calculations of RH and cot(eH) [44]. Similar

optimally doped materials are challenging to understand in terms of simple band theories

calculations have been made by Hlubina and Rice [45], Carrington et al. [46], Kendziora

or Fermi liquid behaviour. The undoped material, as mentioned before, is not well

et al. [47], and Lercher [48].

understood either, and the gradual transition from this state to the Fermi liquid-like
behaviour of the overdoped materials is a key feature to be explained by any theory.

Neutron scattering and NMR studies have shown the importance of spin
fluctuations, which have a well defined wave vector Q = (n/a, n/a) and a characteristic

Some of the contending theories which claim to account for the normal-state

width in k-space (see refs in [25]). This vector can link portions of the Fermi surface,

transport properties are discussed briefly below. This is by no means an exhaustive or
thorough review, but is more a survey of the significant ideas.

resulting in a shorter m.f.p. for those regions. For a square Fermi surface with rounded
corners, it is the corners which principally determine RH, and an anisotropy in the m.f.p.
associated with such a Fermi surface has been shown to give a qualitative explanation for
the strong doping and T dependence of Pab and RH [49].

Normal-state pseudo gap

This model is considered in greater detail in chapter 4. The transport coefficients
are calculated for a quasi-2D Fermi surface with an anisotropic relaxation time using

Neutron scattering and magnetisation measurements indicate that there is a gap in

Boltzmann transport theory (in contrast to Stojkovic and Pines [44], who implicitly

the normal-state density of states in the underdoped compounds. Specific heat

included the form of the scattering function due to the spin fluctuations in their approach).

measurements indicate that this gap is not just in the spin spectrum, providing perhaps the

Using this picture, the anisotropy in the in-plane m.f.p. is extracted from c-axis

most convincing evidence for what has come to be known as the normal-state pseudo gap

magnetoresistance data, and used to calculate the temperature dependence of RH.

(see [25] and references therein). This pseudo-gap can be associated with the deviation
from linear resistivity of the underdoped compounds (see section 1.3.3 and [25]).
Furthermore, although the normal-state gap probably disappears at optimal

Spin-charge separation

doping, the characteristic temperature T* extracted from the scaling of RH on the
overdoped side of the phase diagram [39] suggests that a small energy scale is still

Spin-charge separation, as proposed by Anderson [50], results in two distinct

present on the overdoped side (this could be, for instance, a low energy enhancement of
the density of states [41]).

relaxation times, one associated with electric fields and one with magnetic fields. Electric

The origin of the pseudo gap is not clear, though it could possibly be associated
with the formation of Cooper pairs above Tc [42,43].

while magnetic fields cause displacements parallel to the Fermi surface (with no change in

fields produce displacements perpendicular to the Fermi surface which relax in a time 'ttr,
energy) which relax with a time 'tH. It follows that the in-plane conductivity cr xx is
proportional to 'ttr, while the Hall conductivity crxy is proportional to'ttr'tH.
In Anderson's picture, the elementary excitations of an electron are a holon (a
spinless charge) and a spin on (a chargeless spin). Spinon-spinon interactions determine
11'tH, which consequently has a T2 temperature dependence (as is usually the case for
fermion-fermion interactions). The application of an electric field, on the other hand,
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leads to a back-flow of spinons (since the holons and spinons are describing electrons),

1.4

Formal Transport Theory

1.4.1

The Boltzmann equation

which scatter the charge-carrying holons. The scattering in such a scenario is proportional
to the number of excited spinons, which leads to a linear T dependence of Ut tr . These
temperature dependences lead to a linear in T resistivity, a lrr Hall coefficient and a T2
dependence of cot(8H), which are in fact observed for the optimally doped materials.

The Boltzmann equation is used to relate the carrier distribution in k-space (Jk) to
the observed transport coefficients. In this semi-classical approach, quantum mechanical
effects are taken into account via the exclusion principle.

Polarons and biplorarons

The Boltzmann equation, given below, states that the net rate of change in the
distribution function fk due to diffusion of carriers (diff), the action of applied fields

Polarons are quasiparticles which can be pictured as electrons or holes which

(field), and scattering events (scatt) is zero:

carry a spin or lattice distortion, increasing their effective mass. In the bipolaron model of
Alexandrov and Mott [51], polaron pairs form above Tc and behave like bosons. They

dfkl + dfkl
dt diff dt

carry the current in the normal-state, and at Tc condense into a single state responsible for

+ dfkl
-0
dt scaff

(1.6)

field

superconductivity. Recently, this model has been extended to cover c-axis transport,
which the authors claim to be due to polarons, while the in-plane properties are

The diffusion term in the Boltzmann equation arises from temperature gradients or

dominated by bipolarons [43]. In the application of these ideas to the cuprates, a key

changes in the chemical potential. This term is zero in the following analysis, which

feature of the authors' arguments has been that these materials appear to be doped

assumes isothermal conditions and no junctions between different materials.
Applied fields accelerate the charge carriers, resulting in a rate of change in k. The

semiconductors rather than metals, irrespective of the level of doping.

effect of this onJk is given by:

(1.7)

The scattering term in the Boltzmann equation can arise from many different
mechanisms. A simple and remarkably effective way to account for this term is the
relaxation time approximation.

1.4.2

The relaxation time approximation
In this approximation, the action of the many different scattering processes acting

against the applied fields can be accounted for by a single relaxation time, 'tk (which can
be k-dependent). The relaxation time is the time taken for the carrier distribution to return
to equilibrium (fk~ if the applied fields were suddenly turned off. That is to say:
UNIVERSITY
LIBRARY
CAMfJRIDGE
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dfk /
_
dt scatt

gk

0.8)

Tk

1.4.3

The lones-Zener expansion
The solution of the linearised Boltzmann equation (equation 1.11) in zero

where gk is the deviation of fk from the equilibrium distribution function , Jk,
+0
and is given by:

magnetic field is straightforward, but the situation is not as simple in the general case.
One method, applicable in the weak-field limit, is to use the Jones-Zener expansion.
Using this method, equation 1.11 is rewritten as

(1.9)

(1.14)
The relaxation time approximation allows the simplification of the Boltzmann
equation. Noting that Vk'(VkxB)=O, and making the substitution
where Q is an operator given by
( 1.10)

(1.15)

the Boltzmann equation becomes:
A Taylor expansion of (1 +Q)-1 results in the following expression for gk:

dfO]
e (vk xB). dgk
- eE,vk = fIk. +( -de
T
h
dk

(1.11)

The above is the linearised Boltzmann equation (with no temperature gradients). It
can be solved for gk for a given distributionfF
The current response J to applied fields is given by

( 1.16)

The first term in this series is g~~ used to calculate the zero-field conductivity.
The second term, g~! is linear in B and describes the Hall effect. The term g~) varies as
B2, and describes the effects of magnetoconductance. Higher order terms (/k~ gCt) etc)
are small corrections to the Hall effect and magnetoconductance, noticeable in large

(1.12)

fields.
This expansion is used in detail in chapter 4 to calculate the resistivity, Hall

which can be used to calculate terms in the conductivity tensor. For instance, in the
absence of a magnetic field, and assuming a quadratic dispersion relation

£

=1i 2k 2I2m*,

coefficient and magnetoresistance of a quasi-2D Fermi surface with an anisotropic
relaxation time (see section 4.3 and Appendix I).

the above formulae can be used to derive the Drude result (which is normally derived
using a force balance argument):

(1.13)
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2.1

Sample Preparation for Magnetoresistance
and Hall Effect Measurements

2.1.1

Polycrystalline samples

25
25
25
26
27

28

Poly crystalline samples have been used in two instances: sintered samples of
calcium-substituted YBCO (chapter 3) and metallic polycrystalline samples of the rare
earth borocarbides RNhB2C (chapter 5). The preparation of the samples into bars for
transport measurements was slightly different for these two cases.
In the case of the calcium-substituted YBCO, bars of the material were cut from

28
28
31

sintered pellets using a diamond cutting wheel. The surface of these bars was then

32

In the case of RNi2B2C, the material was synthesised as arc melted ingots, from

32
34
36
40
40
41

which bars could be cut using a spark-cutting machine. To do this, the ingot was earthed

scratched before making electrical contact with silver paint (see section 2.1.4).

and held still by conducting graphite glue, and a fine high tension wire was brought
slowly down to it. The cutting occurred under liquid paraffin, which could be cleaned
from the samples using acetone. As with sintered material, it was necessary to scratch the
surface of the samples before making electrical contacts.

42

2.1.2

Thin film patterning
The results of transport measurements of thin films of calcium-substituted YBCO

are presented in chapter 3. The films were prepared for these measurements as follows:
(1)

The as-grown film was cleaned under acetone in an ultrasonic bath, and rinsed
with isopropanol.

(2)

The film was covered in positive photoresist (AZ5218E) using a spin-coater.

(3)

The photoresist was hardened at 90°C for 10 minutes.

(4)

The pattern (see figure 2.1) was placed over the film, which was then exposed to
collimated ultraviolet light for 3 minutes.

(5)

The photoresist was developed (using AZ5218E developer in a 1: 1 mix with
distilled water) for approximately 1 minute. The film was carefully rinsed in water
after being developed.

(6)

The film was etched in a saturated solution ofEDTA (etheylenediamineletraacetic
acid) for approximately 2 minutes. (The etching rate was approximately 200 nm
per 90 seconds.) The film was carefully rinsed in water after being etched.

24
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2.1.4

Electrical contacts
Electrical contact was made to the various samples using silver paint. There are

-

-

5mm

..

11 mm

several types of silver paint, listed in table 2.1, which are suitable for different materials
and for different types of measurements. They are all manufactured by Dupont and are
classified by their trade numbers. Butyl or hexyl acetate was used to thin all of the paints
for convenient application.

Figure 2.1

Schematic diagram of the mask used to pattern thin films for resistivity and Hall

For particularly stable contacts, with the versatility of being re-usable, gold pads
were evaporated onto the sample surface before making the silver paint contacts. In this

effect measurements.

technique, gold is evaporated to a thickness of 50 to 100 nm through a mask, and
annealed in a furnace afterwards. This technique was used for the ThBa2Cu06+o single

2.1.3
.

Single crystals

crystals discussed in chapter 4.

Results of measurements of single-crystal samples of TbBa2Cu06+o and

RNI2B2C are presented in chapters 4 and 5 respectively. Different techniques were used
in the preparation of these samples.

4929

Silver mixed with a room-temperature curing epoxy. Advantage is
that the epoxy does not need to be cured in a furnace.
Disadvantage is a poor contact stability and durability. Suitable for

The single-crystals of ThBa2Cu06+o were plate-like and small (typically 20 /lm

th~Ck, .with a diameter of 200 /lm), and were handled by electrostatic techniques (using a

measurements from 0 to 400 K.

thm pIece of teflon on the end of a manipulation tool). These crystals could be cleaved

6838

Silver mixed with a high-temperature curing epoxy. Must be baked

using a fine, sharp razor blade, but had to be kept free from contamination (such as
grease) to achieve low contact resistances.

in the temperature range 450 to 650°C for approximately 10

The single-crystals of RNi2B2C were comparatively larger (0.5 mm thick, with a

Suitable for measurements from 0 to 400 K, and in exceptional

minutes. Produces strong, durable contacts, with a low resistance.

diameter of up to 5 mm), and could be carefully handled using tweezers. The crystals did

circumstances to higher temperatures.

not cleave easily, and polishing was the best technique for preparing long, thin bars for

5504

A sister product to 6838, 5504 is treated in exactly the same way

transport measurements. To do this, the crystals were set in a low melting point waxt in a

but has a greater thermal stability for high temperature

notch in a brass block, and were carefully ground down using fine grade silicon carbide

measurements.

paper on a metallurgical wheel (or by hand for the most delicate samples). The wax could
be removed using acetone.

7713

Silver mixed with a lead borate glass and organic solvents. The
paint is hardened in two steps: first the organic solvents are
evaporated off at approximately 100°C, then the glass is fired
between 500 and 550 GC. Produces durable low resistance
contacts, which can be used to very high temperatures.

Table 2.1

The silver paints used to make electrical contact to samples. All paints are
manufactured by Dupont and are classified by their trade numbers (left hand

t

s
'
'
.
esqUIteerpene, aplS melhfica &
melts at 70°C.

copolymerised vinyl toluene & alpha (supplied by Testbourne Ltd)'
.

26
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2.2

Measurement of Anisotropic Resistivity

face (several faces can be used to verify results). A direct current is used (to avoid
spurious coupling between leads), and is reversed to account for thermal emfs. This

2.2.1

Direct measurements

experimental geometry is illustrated in figure 2.3.

Direct four-probe measurements of the anisotropic resistivity of single-crystals
crystal

can be made if the samples are cut, cleaved or polished into long, thin bars (the
dimension ratio must be at least 3: 1 for isotropic compounds) with the c-axis either
perpendicular to the longest dimension (to measure Pab) or parallel to the longest
dimension (to measure Pc). (The direction of the crystallographic axes can be verified by
x-ray diffraction.) In this technique, the sample is mounted on a quartz plate as shown in
figure 2.2. Using a suitable silver paint (see table 2.1), current contacts are attached to the
ends of the sample, and voltage contacts along both edges (these can be used for Hall
quartz
substrate

effect measurements if opposite each other). Typically, an alternating current of 100 J.lA
is used in such a measurement of the resistivity, though dc measurements are also
possible if the current is reversed to account for thermal emfs (see section 2.3.1). The
resistivity of polycrystalline samples can also be measured by this method.
quartz
substrate
silver
paint ~--~:a.-lle:~

Figure 2.3

Sketch of the contact geometry used in the Montgomery method to measure the
anisotropic resistivity of a single-crystal. Current and voltage connections for
the measurement of the resistances RI and RZ are indicated in the two insets.

Calculation of the components of the resistivity tensor (Pab and Pc) can be made

25 J.lm
gold wire

following the series method of Logan, Rice and Wick [2], summarised graphically in

voltage contact

Montgomery's paper [1], and described briefly below. Following Montgomery's
notation, primed dimensions (11',12',13') refer to the anisotropic sample, and unprimed
dimensions to the equivalent isotropic solid.

Figure 2.2

Sketch of the contact geometry used in the measurement of the resistivity of a

The first step of the analysis is to calculate the equivalent isotropic crystal

sample by a direct four-probe method. The same contact geometry is also used

dimensions 11 and h (i.e. the dimensions of an isotropic crystal which would give the

for Hall effect measurements.

same measured values of RI and R2 as the actual anisotropic sample). A graph of R2/RI
verses hilI is shown in figure 2.4, after Montgomery [1].

2.2.2

The ratio P2/P I can then be calculated from

Montgomery's method

(2.1)

If a direct measurement of the c-axis resistivity is not possible (as for some
single-crystals of RNi2B2C, described in chapter 5), then Montgomery's method can be
used [1]. In this method, samples are prepared with a rectangular shape, with edges in
the principal crystal directions. Electrical contact is made to the corners of the sample, and
voltage-current ratios (RI and R2) measured for opposite pairs of contacts on a crystal

28

The absolute values of P I and P2 are determined by combining the result for
P2/p I with the following equation
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(2.2)

where H is a factor and E3' is an effective thickness, both functions of 11 and 12. The
factor H can be read directly from the figure of H verses lzlll shown in Montgomery's
paper, but E3' must be converted from an equivalent isotropic effective thickness (E3),

2.2.3

Quasi-Montgomery method
In the case of a sample with a highly anisotropic resistivity, which consequently

has a large equivalent isotropic c-axis dimension, the c-axis resistivity can be measured
using a quasi-Montgomery technique. The equivalent isotropic c-axis dimension must be
at least three times the average in-plane dimension for the current to have spread

which is read from the relevant figure in Montgomery's paper.

uniformly through the crystal, and for this method to be applicable. This method was
used to measure Pc of single crystals of Tl2Ba2Cu06+o (see chapter 4).
The experimental geometry is illustrated in figure 2.5. Contacts are placed on the
top and bottom faces of the crystal, in this case using evaporated gold pads. An
alternating current (typically 100 ~A) is applied through one pair of contacts on the top
and bottom faces, and the voltage measured using the other pair of contacts. The
resistivity is then calculated from the actual crystal dimensions.

11
~

10

0
1

12

o

0

~

VI

R I = V/I I

10o~~~~~~~~~~

1

2

3

4
Figure 2.5

Figure 2.4

The resistance ratio R21R 1 verses 121/1 for a thin sample, after H. C.

Sketch of the contact geometry used in the quasi-Montgomery measurement of
the c-axis resistivity of highly anisotropic single-crystals. The c-axis is
perpendicular to the plane of the crystal. Current and voltage connections are

Montgomery [1].

shown.
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2.3

sample platform mounted on a stainless steel tube. A silicon diode thermometer is held in

Experimental Techniques for Transport
Measurements

good thermal contact to the sample platform (the diode was calibrated ag.ainst a ~hFe
resistor, itself calibrated with a platinum resistor with a RRR "'" 1400). TWisted palfs of

2.3.1

insulated copper wires run from the sample platform up the stainless steel tube to the

Resistivity measurements

measurement equipment.
A typical resistivity measurement involved cooling the sample at 5 Klmin from

ac and dc techniques

300 K to below T c, followed by a slow warm through the transition at 1 Klmin.
A frequency of approximately 72 Hz was used for ac measurements of the
resistivity, using lock-in amplifiers to measure the voltage (the phase of the lock-ins was

~

I

set using a standard resistor). Transformers were used to increase the signal, isolate the
that the principal source of noise was the sample and leads, and not the amplifier itself).

I

.~

entry for tran sfer
tube from he lium
dewar

input (to avoid earth loop problems) and match the noise resistance of the amplifier (so

probe

"I'--

r-

Care was taken that the transformers did not change the phase of the signal significantly

vacuum jacket

~

e xchange gas

(dependent on the frequency, source resistance and turns ratio).

,

A dc technique was used for measurements of resistivity by the Montgomery
method (to avoid spurious coupling between leads), and for high-temperature

~ ~

measurements (these measurements were made using a mobile piece of apparatus, and the
copper wall

dc equipment was more convenient). The current was reversed for each measurement to
negate thermoelectric effects, and voltages were read using a nanovoltmeter.

,

heater and
thermocouple

Data acquisition for both of these techniques was computer controlled.

sample
space

III

10-

sample
platform

I!-

l'
Low-temperature measurements
Figure 2.6

The continuous-flow cryostat used for zero-field measurements of the resistivity

Schematic diagram of the continuous flow cryostat used for zero-field resistivity
and thermoelectric power measurements. Arrows indicate helium flow.

and thermoelectric power from 3.5 to 400 K is shown schematically in figure 2.6.
Helium flows around the outside of the sample space, and thermal contact between the
sample and the copper wall of the cryostat is made by an exchange gas. Temperature

High-temperature measurements

control is provided by the balance between a heater (mounted on the tail of the copper
can) and the cooling power of the helium. An Oxford Instruments ITC4 temperature

The probe used for high-temperature resistivity measurements is illustrated

controller monitors the temperature of a thermocouple attached to the tail of the cryostat,

elsewhere [3]. It is constructed from quartz tubing, and fits into a furnace tube. There is a

and adjusts the heater power accordingly. The gas flow can be controlled separately. The

gas inlet at the cold end of the probe, allowing the experiment to be performed in different

temperature can be stabilised to better than 0.1 K (the resolution of the temperature

atmospheres. Platinum wires run down the probe to the sample platform, on which a

controller), although in most measurements of the resistivity the temperature is swept

platinum resistance thermometer is mounted in close proximity to the sample.

continuously.

Measurements from 300 to 1000 K can be made with this apparatus, though in

The low-temperature probe used for resistivity measurements consists of a copper

33
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practice either contact or sample decomposition problems limit this to a more modest

The low-temperature magnetoresistance and Hall effect probe

temperature range (data were taken to 600 K for RNi2B2C: see chapter 5). All hightemperature measurements were repeated for increasing and decreasing temperature
sweeps, to check that there were no irreversible changes in the samples (i.e. that they did

The low-temperature probe used for Hall effect and magnetoresistance
measurements is shown schematically in figure 2.7. The probe head (diameter 33 mm,
length 70 mm) was machined from brass and is supported by four stainless steel tubes,

not decompose at high temperatures).

which also carry the various twisted pairs to the thermometers and sample platform (42
gauge enamelled copper wire is used for the twisted pairs). The sample platform (16 x 20

2.3.2

The 15 T magnet and low-temperature probe

mm) can be rotated, driven by a worm-wheel connected to a stepper motor on the top of

the probe (angular resolution ± 0.1°). Thermometry is provided by a carbon-glass
resistance thermometer located in the sample platform (used to measure the sample

The 15 T magnet

temperature) and by rhodium-iron (RhFe) resistance and capacitance thermometers, both
The 15 T magnet system was designed and built by Oxford Instruments [4]. The
superconducting coils are made from Nb3Ti and Nb3Sn, the latter being an insert, with a
conversion factor of 7.651 Aff (i.e. 114.76 A for 15 T). The maximum field at 4.2 K is
13 T, rising to 15 T below 2.2 K (using a lambda-fridge). The field is homogenous to

located in the brass body of the probe (used for temperature control). A copper can fits
over the entire probe head (two vertical slits minimise eddy currents), around which a
manganin wire heater is wound non-inductively. A teflon spacer stops the probe from
moving when inside the VTI.

one part in lQ4 in a 10 mm diameter sphere in the centre of the magnet coils.
The magnet is housed in a low-loss helium dewar, shielded by liquid nitrogen and

slot for
heatsinking
WIres

inner and outer vacuum jackets. When not running, the magnet will stay at 4.2 K for just
over three days (this corresponds to a boil-off of approximately 20 L of liquid helium).

rotating
sample
platform

cog

worm-wheel
drive shaft

Losses while running depend on whether the field is persistent (i.e. the leads are not
ramped to the same current as the coils) and on the helium flow in the VTI (see below).
The variable temperature insert (VTI) to the magnet has an internal diameter of 50

mm, and a temperature range from 1.5 to approximately 320 K (though a heater on the
low-temperature Hall effect probe (see below) allows samples to be measured up to 400
K.) Temperature control is achieved by balancing the flow of helium against a heater

mounted on the tail of the VTI. The gas flow in the VTI is controlled by a needle-valve,

carbon-glass
thermometer

which can be automatically driven, or manually adjusted (the latter was preferred for most
experiments). The heater is controlled by an Oxford Instruments ITC4 temperature
controller, with a stability of 100 mK (the resolution of the instrument). An additional

capacitance thermometer

heater on the low-temperature probe (see below) is controlled by a Lakeshore temperature
controller, with a stability of 10 mK.
The magnet power supply and ITC4 temperature controller are computer
controlled, using an RS232 serial interface. All other measurement equipment is
interfaced using an IEEE488 bus.

34

Figure 2.7

Schematic diagram of the head of the low-temperature probe usedfor Hall effect
and magnetoresistance measurements. The probe head is 70 mm long with a
diameter of 33 mm. The sample platform has dimensions J 6 x 20 mm.
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The sample platform of the low-temperature probe has connections for three pairs

the temperature error due to the magnetoresistance of the carbon-glass thermometer in 15

of current leads and eight pairs of voltage leads. The leads are made in twisted pairs, and

T at 100 K is approximately 1 K. Though small, the correction is essential when

passed through the hollow axle of the rotating platform before being heat-sunk to the

measuring properties involving the superconducting transition. All measurements in a

brass body of the probe and fed up the inside of the stainless steel tubes. Separate tubes

magnetic field have had the temperature corrected for this effect, even when not explicitly

are used for the thermometry, current and voltage lines, and several spare sets of twisted
pairs are included.

stated.

Field sweeps at a fixed temperature

2.3.3

Magnetoresistance measurements
The capacitance thermometer is not affected by magnetic fields, and was used for

~easurement

system

temperature control when the field was being swept at a constant temperature. A stability
of approximately 10 mK could be achieved using this method. However, the dielectric

As for the zero-field resistivity measurements described in section 2.3.1,

material of the capacitor exhibits relaxation effects after a change in temperature, and the

resistance measurements made with the 15 T system used an ac current source (72 Hz)

capacitor must be left to settle for 2 to 3 hours or longer before this level of control could

and two lock-in amplifiers. Transformers were used as described previously. Noise

be achieved.

levels varied, according to particular samples and also to the level of electrical activity in
the laboratory, but were at best 2 to 3 flY. "fff~;Nf-J.el"f IO()f~
"

.

It" ~ ~

( i.e . W~

&~r~ )

Typical field sweep rates used for such experiments were 0.5 T/min. The field
was swept up and down at this rate while the data was taken automatically. In addition,

PartIcular care was taken over the earthing arrangement when settmg up the 15 T

the resistance was measured in zero-field for 5 to 10 minutes before and after each sweep

system. Cable shields and metal boxes were earthed via one of the lock-in amplifiers (the

to establish the temperature stability. In analysing the data from such sweeps, the effect

principal earthing point). In addition, one of the current leads to the sample was

of a small linear drift in temperature could be easily accounted for, but in general this was

connected to earth via a 10

n resistor.

All earth loops were carefully removed (for

not necessary.

example, small lengths of plastic tube were used to isolate the vacuum pumps from the
helium dewar.)

Temperature sweeps at a fixed field
Thermometry in a magnetic field

The capacitance thermometer took 2 - 3 hours to stabilise after a temperature
change, and so was inappropriate for controlling temperature sweeps, for which the

As stated before, the 15 T probe (figure 2.7) has three thermometers; a carbon-

RhFe resistor was used. The maximum sweep rate was approximately 2 Klmin above 50

glass resistor, a RhFe resistor and a capacitor, the latter two of which are used for

K, and a little faster below this temperature (the specific heat capacity of the probe and

temperature control. All three thermometers were carefully calibrated against a RhFe

VTI decreases below approximately 50 K). Sweeps through the superconducting

resistor and against a platinum resistor (with RRR "" 1400). The calibration is checked

transition temperature were typically made at 1 Klmin, though occasionally even more

regularly against the platinum resistor (once every 6 months).

slowly. Data acquisition for repeated temperature sweeps in different fields was computer

The carbon-glass thermometer is mounted in the rotating platform, and is used to

controlled.

measure the sample temperature. It has a small and reproducible magnetoresistance,
which can be corrected for using the data of H.H. Sample [5] (checked thoroughly
against the actual magnetoresistance of our own carbon-glass resistor). As an example,
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Measurement of the angular dependence of the magnetoresistance

Measurement of a small magnetoresistance

In chapter 4, results for the angular dependence of the c-axis magnetoresistance of

Small changes in a large background resistance, as was the case for the angular

single crystals of TI-2201 are presented. These measurements required a careful

dependence of the c-axis magnetoresistance of TI-2201 (chapter 4), were measured to a

positioning of the crystal on the rotating head of the low-temperature probe and an

greater degree of accuracy by subtracting the background resistance from the signal. The

accurate alignment of the magnetic field in the ab-plane.

balancing circuit used to achieve this is illustrated in figure 2.9, below.

The experimental geometry used to achieve this is illustrated in figure 2.8. The

In figure 2.9, the voltage from the sample is compared at the lock-in amplifier

crystal, mounted for a quasi-Montgomery measurement of the c-axis resistivity (see

with that dropped across a manganin resistor with a similar resistance to the sample

0

figure 2.5), was secured to a 90 brass bracket, which was glued (using GE varnish) to

(typically 0.1 to 0.5 Q). The manganin resistor is made from short pieces of manganin

the rotating sample platform of the low-temperature probe. The plane of the crystal was

wire (this material has a small thermal coefficient of its resistivity) soldered between two

carefully aligned with the face of the bracket before mounting on the sample platform. (A

terminals, in a shielded and thermally isolated box. A 500 Q resistor in series with the

piece of plasticine between the quartz plate and the brass bracket allowed the plane of the

sample reduces 50 Hz noise from the current supply (the ac current supply is stable, but

crystal to be adjusted relative to the brass bracket, using a high-power optical microscope

has a small 50 Hz voltage ripple: the 500 Q resistor stops this from becoming a 50 Hz

to check the alignment. Quick-drying epoxy was then used to set the quartz plate in this

current ripple, while not being so large as to affect the actual output current.) Additional

position. The accuracy of this alignment was within ± 0.5

1:50 transformers increase the signal and isolate the circuit.

0
.)

Quick-drying
~~------------- epoxy

...1-------- Quartz substrate

500 n

Silver paint
contact pads

ac

ll-J.------- TI-220 1 crystal
'------~:R._.._

manganin
resistor

Brass bracket
(glued to rotating
sample platform)

IOn

r -

TI-2201

-t- ----

1

voltage

~ ------

~--Ieads

_I,
transformer

~netic

lock-in amplifier

field

Figure 2.9

A schematic diagram of the balancing circuit used to measure small changes in
the magnetoresistance of single-crystals of Tl-2201. Co-axial cables are indicated

Figure 2.8

Schematic diagram of the experimental geometry used to measure the angular

by circles connected to the shield line. The earthing arrangement is also shown

dependence of the c-axis transverse magnetoresistance of single-crystals of

(the main earthing point for the circuit is taken from the lock-in amplifier). with

Tl-2201. The crystal is mounted on the quartz plate for a quasi-Montgomery

earthed boxes shown by dashed lines

measurement of the c-axis resistivity. Dashed line indicates the axis of rotation
of the turntable. An arrow shows the direction of the applied magnetic field.
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2.3.4

Hall effect measurements

high-purity material) were positioned on the sample surface to simultaneously measure
the temperature gradient and the voltage generated, held to the sample by a small dab of

The low-temperature probe described in section 2.3.2 was used for Hall effect as

silver paint. Voltages recorded in this measurement were V Au (between the two gold

well as magnetoresistance measurements. The Hall voltage was obtained from pairs of

wires) and V ch (between the two chromel wires). It can be shown that the thermopower

contacts on opposite sides of the sample (see figure 2.2), and was calculated from the

of the sample (Ssample) is given by:

difference of measurements with the field up and down relative to the sample. This
(2.3)

method eliminated the effects of contact misalignments (VR is odd in B, whereas IR is
even). In practice the sample platform was rotated by 180°, keeping the field fixed. Four
such rotations were made, and three values of VH calculated, which were then averaged
(this method allows for small linear drifts in the temperature). The probe temperature was
carefully stabilised for each Hall measurement (typically spaced at 5 K intervals),
ensuring that the Hall voltage was greater than the effects of temperature drift,
I(aR/aT)~T.

where SAu and Sch are the thermoelectric powers of gold and chromel respectively. The
thermopower of gold is shown in [6] and that of chromel is calculated from published
data for platinum-chromel and platinum-copper thermocouples [7].

The Hall voltage was checked to be linear in field at 300 K, and

heater chip

occasionally at lower temperatures. Particular care was taken that out of phase voltages
were small compared to VR.
The Hall effect measurement was computer controlled. A typical run from 10 K to
400 K took 24 hours, though this time could be decreased subject to lower temperature
stability or wider spacing of data points.
saphire
blocks

2.3.5

Thermoelectric power measurements
In chapter 5, the results of measurements of the thermoelectric power of

polycrystalline samples of RNi2B2C are presented. The thermopower of these materials
is relatively small, and a sensitive measurement technique was necessary to ensure that

Figure 2.10

Schematic diagram of the probe head used to measure the thermoelectric power.

the measured voltage drop corresponded to the measured temperature gradient.
The probe head used for thermoelectric power measurements is shown
schematic ally in figure 2.10. This probe was used in the continuous flow cryostat

2.3.6

Magnetisation measurements

described previously (figure 2.6), with a pressure of approximately 1 tOff of helium in
the sample space. Measurements could be made from 5 to 400 K.

The results of measurements of the dc magnetic susceptibility of polycrystalline

As shown in figure 2.10, the sample was supported between two sapphire plates,

samples of RNhB2C are presented in chapter 5. These measurements were made using a

held in good thermal contact by silver paint. Chip heaters under the sapphire plates

commercial Quantum Design MPMS SQUID magnetometer (Superconducting QUantum

provided the temperature gradient required to generate a voltage along the sample

Interference Device), with a maximum available field of 5.5 T. The sample was mounted

(approximately 0.5 to 1.0 K: this temperature gradient was reversed for each

inside a quartz tube using pieces of plastic straw to inhibit movement. To measure the

measurement to eliminate the effects of thermoelectric volt ages in the leads running from

magnetisation, the probe was moved through a set of sense coils with a typical scan

the probe head). Two gold-chromel thermocouples (made from 50 ~m diameter wires of

length of 6 cm. Data was taken from T c to 350 K, and linearity with field was checked at
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several temperatures. The magnetic response of the empty sample holder was minimal,
and no background correction was necessary for these rather large polycrystalline
samples.

2.4
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Furthermore, the effects of the planar hole concentration are
distinguished from disorder of the CuO chains. In this chapter,
resistivity, Hall effect and magnetoresistance results for sintered
and thin film samples of YJ-xCaxBa2CU307-D are presented. The
Hall coefficient of the overdoped material is smaller in magnitude
and has a weaker temperature dependence than that of optimally
doped material, while the resistivity has an upward curvature and
can be fitted by p

=A + BT + cT2. Despite these large changes in

p and RH, cot( eH) shows remarkably little variation with doping,

as is the case for underdoped YBa2Cu307-D. In addition,
overdoping YJ -xCaxBa2Cu307-D causes the resistive transition to
change from a broadening to a predominantly shifting behaviour
in applied magnetic fields. The possible effects of thermodynamic
fluctuations are discussed.
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3.2.1 Sintered samples
3.2.2 Thin-film samples

3.1

(Ca2+) for yttrium (y3+) has the opposite effect to removing oxygen, and increases the

CuO chains, and also allows the overdoped side of the phase diagram to be studied [4].
shows T c verses oxygen deficiency (0) for sintered samples of YBa2Cu307-o (from [5])
and YO.9Cao.lBa2Cu307-o (from this study). (Tc values were determined from the peak
in the derivative of the resistivity.) As can be seen, the position of Tc(max) has been
shifted to a higher value of 0, and the value of T c(max) reduced from 93 to 87 K.
The reduction in T c(max) seen in figure 3.1 is probably due to the partial crosssubstitution of Ca on the Ba site [6]. It has been shown that for calcium concentrations x

< 0.2, calcium substitutes on the Y and Ba sites in the approximate ratio 3: 1 [7], this
effect being worse for larger calcium concentrations [8]. This cross-substitution also
partially reduces the hole-doping effect, as Ca2+ is isovalent with Ba2+.
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3.1.2

Synopsis of the chapter
In this chapter, it is shown that the Hall coefficient of overdoped

Y l-xCaxBa2Cu307-o is smaller in magnitude and has a weaker temperature dependence
than that of optimally doped material, while the resistivity develops an upward curvature
and can be fitted by p = A + BT + CT2. Despite these large changes in p and RH, cot(8H)
(Pxx/pxy) shows remarkably little variation with doping.
In addition, it is shown that for the overdoped compound, applied magnetic fields
seem to shift the resistive transition, rather than causing the usual broadening seen for
YBa2Cu307-o. This progressive trend from broadening to shifting upon overdoping is
also observed for T12Ba2Cu06+o [9, 10], though the origin of the effect is not
understood. Furthermore, despite the lower transition temperatures, there is no sign of a
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divergent Hall angle in the mixed-state in the overdoped material, in contrast to
underdoped 60 K YBCO crystals [11].
Results for the sintered material are published in ref [12] and have been presented

3.2

Sample Preparation

3.2.1

Sintered samples

at M2S HTSC IV in Grenoble (1994). Results for the thin films are being prepared for
publication, and were presented at CMMP in Liverpool (1995). This work constitutes

Polycrystalline samples with a nominal composition YO.9CaO.IBa2Cu307-0 were

part of a wider study of calcium substitution in YBCO at the IRC in Superconductivity,

prepared by Dr lL. Tallon t , using a conventional solid state reaction route, with a final

involving measurements of the specific heat [13], magnetisation [14, 15] and
thermoelectric power [12, 16].

sintering at 985 DC. The samples were initially oxygenated at 350 DC in 60 atmospheres

The preparation of the sintered and thin film samples of calcium-substituted

These samples had a density of 5.27 g/cm3, this being 82 % of the ideal density of a

y l-xCaxBa2Cu307-0 which have been used in this study is discussed in section 3.2. The

oxygen, and the oxygen deficiency determined by neutron diffraction to be ()

=0.03 [6].

single crystal ofYo.9CaO.IBa2Cu307 (6.4 g/cm3).

results of normal-state resistivity and Hall effect measurements are shown in sections 3.3

Subsequent oxygen treatments were used to adjust the value of (), and are listed in

and 3.4 respectively, while the results of similar measurements in the mixed-state are

table 3.1+. The anneals lasted for 12 hours, after which time the sample was rapidly

presented in sections 3.5 and 3.6. A fluctuation analysis of the resistivity above Tc is

quenched into liquid nitrogen. The value of () is calculated from the weight change of a

given in section 3.7, and the overall results summarised in section 3.8.

large (4 g) reference sample annealed at the same time. After deoxygenation treatments,
the samples were left to stand at room temperature for three days or longer, to allow the
CuO chains to order. (Order on the CuO chains affects the charge transfer to the CU02
planes, which can change Tc and the normal-state resistivity [17].)
Bars were cut from the sintered pellets for transport measurements, following the
methods outlined in section 2.1.1. These bars were used variously for the resistivity,

80

Hall effect, thermoelectric power and susceptibility measurements (the large reference
pellet being retained for specific heat measurements), and were all annealed together for

-

each of the successive oxygen treatments described above.

60

Bars were mounted for resistivity and Hall effect measurements as shown in

u

~

figure 2.2, using Dupont 4929 (room temperature curing) silver paint, with contact

40
YBa

resistances of less than 3 Q. (This silver paint was thoroughly scratched off before each

eu3 0 7- '6
2

subsequent oxygen treatment.) These measurements were made (following the methods
described in chapter 2) for all of the values of () shown in table 3.1.

20
o~~~~~~~~~~~~~~~~

0.0

Figure 3.1

0.2

0.4

0.6

0.8

1.0

Showing how Tc varies with the oxygen deficiency 0, for sintered samples of
YBa2Cu307_o (squares, from [5}) and YO.9Cao./Ba2Cu307-o (circles). Values
of 0 are deduced from the weight change of a larger pellet, and Tc is determined
from the peak in the derivative of the resistivity.
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t New Zealand Institute for Industrial Research and Development, PO Box 31310, Lower Hutt, New
Zealand.
:j: Oxygen treatments of the sintered materials were performed in collaboration with J.W.Radcliffe, IRC in
Superconductivity, University of Cambridge.
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Film composition and morphology

0

Anneal conditions

Conunents

350°C, 100% oxygen at 60 Atm

0.03

375°C, 100% oxygen

0.05

485°C, 100% oxygen

0.11

555°C, 100% oxygen

0.19

610°C, 100% oxygen

0.29

660°C, 100% oxygen

0.37

Tc /K
77.7
79.9
83.8
86.6
83.5
74.8

570°C, 1.0% oxygen in nitrogen

0.49

57 .0

films). The above differences in the cation stoichiometry were observed between different

550°C, 80ppm oxygen in nitrogen

0.67

48 .7

films, while individual films proved to be homogeneous (i.e. the cation stoichiometry

605°C, 80ppm oxygen in nitrogen

0.78

17.9

varied by only a few percent between different regions of the same film).

690°C, 80ppm oxygen in nitrogen

0.92

0.00

Scanning electron microscopy (SEM) was used to study the morphology of the
thin filmst. The films are polycrystalline, have a grain size of approximately 1 Ilm, and

11
overdoped

appear to be uniform in thickness. The plane of all crystallites lies in the plane of the film.
In addition, electron probe micro-beam analysis (EPMA) was used to study the

optimally doped

cation stoichiometry and homogeneity of several of the films+. Relative to a copper

underdoped

content of 3.0, the Ca content varied from 0.3 to 0.4, the Y content from 0.6 to 0.7, and

tl

the Ba content from 1.8 to 2.0 (i.e. there is some cross substitution of Ca for Ba in these

The thickness of the films could be measured after patterning, using a DEKTAK
device. This machine moves a fine needle across the surface of the film, adjusting the

Table 3.1

Conditions used to change the oxygen content of sintered samples of

height of the needle as it goes over the edge of the pattern and onto the exposed substrate.

YO.9CaO./ Ba2Cu307_& with the resulting values of 0 (deduced from the weight

As mentioned above, typical film thicknesses were 200 to 400 nm.

change of a larger sample) and Tc (from the peak in the derivative of the
resistivity).

Deoxygenation of the thin films

3.2.2

Thin-film samples

The as-grown films probably have an oxygen deficiency of 0::::: 0.1 to 0.2 [19],
though EPMA analysis proved inconclusive on this point [16]. As with the sintered

Film growth

samples, the oxygen content of the films can be altered by annealing in different oxygen
atmospheres and at different temperatures. Measurements following several successive

Thin films of calcium-substituted YBCO were grown by Dr G.A. Wagner t , using

oxygen treatments showed that T c and the resistivity did not change after a half-hour

an on-axis high pressure (260 Pa) sputtering technique, with a target of nominal

anneal (section 3.3.2). The films are particularly sensitive to contamination during these

composition YO.7CaO.3Ba2Cu307-o [18,19]. Considerable effort was made to optimise

anneals, and can be easily degraded if exposed to water vapour or organic residues (from

the growth conditions, and over 40 films were produced and characterised (by resistivity

the silver paints used to make the electrical contacts). After annealing, the films were left

measurements). The best overdoped films were grown in the temperature range 760 to

to stand at room temperature for several days to allow ordering of the CuO chains.

770 QC [19] using MgO substrates (rather than LaAI03 and SrTi03, which often resulted

Table 3.2 lists the anneal conditions used to achieve different T c values (repeated

in films with steps in the superconducting transition.) The films grown by this technique

on several films) . All anneals were followed by a rapid quench into liquid nitrogen. The

are polycrystalline, with the c-axis perpendicular to the plane of the film, and have a

classification into "overdoped" and "underdoped" has been made according to Tc and the

typical thickness of 300 nm.

temperature dependence of the normal-state resistivity, the general doping dependence of
which is a robust feature of the high-Tc superconductors (see section 1.3.3).
t SEM operated by P. Hunneyball, IRC in Supercon~u?tivity,yni~ersity of Ca~bridge.

t Department of Materials Science and Metallurgy, University of Cambridge, Cambridge, CB2 3QZ.

48

+EPMA operated by D. Astill, IRC in Superconductivity, University of Cambndge.
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Anneal conditions

Tc /K
56 - 60

as-grown films

Comments

490 QC, 100 % oxygen

70.0

555 QC, 100 % oxygen

78.0

575 QC, 100 % oxygen

78.5

fl'

610 QC, 100 % oxygen

82.0

overdoped

620 QC, 100 % oxygen

82.0

underdoped

640 QC, 100 % oxygen

75.0

JJ

570 QC, 1 % oxygen in nitrogen

79.0

550 QC, 80ppm oxygen in nitrogen

73 .5

3.3

Normal-State Resistivity

3.3.1

Sintered samples
The resistivity of the sintered samples of YO.9Cao.lBa2Cu307-8 was measured by

lW. Radcliffe (IRe in Superconductivity) as part of the wider collaboration mentioned
earlier, and the results are published in ref [14]. These results, shown in fig!lre 3.2, were
confirmed by measurements of the bars mounted for Hall effect measurements.

4.0
Table 3.2

8 = 0.67

The annealing conditions used to change the oxygen content of thin films with
~

nominal composition Y0.7CaO.3Ba2CU307-o. and the resulting Te (midpoint of

.--;

--:

the resistive transition) values. As can be seen, Tc(max) ",,83 K « 93 K), which

0.49

3.0

is due to the partial cross substitution of Ca on the Ba site.

S
u

a
s

-

Transport measurements of the thin films

0.37

2.0

0.29

a.

Before patterning, the thermoelectric power of several of the films was

0.19

8 = 0.03

1.0

measuredt. A room temperature thermopower of -7 to -9 ~ VIK [16] indicated that the
films were indeed overdoped.
The films were then patterned into bar shapes for resistivity and Hall effect
measurements, following the technique described in section 2.1.2. Electrical contact was

50

made using Dupont 4929 (room temperature curing) silver paint, after lightly scratching

100

150

200

250

300

Temperature / K

the surface of the contact pads. The paint could be removed using acetone in an ultrasonic
bath before re-annealing the films.

Figure 3.2

Measurements were made of the normal-state resistivity and Hall effect of several
films, following the methods outlined in chapter 2 and using an ac current of 100

50

~A

The normal-state resistivity of sintered samples of YO.9CaO.lBa2Cu307-o after
1.W.RadclifJe et al [14]. The oxygen deficiency is indicated by each curve

(""

(determined from the weight loss of a larger reference sample). Dashed lines

Ncm 2 ). Films were measured before and after each oxygenation treatment. The

indicate the deviation from linearity of the resistivity of the underdoped samples.

mixed-state resistivity was also measured in several applied fields, sweeping the
temperature, as described in section 2.3.3. In addition, the mixed-state Hall effect was
measured in several fields for a few of the films. All results were repeated using several
different films.

t Thermopower measured by P.S .I.P.N. de Silva at the IRe in Superconductivity [16].
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As can be seen in figure 3.2, the normal-state resistivity increases as the oxygen
deficiency increases. The resistivity of the (nearly) optimally doped sample (0

= 0.19)

has a linear temperature dependence, while the underdoped samples show a down-turn

200

from this behaviour at a temperature T*, which increases with increasing 0 (see dashed

60

-0

40

b---

lines in figure 3.2). This down-turn is observed for other underdoped high-Tc

El

superconductors (see section 1.3.3) and is widely believed to be associated with a pseudo

20

S
u 150

a:::i.

gap in the density of states (see [20] and references therein). The slight upturn at low
onset of localisation or grain boundary resistances (similar measurements on underdoped

-

single-crystals would distinguish these effects). The temperature dependence of the

IZJ

temperatures in the resistivity of the two most underdoped samples is probably due to the

overdoped sample (0

(')

50

C 100
.....
;;>
.....
......
.....

= 0.03) is similar to that at optimal doping, but it is noted that this

55

60

0
70

65

T/K

IZJ

IU

p::

sample is only slightly overdoped (see figure 3.1). The thin film samples are more

~ 0.5

50

0

c

overdoped, and show a resistivity with a characteristic T2 term in the temperature

cz:::

dependence (see following section).

---cz:::
0

Finally, the so called "split transition" of the optimally and overdoped samples is

0

briefly discussed. The split transition is also seen in magnetisation and specific heat

50

100

0.0

150

200

250

300

Temperature / K

measurements [21,22], and might be due to a multi-component order parameter [21] or
to oxygen diffusion effects [22] (though K. Conder and co-workers argue against the
latter standpoint [23]). (Oxygen diffusion limitations might have a stronger effect in the
sintered material, which required much longer oxygen treatments than the thin film
samples.) However, there is no evidence of a split transition in the resistivity of the
overdoped thin films (see following section), which possibly indicates that the split
transition seen in the sintered samples is not an intrinsic effect.

Figure 3.3

The resistivity of an as-growlI thin film of calcium-substituted YBCO (nominal
composition YO.7CaO.3Ba2Cu307-8)· Dashed line shows the fit of the normalstate resistivity to A + BT +CT2, with A = (26.44 ± 0.04) j1!2cm, B = (0.397
± 0.001) j1!2cmlK alld C = (8.01 ± 0.01 )10- 4 j1!2cmlK2. Top inset shows the
superconducting transition (Tc = 59 K). Bottom inset shows the resistivity of
several as-grown films normalised by the room temperature resistivity.

3.3.2

Thin film samples
Although the absolute value of the resistivity varied between films, all as-grown

Overdoped samples

films could scaled onto one curve by normalising the resistivity by the value at 300 K
The resistivity of an as-grown thin film sample of calcium-substituted YBCO

(see lower inset to figure 3.3). The measured values of p(300 K) varied between 180 and

(nominal composition Y O.7CaO.3Ba2Cu307-o) with a Tc of 59 K is shown in figure 3.3.

240 ~Q.cm, with an average value of 210 ~ncm (the film shown in figure 3.3 has a

The film is overdoped (has a negative room temperature thermopower), and the normal-

resistivity close to this value). The spread in the value of p(300 K) could arise from

state resistivity can be well fitted by p = A + BT + CT2. The measured resistivity is

poorly defined film thicknesses (there is at least a 10 % uncertainty in the thickness

believed to mirror Pab because the films are aligned with the c-axis perpendicular to the

measurements) or from high resistance grain boundaries affecting the effective current

plane of the film.

path length (less likely). The lower inset to figure 3.3 implies that the measured resistivity
can be corrected to give the same value for all films (210 ~Q.cm at 300 K), reducing
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uncertainties arising from sample thicknesses. In most cases this correction is small

«

10

change the resistivity or T c after the first oxygen treatment, indicating that half an hour is
indeed a long enough time for such treatments. (Note that the resistivity and T c following

%).

The value of p(300 K)

= 210

j.lQcm is less than (but close to) that of single

crystals of optimally doped YBa2Cu307-0 (see, for instance [24]), implying that the

the first and second anneals are not absolutely identical, probably because of differences
in the sample position in the furnace.)

effects of the granularity of the films are small. The slight differences in the residual
resistivity of individual films (see the lower inset to figure 3.3) are either due to grain
boundaries or to the variations in composition seen by EPMA.
The absolute value of T c depended on the particular growth conditions of each

Ca) 490°C oxygen

film. The top inset to figure 3.3 shows the superconducting transition for a film with T c =
59 K. The transition is fairly broad, with a width of 4 K (FWHM of the peak in the

1.0

derivative of the resistivity). It is noted that the superconducting transitions became

after successive
oxygen treatments

sharper for T c close to optimal doping, and broader again on the underdoped side of the
phase diagram. As dT c/do is larger away from optimal doping, and smaller near to
T c(max), it is reasonable to suggest that the observed width of the superconducting

»
......
.....

transition is in fact due to slight oxygen inhomogeneity in the films. Having established

>
.....
......
.....

the general trend with dT c/do, the width of the superconducting transition was used as a
The question of superconducting fluctuations is addressed in a later section, but it

0
0

C')

Cl)

'(ij

Cl)

..§

(1)

guide to sample quality.

0.5
Q'

1-4

t;::

'"d

~
0
....

(1)

.....
........
Cl)

is noted here that neither 2D nor 3D Gaussian fluctuations are strong enough to account

0.0

c

Cb) 575°C oxygen

bI)
I

V)

C\$

for the width of the transition of the most overdoped films, which (as mentioned above)

§eL'" 1.5

probably arises from slight oxygen inhomogeneity.

Za.

0-

after successive
oxygen treatments

1.0

In addition, it is noted that poor quality overdoped films showed sharper
transitions than that shown in the upper inset to figure 3.3, and in these cases T c was
strongly suppressed by very small applied magnetic fields. For such films it is likely that

0.5

filamentary paths of material with a slightly higher Tc (possibly the grain boundaries) had
abruptly short-circuited the bulk material, resulting in a sharper superconducting

o. 0 OL.....&.......~5..LO...............~1-L.O.......
O-'-'-.l.....i15'-'-0....................
20...L..0~.......2......5.......
0 ......................
300

transition. Following this observation, the behaviour of T c in applied fields was used as a
further test of the quality of individual films.

Temperature / K
Figure 3.4

Deoxygenated samples

Showing the effect of successive half hour anneals on two as-grown thin films
of Yo. 7CaO.3Ba2Cu307-b (treatments shown in each panel). In each case the

The oxygen treatments listed in table 3.2 were used to change the T c of the thin
films from the as-grown value of approximately 59 K. Figure 3.4 shows the results of
two different half hour anneals, each performed twice to establish that the equilibrium

resistivity of the as-grown film and that of the film after the two successive
oxygen treatments is shown. The resistivity has been normalised by the 300 K
value of the as grown film ("" 210 Ilflcm).

oxygen concentration had been achieved. As can be seen, successive anneals do not
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Following the evidence that half an hour is adequate for the oxygen treatments,
further patterned films were annealed using the conditions shown in table 3.2, in each
case for half an hour. The resistivity of each film was measured before and after the

2.5

anneal, and the p(300 K) value of the as-grown film used to normalise the resistivity of
the annealed film. This normalisation eliminates errors due to uncertainty in the thickness

2.0

of the films, and is justified by the fact that all as-grown films can be scaled onto one

1.5

curve by this procedure (see the lower inset to figure 3.3). The results of these anneals
are shown in figure 3.5, several of which were repeated on more than one film.

1.0

Note that the classification of the doping level of the films shown in figure 3.5
(into overdoped and underdoped) is made by the curvature of the normal-state resistivity,
this being a general and robust feature of the doping dependence of the cuprates (see
section 1.3.3). Thermoelectric power measurements, for instance, could confirm this
classification for individual films more precisely.
As mentioned previously, the resistivity of the overdoped films shown in figure
3.5 (a) can be well described by A + BT + CT2. As Tc is increased towards optimal
doping (z 83 K), the resistivity loses the T2 term and varies linearly with temperature.
Further oxygen reduction makes the films underdoped (figure 3.5 (b)), and the

/
v

as-grown film
ii. 450 °C oxygen
iii. 490°C oxygen
iv. 575°C oxygen
v. 620°C oxygen
(NB: film v
is slightly
underdoped)
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3.0

v. 620°C oxygen
vi. 570 °C 1% oxygen
vii.550 °C 80ppm oxygen

vii
VI

2.0

characteristic downturn from a linear resistivity is seen.
The increase in dp/dT as 0 increases shown in figure 3.5 is likely to be an
intrinsic effect related to the doping level, but the progressively increasing residual

1.0

resistivity might in fact be due to deteriorating grain boundaries, or to the Ca ions causing

(b) underdoped

more scattering in underdoped material.
Finally, it is noted that there is no evidence for a split transition in the resistivity

50

of the overdoped samples, indicating this feature observed for the sintered material is a

100

150

200

250

300

Temperature / K

non-intrinsic effect.

Figure 3.5

The resistivity of several thin film samples of calcium-substituted YBCD (with
nominal composition Y0.7CaO.3Ba2Cu3D7-o) after different oxygen treatments
(listed in the figure). Panel (a) shows ove/'doped samples (with the exception of
film v, which has Tc = 82 K alld is slightly underdoped), and pallel (b) shows
underdoped samples. The resistivity has been normalised by the 300 K value of
the resistivity of each film before the oxygen treatment ("" 210 )1Qcm).
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3.4

Normal-State Hall Effect

3.4.1

Sintered samples

Hall number
Values of nH calculated at 200 K from the RH data of figure 3.6 are shown in
figure 3.7 as a function of 0, along with similar data for YBa2Cu307-b (from [5]) and the

Figure 3.6 shows RH as a function of temperature for sintered samples of
YO.9Cao.lBa2Cu307-b with a wide range of 0 values. The Hall coefficient is positive, and
shows the strong temperature dependence characteristic of superconducting high-T c
cuprates (see section 1.3.3). The six lower curves are roughly parallel on the semi-

septenary system Y l-xCaxSr2(Tlo.sPbO.s)CU207 (as a function of x, from [17]). The
septenary compound has a similar structure to YBCO, but with the CuO chains replaced
by a stable Tlo.sPbo.sO layer, and data for this compound is included in figure 3.7 to
highlight effects due solely to the CU02 planes.

logarithmic plot, indicating that over a factor of five in RH they may all be related by a
simple scaling factor. However, the data sets closest to optimal doping (0"" 0.19) have
the steepest temperature dependence.
Following the discussion of the effects of sample density on the Hall coefficient

1

of polycrystalline samples (section 1.3.3), it is noted that the high density of the sintered
samples of YO.9Cao.lBa2CU307-b (82 % of the crystal density) implies that the values of
RH shown in figure 3.6 are close to those expected from measurements of the in-plane

-

Hall coefficient of single ClYStalS of the same material.
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Figure 3.7

The Hall number at 200 K as a function of 0 for sintered samples of
YO.9CaO. JBa2Cu307-o (this study) and YBa2Cu307-o (from [5]), and as a
function ofxfor YJ-xCaxSr2(TlO.5PbO.5)Cu207 (from [17]). Lilies are drawn
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Figure 3.6

The Hall coefficient as a function of temperature for sintered samples of
YO.9CaO.JBa2Cu307-o (measured ill 7 T). Values of 0 are indicated by each
curve.
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to aid the eye.

The Hall number of the septenary compound demonstrates the remarkable
exponential behaviour with carrier doping of the CU02 planes. Both YBCO and calciumsubstituted YBCO follow this behaviour for a considerable range of O. The upturn in nH
at low values of 0 for these compounds is probably due to the nearly fully oxygenated
CuO chains carrying some current, effectively reducing the current in the CU02 planes
and increasing the value of nH derived from measured Hall voltages.

59

3. Magn etotransport Properties of Calcium-Substituted YBa2Cu307-0

3. Magnetotransport Properties of Calcium-Substituted YBa2Cu307_0

For values of 8 from about 0.15 to 0.5, the data for the calcium-substituted
sample are parallel to those for YBCO, and shifted by 8:0:: 0.08, consistent with calcium
doping 0.1 holes per unit cell (i.e. one hole per Ca ion). Below 8 :0:: 0.1, the two curves
converge (see figure 3.7), possibly due to the effective charge transfer from the Ca2+ ion
being reduced by a charge screening mechanism for 8 close to full oxygenation [25]. In
addition, it is noted that for values of 8 greater than 0.6, nH of the calcium-substituted

.....

YBCO does not change as sharply as for unsubstituted YBCO, an effect also seen in

I

U

1.0

C')

specific heat measurements [13] . This effect is possibly due to additional planar hole

S

0I

-

doping and the persistence of metallic conductivity in the tetragonal phase of the calcium

0
,......

doped compound (the orthorhombic to tetragonal structural transition being only weakly

::r:

affected by calcium substitution [25], and occurring close to 8 = 0.6).
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3.4.2

Thin film samples
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Results of Hall effect measurements of thin films of calcium-substituted YBCO
with different Tc values (nominal composition YO.7CaO.3Ba2Cu307-0) are shown in

Figure 3.8

The Hall coefficient of several thin films of calcium-substituted YBCO (nominal

figure 3.8. As mentioned before, the films are aligned with the c-axis perpendicular to the

composition Y0.7Ca0.3Ba2Cu307-o) with different Tc values (indicated by each

plane of the sample, and these measurements are therefore of the ab-plane Hall

cUlve). The sample with the largest RH is underdoped, that with Tc = 82 K is

coefficient. As can be seen, RH of the most overdoped films (Tc = 59 K) has a small
magnitude (0.6 10-9 m 3/C at 300 K) and is almost temperature-independent. As T c is

nearly optimally doped, and the remaining samples are overdoped. Inset shows
the same data on a linear scale. The measurements were made in afield of 10 T.

increased towards optimal doping (Tc :0:: 83 K), RH develops a stronger temperature
dependence, as seen for the sintered samples (figure 3.6). Furthermore, the one
underdoped film shown in figure 3.8 (Tc = 73 K) has a larger value of RH and a similar

Cotangent of the Hall angle

temperature dependence to the optimally doped sample in agreement with the results for
polycrystalline samples (note that RH of the underdoped sintered samples does not lose
its steep temperature dependence until Tc has fallen to below 60 K).
Comparison of the RH data of the thin films (figure 3.8) with those of the sintered
material (figure 3.6) reveals that the optimally doped sintered material has a steeper
temperature dependence of RH than the thin film sample with T c = 82 K. As mentioned
previously (section 1.3.3), RH of sintered material usually reflects the intrinsic RH of the
ab-Wanes, and the discrepancy in this study between the data for optimally doped thin
filrris and sintered material may indicate that the carrier doping in calcium-substituted

Cot(8H) can be calculated for the films shown in figure 3.8. The different residual
resistivity of these films, although not affecting the Hall coefficient, makes the
comparison of cot(8H) difficult. However, this comparison can be made for individual
films for which the Hall coefficient was measured both before and after the oxygen
treatments. The results for one such film are shown in figure 3.9, as a function of T2.
The overdoped film had aTe of 56 K, rising to 78.5 K after an oxygen treatment at 575
·C (i.e. nearly optimally doped). These results were repeated on several films. As can be
seen in figure 3.9, despite large changes in RH and p (see figures 3.8 arid 3.5
respectively), cot(8H) shows little doping dependence, and is only slightly greater in

YBCO is not fully understood.
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magnitude for the overdoped sample. This behaviour continues the trend seen for

3.4.3

Discussion

underdoped YBa2Cu307-8 [24].
Note also that cot(8H) does not precisely follow a T2 dependence, but as shown

The Hall coefficient of overdoped calcium-substituted YBCO is small and shows

+ PTI.5, as has recently been observed for some thin

only a weak temperature dependence, while RH of the optimally doped material is larger

film and single-crystal samples of optimally doped YBa2Cu307-8 [20]. This temperature

and has a stronger temperature dependence (yet not quite as strong as liT). Upon

dependence might be caused by non-intrinsic effects, because not all measurements of

underdoping, RH eventually loses this strong T-dependence (within the experimental

cot(8H) for optimally doped YBCO show such a large deviation from a T2 behaviour. In

temperature range). This behaviour is also observed for the overdoped compounds

this study, the temperature dependence of RH of the nearly optimally doped thin film

T12Ba2Cu06+8 (see chapter 4) and La2_xSrxCu04 (0.15 < x < 0.3) [27] (though the

samples is weaker than that of the sintered material, which gives some cause for concern.

calcium-doped YBCO samples cannot be overdoped by as much as either of these

However, cot(8H) of overdoped La2-xSrxCu04 also follows a temperature dependence

compounds). The significance of these results is two-fold. Firstly, it has been

less than T2 (see section 1.3.3). In brief, the reason for such a temperature dependence is

demonstrated that the normal-state Hall coefficient of overdoped YBCO is similar to that

unclear. If it is an intrinsic effect then it is not obvious what the implications are for the

of other overdoped high-Tc superconductors. And secondly, it is now clear that it is the

two lifetime model of Anderson (see section 1.3.4), which predicts a T2 behaviour of

planar hole concentration that is the driving force behind the normal-state properties of

cot(8H)·

YB a2Cu 30 7-8, and not the oxygen deficiency of the CuO chains.

in figure 3.9 is better fitted by

Cl

Furthermore, overdoping the YBCO system does not affect the temperature
dependence of cot(8H), despite large changes in the resistivity and Hall coefficient.
However, the observation that cot(8H) varies as

8

overdoped
(Tc z 56 K)

250

dependence, and this behaviour can no longer be ascribed to a complication arising from
the CuO chains.

----::r:

o

nearly optimally doped
(Tc = 78.5 K)

0

u

o~~~~~~~~~~~~~~~

o
Figure 3.9

2

4

8

10

12

Cot(eH) as aftmctioll ofT2 for two different Tc values of a calcium-substituted
YBCO thin film with nominal composition Y0.7CaO.3Ba2Cu307-D. Lines
show the fit to cot(eH) = a + {3Tl.5. The measurements were made ill afield of

JOT.
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+ PT 1.5 (for both optimally and

overdoped samples) challenges the accepted wisdom that this quantity follows a good T2

200
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3.5

Mixed-State Resistivity

3.5.1

Results

60
The mixed-state resistivity of thin films of calcium-substituted YBCO with

50

nominal composition Yo.7Cao.3Ba2Cu307-D and several different Tc values has been

s

measured in closely spaced applied magnetic fields (both parallel and perpendicular to the

C
40
::::i.

-

c-axis, but always transverse to the current flow). Measurements were repeated on
several films, particularly for the most overdoped (as-grown) samples, and are shown in

;;>-. 30
.......
......
:>......
.......
.~ 20

figures 3.10 (a - e). Note that all temperature measurements have been carefully corrected
for the magnetoresistance of the carbon-glass thermometer, as described in section 2.3.3.

Cl)

<U

~

10

Bile-axis

o

A quick inspection of figures 3.10 (a) to (e) shows that the resistive transition in
applied magnetic fields parallel to the c-axis broadens for underdoped and optimally
doped samples, but appears to shift for the most overdoped samples. However, even for

so

the most overdoped sample, the temperature of the onset of superconductivity does not

50

~ 40

-

seem to change in applied fields, despite the marked change in the shape of the transition
(the extrapolated normal-state resistivity of the most overdoped sample is estimated from

;;>-.
....... 30
......
:>......
.......
...... 20

the A + BT + CT2 normal-state fit shown in figure 3.3, neglecting fluctuation effects). A
distinct knee seems to be associated with the changing shape of the resistive transition
upon overdoping.

Cl)

Cl)

~

10

B 11 ab-plane

o
As observed for other high-Tc superconductors, the superconducting transition is

OT (zero field)
OT (remanent field)
O.IT
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__ - - -J
0..81'- - -1.OT extrapolated
2.0T normal-state
3.0T resistivity
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1O.0T
12.0T
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15.0T

30

20

not strongly affected by magnetic fields aligned in the ab-plane. This is due to the 2-

B -L c-axis -L i

50
Temperature I K
40

60

70

dimensional nature of the superconducting CU02 planes, which results in an anisotropic
Hc2 and Hirr (the irreversibility field). (Furthermore, with BII ab, vortices may lie in the
charge reservoir layers where the order parameter is suppressed due to the low carrier
density, and this intrinsic pinning may result in a smaller dissipation than for the B,f c
orientation.) The anisotropy in Hc2 (or Hirr) has been used to our advantage in aligning
the films in the magnetic field, with an accuracy of within ± 0.20, using the rotating
sample platform of the low-temperature probe (figure 2.7). However, even a small
sample misalignment in the magnetic field would result in a component with B,f c.

64

Figure 3.10

(a-e) The mixed-state resistivity of thin films of calcium-substituted YBCO
(nominal composition Y0.7CaO.3Ba2Cu307-o) in applied magnetic fields (listed
in the figures) with B /I c-axis and B .L c-axis. The temperature has been
corrected for the magnetoresistance of the carbon-glass thermometer. Tc
(midpoint) values are given below eachfigure.
(a)

Tc

= 59.1 K (overdoped).

Dashed line shows the extrapolated normal-

state resistivity, ignoring fluctuation effects (from the fit shown in figure 3.3).
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Tc

= 69.5K (overdoped).

(c)
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Tc = 79.4 K (overdoped).
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Te = 73.5 K (underdoped).
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100

3.5.2

Discussion of results

su
c::i.

10

:>.

1

-

The broadening of the resistive transitions of YBa2Cu307-o in a magnetic field is

Ca) T c = 59.1 K
overdoped

......
......
:>
......
......
.~ 0.1

a well documented feature of the optimally and underdoped cuprate superconductors (see,
for example [24]), though there is still no general consensus on the origin of this

C/)

behaviour. For these calcium-substituted samples, the broadening is largest for the most

Q.)

~

underdoped sample, and smallest for the most overdoped sample.
There appears to be a slight increase in the temperature of the onset of

0.01
100

S

u

superconductivity associated with the broadening in applied fields, which is probably due

c::i.

-o

to Gaussian fluctuations above T c. A quantitative discussion of these fluctuations, which
are suppressed slightly in magnetic fields, is given in section 3.7.

B /I c-axis -L i
Cb) T c = 69.5 K
overdoped

10

1
:>
......
......
.~ 0.1
......

The knee in the resistive transition of the calcium-substituted samples in applied
fields has also been observed for optimally doped YBCO [28] (where it can be very sharp

~

and is then identified with the so-called vortex lattice melting transition [29, 30]), and for
overdoped ThBa2Cu06+o (TI-2201) [9]. As in the case of Tl-2201 , this knee is larger for

su
c::i.
o
......

more overdoped samples [9]. On the logarithmic axes of figure 3.11, the knee is seen in

0.01
100

-

the resistive transition of both the overdoped, optimally doped and underdoped samples.
Below the knee the resistivity does not broaden as much as the upper part of the
transition, and the log plots are particularly suggestive that the knee is actually the feature

10

1

:>
......

......

which develops into the predominantly shifting transition of the most overdoped sample.

.~

Furthermore, it is noted that the knee is only evident for resistivities less than

Cc) T c= 79.4 K
nearly
optimally
doped
B /I c-axis -L .

0.1

Q.)

~

approximately 40 /lQcm, and as the resistivity of the most overdoped film is 55 /lQcm

0.01

just above T c, the knee accounts for a sizeable fraction of the transition for this sample. It

S 100
u

is not obvious whether this feature would eventually turn into a genuinely shifting

-o

transition if the samples could be further overdoped, as seen for overdoped
TI2Ba2Cu06+o with a low Tc [9, 10].

~
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Figure 3.11
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T c = 73.5 K
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The resistive transition of the calcium-substituted YBeD thin films in applied
magnetic fields parallel to the c-m:is (fields as listed in previous figures), shown
on a logarithmic axis. Samples have a Tc of 59.1, 69.5, 79.4 alld 73.5 K (the
latter being underdoped).
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As can be seen in figure 3.11, the resistivity below the knee feature falls rapidly
on a logarithmic axis . This sharp drop in the resistivity can be used to define a
characteristic temperature for each applied field, T*(B) (for instance, when the resistivity

overdoped
• 59.1 K
•11 69.5 K
79.4 K
A
82.0 K
underdoped
v
73.5 K

has fallen to 10-4 of the normal-state value). A. Carrington and co-workers [24] found
that similar data for YBa2Cu307_0 fall onto a universal curve given by
4/3
B * (T)

= B * (0)(1- (T * (B))J
T* (0)

(3.1)

.,"

..,

where T*(O) is the value ofT*(B) for zero applied field and B*(O) is a scaling field. This
behaviour is expected for critical fluctuations described by the 3D XY model (see section

•

3.5.4). A similar analysis has been made for the resistive transitions of the calciumsubstituted YBCO thin films shown in figure 3.11.

•

Figure 3.12 shows B*(T)/B*(O) for the calcium-substituted thin films (from the

B /I c-axis 1- i

data shown in figure 3.10) plotted against (l-T*(B)fT*(O)), for the field orientation B#,c.
The scaling field B *(0) for each film has been chosen to bring all of the data onto one

0.1

line, and a criterion of the resistivity falling to 10-4 of the normal-state value has been

(1- T*(B)/T*(O))

1

used to define T*(B) (other similar criteria do not affect the curve shown in figure 3.12).
The data for all of the films can be fitted to a power law, with an exponent of 1.3 ± 0.1.

Figure 3.12

Reduced field 8*/8*(0) versus (J-T*(8)/T*(0)) (defined in text) for calcium-

However, individual films (and particularly the most underdoped and most overdoped

substituted Y8eO thin films with magnetic fields up to 15 T applied

samples) seem to show systematic deviations from this behaviour (see the individual

perpendicular to the ab-plane. The scaling fields 8*(0) are 40.0, 50.3, 35.2, 22.1

symbols in figure 3.12). A 4/3 power law is also shown on the plot.

and 13.8 for the samples with Tc values of 59.1, 69.5, 79.4, 82.0 and 73.5 K
respectively. The solid line shows a 4/3 power law dependence.

Before attempting to interpret these results, the effects of vortices and critical
fluctuations in the mixed-state of high-T c superconductors are briefly reviewed.

3.5.3

The mixed-state in high-Tc superconductors
Before attempting to explain the features of the resistive transition of the calcium-

substituted YBCO films in applied magnetic fields, it is necessary to briefly review the
controversial field of the mixed-state in cuprate superconductors.
Several cross-overs and thermodynamic transitions have been predicted and
claimed to be observed below the mean-field Hc2. Recently there has been considerable
interest in the relation of the irreversibility line (Hirr) to possible first order phase
transitions; flux lattice melting (zero shear modulus C66) and/or vortex decoupling (zero
tilt modulus C44, resulting in vortex pancakes), and also to a second order transition into a
vortex glass. Measurements of the mixed-state resistivity and magnetisation of
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YBa2Cu307 [29, 31] and BhSr2CaCu20g [32, 33] show a sharp and (in the case of the
resistivity) hysteretic jump, which is associated by the authors with a melting of the flux
lattice. Further compelling evidence for a phase transition is given by neutron scattering
and muon spin rotation

(~SR)

measurements of Bh.lsSr1.9SCaCu208+x [34,35] and of

normal
state

YBa2Cu307-0 [36], while the measurement of a latent heat [37] provides strong evidence
that this is a first order phase transition.
Neutron scattering measurements do not show a ring of intensity above the
melting line [34, 36], indicating that the vortex liquid is not formed from straight flux
pinned lattice

lines, and may be made of decoupled vortex pancakes. In support of a simultaneous
melting and decoupling of the vortex lines, there is a change in the line shape of ~SR
measurements at the melting transition [35], while resistivity measurements in the flux

Temperature

transformer geometry of YBa2Cu307-0 and Bi2Sr2CaCu208 show different top and
bottom voltages above the melting transition [30, 33].
The irreversibility line has been shown to be different from the melting line in

Figure 3.13

A generic phase diagram of the vortex state in high-Tc superconductors. The

some magnetisation measurements of Bi2Sr2CaCu208 single crystals [38], but it has

lower critical field is small and is not shown. Solid lines indicate phase

recently been suggested that the melting line is in fact a limit for Rirr, and that sample-

transitions while dashed lines indicate examples of the experimentally measured

dependent quantities (including disorder and surface barriers, which are both larger in

irreversibility line (Hirr) and the mean-field Hc2. Differences between the

BhSr2CaCu20g than YBa2Cu307-0) and experimental artefacts (such as the choice of

experimentally measured Hirr and the melting ana depinning lines are believed to

criteria for irreversibility and stray ac fields) are responsible for any differences [39).

be due to experimental artefacts (see main text). The vortex liquid is indicated by
a grey region. The first-order melting transition is shown by a solid black arrow,

The general phase diagram described above is shown schematic ally in figure

and second order phase transitions are shown by striped arrows.

3.13. Above the melting line it is not obvious if the vortices are correlated in the c-axis
direction, and the region can be simply described as a vortex liquid. An example of a
typical experimentally derived irreversibility line is shown for reference, though the
reader is cautioned that the exact position can depend on individual samples,

3.5.4

Critical fluctuations in high- Tc superconductors

measurement techniques and the specific criteria used (see above), and the melting line
should be seen as the true limit for Rirr. The precise shape of Rc2 at higher fields is not
shown, and it is simply drawn rising steeply.

There are other possible explanations of the experimental results described above,
one of which is critical fluctuations.
In the critical region, power law divergences are expected, with critical exponents
that are dependent on the universality class. The width of the critical region in which the
fluctuations are strong (so called critical fluctuations) can be taken as Tc ± 'tGTc where 'tG
is the Ginzburg parameter, often defined in terms of the temperature at which the lowest
order (Gaussian) fluctuation contribution to the specific heat equals the mean-field step.
(The effect of Gaussian fluctuations on the resistivity above T c is described in section
3.7.) From this definition, it can be shown that fluctuation effects start to become

important when the difference in free energy of the normal and superconducting states
(Fn-Fs) in a coherence volume is of the order of kBT [40). That is to say that
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there are no flux lines above the irreversibility line (although uncorrelated fluctuating

(3.2)

small normal regions above Hirr might correspond to pancake vortices). However, such
fluctuations cannot easily account for the observation of a first order phase transition that

where (Fn-Fs) is the free energy difference per unit volume and n is the coherence

has been associated with a melting of the flux lattice (see previous section).

volume. Specifically, in the 3D case at 'tG, (Fn-Fs)n(T) "'" 0.1 kB T [41]. (In the 3D case,
neT)

= ~ab2(T)~c(T), and in the 2D case, where ~c<d, neT) = ~ab2(T)d, where d is the

interlayer spacing.)
Now, BCS superconductors (and also superfluids) belong to the 3D XY
normal
state

universality class (because the order parameter has two components; phase and
amplitude), and this model predicts a critical exponent for the correlation length (~) of V =

2/3 (see, for example [42]). That is to say:
(3.3)
where 't is the reduced temperature (T-Tc)/Tc. This correlation length describes the size of

Temperature

the superconducting regions fluctuating above Tc (and of the normal regions fluctuating
below Tc), which affect the measured resistivity. Furthermore, as Hc2 is related to 1I~2,

Figure 3.14

Schematic diagram of high-Tc superconductors below Tc, showing (in grey) the
region of critical fluctuations proposed by f.R. Cooper and co-workers [48]. The

any property proportional to Hc2('t), for example the characteristic field of the resistive
transition, should vary as 't4/ 3.

mean-field Hc2 is not well defined, and is shown as a gradual transformation

While the universality class of high-T c superconductors is not yet known, there is

from the normal-state into the region of critical fluctuations. The irreversibility

growing evidence that 3D XY critical exponents can describe fluctuation effects close to

line (Hirr) is shown by a solid line, and the lower critical field (which is small)

Tc. In particular, 3D XY scaling of the electronic specific heat [43, 44], magnetisation

is not shown. The vortex glass state is also not shown.

[45,46] and resistivity [28] of YBa2Cu307-0 gives substantial support to the claim that
3D XY fluctuations play a significant role.
In addition to the above, it has recently been proposed that well below T c the

3.5.5

Interpretation of results

primary effect of an applied magnetic field is to reduce the free energy difference (Fn-Fs),
greatly extending the range over which equation 3.2 is satisfied [40]. In this picture,

Summary of mixed-state resistivity results

there is no precisely defined mean-field H c2, but rather a gradual transition from the
normal-state to a region in which thermodynamic fluctuations dominate the behaviour

There are marked differences in the general shape of the resistive transition in

(see figure 3.14). The authors claim that such a situation might explain the experimentally

applied magnetic fields for calcium-substituted YBCO thin films with different Tc values.

measured diverging resistive Hc2 of highly overdoped TI2Ba2Cu06+o [10] and

The resistive transition of underdoped and optimally doped samples broadens in applied

Bi2Sr2CUOy [47].
Furthermore, the recent observation of 3D XY scaling of the irreversibility line of

fields, with a distinctive knee low down in the transition (on a linear scale), as for

YBa2Cu307-0 single-crystals has prompted Cooper and co-workers to suggest that Hirr is

below this feature the resistive transition does not broaden significantly. This knee is also

in fact the limit of the critical fluctuations [48] (see figure 3.14). In such a scenario, the

present in the overdoped samples, for which it occupies a much larger fraction of the total

disappearance of the flux lattice at Hirr does not actually correspond to a melting, and

mixed-state resistivity, giving the transition the appearance of shifting in applied fields
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YBa2Cu307-0' The knee feature occurs at a similar resistivity for all T c samples, and
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(although the onset temperature does not appear to change for even the most overdoped
samples, with T c

Z

59 K).
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conducting overdoped compounds the effects of thermodynamic fluctuations will not be
observable, and there will be no broadening of the resistive transition which occurs close

The physical origin of this behaviour is of interest given the current debate over

to Hirr. So in this picture, the H* measured by A.P. Mackenzie and co-workers for

the nature of the mixed-state in high-T c superconductors, and may be significant in

overdoped ThBa2Cu06+O [10] can be a genuine Hc2, but with a different T -dependence

understanding the apparently divergent resistive Hc2 of highly overdoped ThBa2Cu06+o

to the mean field form, either because of critical fluctuations [40], or some other

[l0] and Bi2Sr2CUOy [47]. While it is difficult to draw any firm conclusions about phase

mechanism (such as a strongly energy dependent effective mass). However, the samples

transitions from the measurement of a non-thermodynamic quantity (such as the

of calcium-substituted YBCO have a lower conductivity than ThBa2Cu06+o (being less

resistivity), some possible scenarios which might account for the above behaviour are

overdoped), and the fluctuation conductivity will affect the measured resistivity. This can

discussed below. From the present measurements alone it is difficult to distinguish

explain the broadening of the resistive transition, with an onset temperature that does not

between these two types of model.

change in applied fields (if the mean field value of Hc2 is large). Furthermore, the knee
feature might arise when either the conductivity has fallen so far that fluctuations no
longer have a significant effect, or when the irreversibility line is reached. In either case,

Vortices

upon overdoping the fluctuation conductivity has less effect, and the knee feature
becomes more significant.

Within the scenario of a vortex phase diagram such as that described in section

In further support of an explanation of the observed behaviour of the resistive

3.5.3, it is perhaps possible to account for some of the features of the resistive transition .

transition in terms of thermodynamic fluctuations, the characteristic fields B*(T) (scaled

Firstly, flux lattice melting is believed to be associated with a sharp drop in the resistivity

by B*(O)) approximately follow a 14/3 power law, as for YBa2Cu307-0 [24] and in

[29], which is not observed in these measurements (probably because of the

agreement with the expected critical exponents of the 3D XY universality class.

polycrystallinity of the thin films) . The knee feature might be a broadened melting line, or
possibly an additional feature associated with such a phase transition. For instance, it is
possible that fluctuations of the flux solid are present above the melting line, affecting the

Anisotropic order parameter

resistivity, or maybe that decoupling of the vortices into pancakes occurs above the
melting line. In support of a melting scenario, it has recently been suggested [49] that the
divergent Hc2 of highly overdoped ThBa2Cu06+o is in fact due to flux lattice melting.

The transition from a field-broadened transition to one that seemingly shifts in
applied magnetic fields is possibly indicative of an order parameter that is becoming more
isotropic upon overdoping. However, inspection of the curves shown in figure 3.10 for
fields applied parallel and perpendicular to the ab-plane indicates that there are no large

Fluctuations

changes in the anisotropy Y= H c2(ab)1Hc2(c), and that such an explanation is unlikely.

If the diagram shown in figure 3.14 is correct, and critical fluctuations extend
from the mean-field Hc2 to Hirr, then a description of the behaviour of the mixed-state
resistivity might go as follows. In the case of highly overdoped ThBa2Cu06+o, the high
conductivity of the normal-state at low temperatures means that the fluctuation
conductivity has little effect on the measured resistivity. (The fluctuation conductivity
from critical fluctuations will be similar in magnitude to that from 2D Gaussian
fluctuations, which for ThBa2Cu06+0 with a Tc of 15 K can be shown to account for
less than 0.5% of the measured conductivity 2 K from T c.) In this case, for highly
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3.6

Mixed-State Hall Effect

3.6.1

Results
(a)

The Hall coefficient of several of the calcium-substituted YBCO thin films has
also been measured below T c. These measurements have been made for both overdoped
and nearly optimally doped samples, in applied fields of 3, 6 and 13 T (and have been
repeated on several different films). Results for one particular sample are shown in
figures 3.15 and 3.16, for Tc values of 56 and 79 K respectively. The simultaneous

0.6

-u

b,........

-

measurement of the Hall coefficient (upper panel of each figure) and resistivity allows the

::r:
~

extraction of the Hall angle (tan-1(pxyfpxx) shown in the lower panel of each figure). The

0.4
0.2

irreversibility line, defined as the point at which the mixed-state resistivity has fallen to
10-4 of the normal-state value, is indicated in these plots by an arrow for each applied

0.0 . . . ._ ........

field. Note that the temperatures shown in each plot have been corrected for the

Irreversibility line

magnetoresistance of the carbon-glass thermometer, following the method described in
section 2.3.3. Several features of these figures are worth highlighting.

13T

1.0

Firstly, it is noted that the Hall voltage is not linear in field below T c, and RH is

6T

01}

larger for larger applied fields. Furthermore, there is a qualitative difference between the

-

0.5

C

0.0

0)

"d

temperature dependence of RH of the optimally and overdoped samples in the mixed-

0)

........

state. The mixed-state RH of the optimally doped sample broadens in applied fields, but

3T

01}

~
........
........

shows a distinct knee for the overdoped sample (figure 3.15 (a)), below which the RH vs
T curves are more parallel than in figure 3.16 (a). The change of sign of RH seen for the

cd

::r: -0.5

nearly optimally doped sample is a common feature of mixed-state Hall effect
measurements of high-Tc superconductors, and can be sample dependent (though it is

-1.0

noted that neither of the overdoped films which were measured showed such a feature). It
is also noted that the temperature at which RH becomes independent of the applied field is

-1.5
30

slightly greater than T c for both doping levels.
The Hall angle is also of interest (lower panel of each figure). For both Tc values,

40

50

60
Temperature / K

70

80

and in all fields measured, the Hall angle remains small in the mixed-state.
These results are discussed in the following section.

Figure 3.15

The mixed-state Hall coefficient (a) and Hall angle (b) of an overdoped (Te "" 56
K) calcium -s ubstituted YBCO thin film (with nominal composition
Y0.7Ca0.3Ba2Cu307-0). as afwlction of temperature in three different applied
fields. Small arrows indicate the position of the irreversibility line for each
applied field, determined from the point at which the resistivity has fallen to
10- 4 of the normal-state value.
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3.6.2

Discussion

The Hall angle in the mixed-state

1.4
Ca)

1.2

These measurements of the mixed-state Hall effect were motivated by the recent

1.0

observation of a large Hall angle (tending towards nl2) at low temperatures in
underdoped YBa2Cu307-0 with Tc

u

0.8

-

0.6

<'1

.....El
,

0\

b
,.......

::r:

~

= 60 K [11]. This behaviour has been interpreted as

evidence for a super-clean regime, in which the spacing of energy levels in the vortex
core

nwo greatly

exceeds their width, leading to the condition wo't » 1, where 't is the

0.4

lifetime of the quasiparticles trapped in the vortex core [11]. However, such behaviour is

0.2

not observed for either optimally doped YBa2Cu307-0 (see for example [50]) or

overdoped calcium-substituted YBCO (this study).

0.0

In addition to the above, it is noted that the Hall coefficient of the overdoped

-0.2

samples in the mixed-state shows a knee feature, which is reminiscent of the mixed-state
resistivity of the overdoped samples. However, this does not necessarily help in the

1.2
b1)

-

1.0

13T
6T
Irreversibility line

distinction of fluctuation effects from vortex effects in the mixed-state of these samples.

3T

0

'"0

0.8

Sign change of RH in the mixed-state

0

....-<

b1)

:::

~

....-<

crJ

0.6

Many authors have reported an anomalous sign change in RH in the mixed-state

0.4

of several of the high-T c superconductors (see [51] and references therein), but until

::r: 0.2
0.0
-0.2
40

recently there has been little progress in understanding this phenomenon.
Recent measurements of the Hall effect of YBa2Cu307-0 [51, 52] and

Cb)

La2_xSrxCu04 [52] have shown that the Hall conductivity in the mixed-state is given by

50

60

70

80

90

Temperature / K

the sum of two terms (though there is no sign reversal of RH for La2_xSrxCu04), with
field dependences given by:
(3.4)

Figure 3.16

The mixed-state Hall coefficient (a) and Hall angle (b) of a nearly optimally
doped (Tc = 79.4 K) calcium-substituted YBCO thin film (with flominal
composition YO.7CaO.3Ba2Cu307-D) as a function of temperature in three

This behaviour has been predicted by A.T. Dorsey, who has investigated the

different fields. Small arrows indicate the position of the irreversibility line for

motion of vortices in type II superconductors using the full time-dependent Ginzburg-

each applied field, determined from the point at which the resistivity has fallen

Landau equations [53]. Within this picture, the first of the two terms in equation 3.4 has

to 10-4 of the normal-state value.

its origin in the motion of magnetic vortices, while the second arises from the motion of
quasiparticles in the regions of the vortex cores. Now, the coefficient Cl may have either
a positive or negative sign, depending on the properties of vortices in the particular
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Fluctuation Analysis Above T c

material, and hence can account for the observed sign change in RH of YBa2Cu307-0 [51,
52] . Other mechanisms , including the magnus force, cannot easily account for this

3.7.1

behaviour.

Introduction to Gaussian fluctuations

The results taken for the calcium-substituted YBCO thin films have not been
analysed in terms of this model, and a more thorough experimental study would be

The effect of superconducting fluctuations above T c is to reduce the measured

necessary to draw any firm conclusions. However, within the above model, the change

resistivity (Pmeas) by introducing another conductivity channel (a') in parallel with the

of sign of RH of the optimally doped sample (figure 3.16) is possible evidence for the

normal conductivity (al1ormal). That is to say that:

existence of vortices (flux lines or pancakes) above the irreversibility line in this material.

,

(Jmeas

It should be noted, however, that even in the critical fluctuation picture of Cooper and co-

(3.5)

= (Jl1ormal + (J

workers (see section 3.5.4), normal-state fluctuations above the irreversibility line may in
The Aslamazov-Larkin (AL) formulae for the Gaussian fluctuations of 2 and 3

fact be similar to pancake vortices. Furthermore, it is pointed out that in polycrystalline
samples (such as these films), sample dependent factors can have a large effect on the

dimensional systems (see for instance [54]) are given by

vortex dynamics, and the absence of a negative anomaly in RH of the overdoped samples
is not necessarily significant.

2
,
e d- I - I
(J2D = - T

(3.6)

2
, _ e ):-1 -1/2
(J3D ---"'c T

(3.7)

32ft

32ft

where 2d is the average spacing between independently fluctuating CU02 planes (11.7
for YBCO, for which the bi-planes are assumed to fluctuate together),

't

A

is the reduced

temperature (T -T c)fTc, and ~c is the c-axis coherence length. The generalisation of these
two formulae to layered superconductors was made by Lawrence and Doniach (LD) [55],
who showed that
,

(J2D+3D

= - - d -1( T2+ TT*)-112
e

2

32ft

(3.8)

where
(3.9)

The LD formula reduces to equation 3.6 in the 2D limit (d » ~c), and to equation
3.7 in the 3D limit (d « ~c).
Finally, it has recently been shown that there is no Maki-Thompson contribution
to the fluctuation conductivity for d-wave superconductors [56].
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.

Fluctuations in a magnetic field

to 2D away from Tc is well controlled by the LD formula (equation 3.8), and both 3D and
2D+3D fits give the same value of the c-axis coherence length ~c. These fits have been

The form of the fluctuation conductivity in a magnetic field (J'B) has been

made for several samples, two of which are shown in figure 3.17. Both of the samples in

calculated by K. Maki and R.S . Thompson [57] (the same authors but not to be confused

this figure are slightly overdoped (have an upward curving resistivity), but are close to

with Maki-Thompson fluctuations) . They show that for B applied perpendicular to E, (J'B

optimal doping. The advantage of using slightly overdoped films is that there is no

is given by

downward curvature associated with the pseudo gap (as there is in underdoped samples)
to affect the fluctuation analysis. The films had Tc (midpoint) values of 79.4 and 78.2 K
(3.10)

respectively (Tc(max) : : : 83 K), and transition widths of 1.0 K (FWHM of derivative of
the resistivity), indicating that there were no large effects due to sample inhomogeneity.
The residual resistivity of the two films is different, but the temperature dependence of

where't is the reduced temperature, b is a scaled magnetic field
B

b=------Tc(dHc2 / dT)

the normal-state resistivity is very similar.
As can be seen in figure 3.17, the downward curvature in the resistivity above Tc
(3.11 )

of the nearly optimally doped films can be eliminated by subtracting the 3D fluctuation
conductivity. The c-axis coherence lengths required for these fits are 4.1 and 2.0

A for

and S1.. is a function of ('tlb) given by the following summation (which can be calculated

the samples shown in panels (a) and (b) respectively. A similar fit to a further sample

numerically):

with T c

= 82 K required ~c = 1.8 A.

Of these values, the largest (4.1

A)

is the best

estimate of ~c because competing effects (such as inhomogeneity broadening the
S1.. (x)

=

I

superconducting transition) act to reduce the estimated value of ~c, and cannot increase it.

(n+ l)[(x +2n + lr1l2 - 2(x + 2n + 2r1l2 + (x + 2n + 3rl12]
(3.12)

n=O

In particular, the film which gave ~c = 4.1

A had a low residual

resistivity, and a well

behaved T c in small magnetic fields (so the sharp transition is not caused by small
inhomogeneities which short out the bulk material). Hence, the slightly smaller values for

3.7.2

~c

Overdoped samples

from the two other films are probably due to small amounts of inhomogeneity slightly

broadening the transition and reducing the estimate of ~c from that of the better quality
The broad transition of the overdoped samples (see inset to figure 3.3) cannot be
fitted by either 2D or 3D Gaussian fluctuations. It is likely that the width of the transition

film. The robust result is therefore that ~c > 2
films, but ~c is more probably close to 4

A for all of the nearly optimally doped

A.

It is interesting to compare the estimated values of ~c with those obtained for

is due to oxygen inhomogeneity, because dOldT c is large for Tc away from optimal
doping. A weighted sum of fluctuation terms from different T c values might be used to

optimally doped YBa2Cu307-b. lR. Cooper and co-workers [5] using sintered samples

extract a crude estimate of ~c, but this is not attempted here.

of YBa2Cu307-b estimated ~c from 3D fluctuations to be 2.8, 2.3, 1.8, 1.4 and 1.5

A for

D = 0, 0.025, 0.05, 0.1 and 0.18 respectively. In addition, A. Carrington and coworkers [24] found that for thin film samples of YBa2Cu307-b with

3.7.3

Optimally doped samples

formula with ~c = 1.1

D= 0.05, the LD

A gave a good estimate of the fluctuation conductivity, but that 2D

Gaussian fluctuations were sufficient for larger values of D. The large value of ~c
The downward curvature in the resistivity just above T c of nearly optimally doped

estimated for the nearly optimally doped calcium-substituted thin films (4.1

A)

is of

samples has been investigated in terms of Gaussian fluctuations. On their own, 2D

particular interest because the films are oxygen deficient (the exact value of D is

fluctuations (equation 3.6) are too strong to account for this curvature close to Tc, but 3D

unknown, but is likely to be close to 0.2 or 0.3 given the calcium content of the films).

fluctuations (equation 3.7) appear to give a good fit to the data. The cross-over from 3D

This result is therefore strong evidence that the planar hole concentration, and not the
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3 . 7.4

Effect of a magnetic field

length ~c.
The effect of Gaussian fluctuations in a magnetic field has been calculated for the
nearly optimally doped sample shown in figure 3.17 (a) using the formulae discussed
above (equations 3 .10 to 3.12), and is shown in figure 3.18 . The calculation has been

140

made as follows. Firstly, the normal resistivity (i.e. what the measured resistivity would

130 (a) Tc = 79.4 K
S
120

a::i.

ifS = 2 A

J..~.... . '-""'"

<.)

-

110

.....>-.
.......

90

(l)

~

80

estimated resistivity
having subtracted
2D + 3D fluctuations
(Sc = 4.1 A)
measured

3.18), which can be compared to the actual measured resistivity in 15 T (also shown in

resistivity

field fit is good there is a remarkably good agreement between the calculated and

70

gives the estimated resistivity in a magnetic field (calculated resistivity (15 T) in figure
the figure). As can be seen from the figure, in the temperature range over which the zeromeasured resistivity in 15 T. This result adds confidence to the basic supposition that 3D

180 (b) T c = 78.2 K
5 160
~ 140
C 120
.......
;;>
'p 100
.......
measured
~ 80
resisti vi ty
~
60

-

Gaussian fluctuations affect the measured resistivity, indicates that the estimated normal
resistivity is indeed correct, and supports the new result reported here that Se : :-:; 4

estimated resistivity
having subtracted
2D + 3D fluctuations

(Sc = 2.0 A)

80

85

90

3D Gaussian fluctuations are not strongly suppressed by an applied field of 15 T in
agreement with theory (fluctuation conductivity is responsible for the difference between
the measured resistivity in 0 T and the normal resistivity shown in figure 3.18, and this
difference is still large even in 15 T). Secondly, the magnetoresistance in the normal-state
up to 10 K above T e has been accurately predicted using the 3D Gaussian fluctuation
models described above (which accounts for the slight increase in the temperature at

40~~~~~~~~~~~~~~~

75

A.

Several features of figure 3.18 are worth discussing in some detail. Firstly, the

Cl)

70

Se = 4.1 A (as discussed above). The
fluctuation conductivity is calculated using equation 3.10 with B = 15 T and an estimated
assuming 3D fluctuations with a coherence length

He2(0) of 80 T. The addition of the fluctuation conductivity to the normal conductivity

100

;;>
.......
.....
Cl)
.......
Cl)

be if there were no fluctuations) is calculated from the measured zero-field resistivity,

95

100 105 110

Temperature / K

which the onset of superconductivity appears to occur, as seen in figure 3.10 (d)). And
thirdly, the large broadening of the superconducting transition in 15 T is not predicted by
the theory of Gaussian fluctuations. The final point implies that if the field broadening of
the transition is not due to dissipative flux flow but is a fluctuation effect, then stronger

Figure 3.17

The effect of 2D + 3D fluctuation conductivity on the measured resistivity of

fluctuations than the 3D Gaussian ones are needed to fully describe the effect. These

two nearly optimally doped films (both films are slightly overdoped, Tc as

might, for instance, be the 3D XY critical fluctuations described in section 3.5.4.

indicated). The c-axis coherence length
value of Sc

Sc is shown for each sample. Note that a

= 2 Acannot straighten the resistivity of the 79.4 K Tc sample (see

dotted line in panel (a)).
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3.8

Summary
The partial substitution of calcium for yttrium in YBa2Cu307-b has allowed the

(Sc= 4.1

Tc = 79.4 K
110

-....
~
o

100 measured

in this study, confirming the results for sintered materials, and extending the range of

.. ,<

l.···· ······ ·· ···· ·· ·

doping further into the overdoped regime. This investigation has revealed a number of
interesting features which might be of relevance in understanding some of the more
general physical properties of the cuprates.

resistivity
(15 T)

.~

~
......

samples with a nominal composition YO.7Cao.3Ba2Cu307-b have proved extremely useful

A)

\

calculated
resistivity
(15 T)

su

investigation of the overdoped side of the phase diagram for this system. Thin film

normal resis!ivity

90

r/)

Q.)

~

80

It has been shown that the overdoped material has a resistivity that can be well
fitted by p =A + BT + CT2 (crossing over to a linear resistivity at optimal doping), and a

\

small Hall coefficient with only a weak temperature dependence (that grows stronger
~---

measured
resistivity

towards optimal doping). In addition, cot(8H) does not show a strong doping
dependence, despite large changes in the resistivity and RH. These results are consistent

(0 T)

with those for other overdoped high-Te compounds (see section 1.3.3), and contribute to

70~~~~~~~~1~~~~~~~

70

75

80

85

the general understanding of the systematic variation of the normal-state properties with
the planar hole concentration. However, the observation that cot(8H) can be well

90

described by ex + PT 1.5 for both optimally and overdoped samples indicates that the

Temperature / K

widely held belief that this quantity varies as T2 should be reviewed.
Figure 3.18

The effect of a magnetic field on the 3D Gaussian fluctuations of a (nearly)
optimally doped film of calcium-substituted YBCO. The measured resistivity ill

o T alld 15 T is shown by solid lines. The normal resistivity, extracted from

the

measured resistivity in 0 T using the 3 D Gaussianf!llctuationforl11u[a with a caxis coherence length

Sc

= 4.1

A, is shown

by a dotted line. The calculated

resistivity in 15 T (dashed line) has been estimated from the normal resistivity
using 3D fluctuations in a magnetic field, with

Sc = 4. J Aand Hc2(0) = 80 T.

By fitting the small downturn in the resistivity above T e in the optimally doped
samples to 3D Gaussian fluctuation theory, it has been possible to estimate the c-axis
coherence length Se as between 2 and 4

A. Furthermore, the effect of a magnetic field on

these fluctuations accurately describes the magnetoresistance in 15 T above Te (which
adds confidence to the fluctuation analysis used).
Measurements of the mixed-state resistivity have shown that the resistive
transitions broaden for underdoped and optimally doped samples, but are qualitatively
different for the overdoped material. The resistive transition of the most overdoped
samples appears to shift in applied fields, although the onset temperature of
superconductivity does not seem to change. A distinct knee occurs in these transitions at a
resistivity of approximately 40 J.lQcm, and is possibly associated with the transformation
from broadening to shifting resistive transitions upon overdoping. These results have
been discussed in terms of both vortices and critical fluctuations, and may be significant
in understanding the resistive transitions of highly overdoped TI2Ba2Cu06+b [10] and
Bi2Sr2CUOy [47].
Finally, results of measurements of the mixed-state Hall effect show that the Hall
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angle remains small at all temperatures and in all fields, giving no evidence for the super-

[19]

O.A. Wagner, personal communication (1995) .

clean regime seen in underdoped YBa2Cu307_b with Tc = 60 K [11] .

[20]

J.R Cooper and J.W. Loram, J.Phys. I France 6, 1 (1996).

[21]

J.W. Loram, J.R Cooper and K.A. Mirza, Supercon . Sci. Technol. 4, S39l
(1991).
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4 .1

Introduction

4.1.1

Motivation for study of c-axls magnetoresistance
Investigation of the c-axis transport properties of cuprate superconductors can

provide useful additional information about their in-plane properties. In particular, in this
chapter it is shown that novel measurements of the angular dependence of the c-axis
magnetoresistance (as the magnetic field is rotated in the ab-plane) can be used to estimate
the anisotropy in the in-plane mean free path, if, of TI-2201.
In a simple Fermi surface picture of the cuprates, it has been proposed that a
temperature-dependent anisotropy in if might account for the temperature dependence of
the in-plane Hall coefficient (see section 1.3.4 and [1]) . Values of l,f from c-axis
magnetoresistance measurements allow a quantitative assessment of this statement.
The single-layer compound TI2Ba2Cu06+o (TI-2201) is particularly suitable for
this study because good crystals have less disorder than other cuprate superconductors
(see section 4.2.1). Furthermore, the metallic c-axis resistivity (dpc/dT > 0) indicates that
a simple band approach may be suitable in describing the c-axis transport (see section
4.3.1).

4.1.2

Synopsis of the chapter
The single layer superconductor TI-2201 is introduced in detail in section 4.2. A

simple model based on Bloch-Boltzmann transport with an anisotropic relaxation time 1 is
then developed in section 4.3, and is used to calculate the angular dependence of the caxis magnetoresistance and changes in the Hall coefficient. The preparation of the crystals
used in this study is discussed in section 4.4, and the experimental results are presented
in section 4.5. These results are analysed in terms of the anisotropic

1

model in section

4.6, using the formulae derived in Appendix I to extract various quantities such as kF,
RH and the in-plane and c-axis mean free paths. Kohler's rule and the temperature
dependence of 1 are also discussed, and the applicability of the anisotropic

1

model to

charge transport in TI-2201 is debated. Finally, a summary of the main results is given in
section 4.7.
The results for the T c = 25 K samples have been published in two papers [2, 3].
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The single-layer cuprate superconductor
TI-2201

4.2
4.2.1

4.2.2

Hole doping via interstitial oxygen
T12Ba2Cu06+8 can accommodate excess oxygen (8) interstitially between double

TIO layers, changing the mobile carrier concentration on the CU02 planes [6l, The

Crystal Structure

material is optimally doped (with aTe of approximately 90 K) for 8 = 0.0, and becomes

T12Ba2Cu06+8 (TI-2201) has one of the simplest crystal structures of the cuprate
family of high-Tc superconductors (figure 4.1). It is the n

=

1 member of the

homologous series ThBa2Can-lCun04+2n+8 (with two primitive ThBa2Cu06+8 blocks
per unit cell, which are displaced by half the in-plane Cu-Cu separation: see figure 4.1).
TIO and BaO layers act as a charge reservoir for a single CU02 plane, the electronic

overdoped with the incorporation of small amounts of interstitial oxygen, decreasing T c
to 0 K for 8 = 0.1 [6, 8]. As already mentioned, in the tetragonal phase there is 5 - 7 %
Cu substitution on the Tl site, which also has a doping effect, causing differences in the
variation of Tc with 8 between the tetragonal and orthorhombic phases. (Note that the
crystals used in this study are in the tetragonal phase: see section 4.4.)

properties of which dominate those of the whole compound. This simple crystal structure
means that in good crystals of TI-2201 there can be less disorder than in other cuprate
superconductors (especially on the CU02 planes). Furthermore, TI-2201 has none of the
possible complications arising from CU02 bilayers and CuO chains , as in YBa2 Cu 3 0 7-u,
..,
or cation substitutions, as in La2-xSrxCu04 (although there can be some substitution of
Cu on the TI sites: see below).
The stoichiometric compound has orthorhombic symmetry (space group F/mmm)
with lattice parameters a = 5.45

A, b = 5.49 A and c = 23.18 A [4, 5]. Crystals can also

adopt a tetragonal symmetry (l4/mmm), which is caused by slight substitution of Cu on
the Tl sites (5 - 7 %), with lattice parameters a = 3.86 A and c

=23.18 A [4-7] . It should

be noted that this tetragonal phase is not an average of orthorhombic phases [4]. The
physical properties of samples with the tetragonal and orthorhombic symmetries are very
similar, the principal difference being a larger Curie term in the magnetic susceptibility of
the tetragonal phase, caused by Cu 2+ ions substituting on the Tl site. The Curie constant
almost disappears for the highest T c samples, suggesting that the co-ordination
environment of Cu2+ gradually changes to that of nonmagnetic Cu 1+ as T c increases [4] . .

4.2.3

Doping and temperature dependence of the resistivity

In-plane resistivity
In common with other members of the cup rate family of high-T c superconductors
(see section 1.3.3), the resistivity of polycrystalline samples of optimally-doped TI-2201
has a linear temperature dependence up to 300 K [8-10]. This behaviour has also been
observed for in-plane measurements of single-crystals samples [11] .
Increasing the hole doping by the inclusion of interstitial oxygen decreases both
Tc and the resistivity, which is now best described by A + BT + CT2 [12]: i.e. there is a
cross-over from the optimally-doped linear behaviour, to a more T2 behaviour at higher
doping levels. Although the linear-T term becomes small for the most overdoped
samples, the resistivity does not have a pure T2 behaviour at mK temperatures (for which
the normal-state is accessed by the application of fields greater than H c2), but has a linear
term in contrast to the predictions of Fermi-liquid theory [12].
The small residual resistivity of single-crystals [11-13] indicates a long carrier
mean free path in the ab-plane (of the order of 103

A at low

temperatures for low T c

samples [12]), giving quantitative support to the previous statement that the disorder in
TI-2201 is considerably less than that of other cuprate superconductors.

Figure 4. 1

The Clystal structure of Tl-2201, after Shimakawa [4].
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Out-or-plane resistivity
The c-axis resistivity of TI-220 1 has not been widely measured. Results of quasiMontgomery measurements of crystals with T c values of 25 and 55 K are shown in this
chapter. These results compare well with similar data for crystals with T c values of 0, 10
and 75 K from T. Manako and co-workers [14, 15]. In brief, the c-axis resistivity is
metallic (dpc/dT > 0), but follows a different temperature dependence to Pab. The
resistivity anisotropy Pc/Pab increases with decreasing temperature, and is larger for the

U 1.0
<'le

higher T c samples. (These results are shown later on, in figure 4.8.)

'"b

-

.

Tc =28K
• Tc =25K
Tc =21K
"
-o--T=16K
c
• T =15K

~

The metallic c-axis resistivity (dpc/dT > 0) of TI-2201 and some other overdoped
compounds (chiefly La2-xSrxCu04, x> 0.15 [16,17]) indicates that the c-axis transport

~

:c

0.5

may be coherent. This is in contrast to several other of the underdoped and more
anisotropic cuprate superconductors, which show a non-metallic c-axis resistivity

0.0
2.5

(dpc/dT < 0) [16-18], possibly arising from incoherent interlayer hopping rather than
band-like electron motion.

(b)

2.0
4.2.4

U

Doping and temperature dependence of the Hall
coefficient

<'le

1.5

'"b

~

The Hall coefficient (RH) of TI-2201 is positive and follows the general doping

~

c

1.0

T=62K
c
• T=55K
c
• T=50K
c
- f r - - T=47K
c

-0--

:c

0.5

dependence discussed in section 1.3.3. The optimally doped material has a strongly
temperature dependent RH [8-10], and above 120 K the Hall number (nH) varies linearly

0.00

with temperature [9]. As shown for calcium-substituted YBCO (chapter 3), RH of the
overdoped material is smaller and has a weaker temperature dependence than the

100 150 200 250 300
Temperature / K

optimally doped case [8-12, 14, 15]. In addition, the cotangent of the in-plane Hall angle
cot(8H) has the same remarkable T2 behaviour as other cuprate superconductors [9, 12].
Low-temperature measurements of RH for Tc "" 15 K single-crystals have been
used by A.P. M.ackenzie et al. [12] to estimate kf in the elastic scattering limit (assuming (lA

ci:~'l'l;~@::Mu(fu';f@ t:itt- RO aRisotrop), iR 1), giving a value of"" 0.7 A-I

(a "large"

Figure 4.2

The Hall coefficient of Tl-2201 as a function of temperature. Ill-plane data for
single-Clystals are shown by solid symbols, and data for polycrystallille samples
are shown by open symbols. Data in panel (a) are taken from A.P.Mackenzie et
at. {12J (Tc

Fermi surface).
Figure 4.2 shows the temperature dependence of RH for polycrystalline samples
and in-plane measurements of single-crystals, taken from the literature [8, 11, 12, 14,
19]. There is a broad agreement between measurements of samples with similar T c

= 15 K),

Y.Kubo et al. {8J (Tc

28 K) and A. W. Tyier {11 J (Tc

= 25 K). Data if! panel (b) are taken from

Y. Kubo

et al. {8J (Tc = 47, 62,81 K), T.Manako et al. {14J (Tc = 50 K) and A. W. Tyler
{I 1J (Tc = 55 K).

values, and between single-crystals and polycrystalline samples (as mentioned in section
1.3.3.)

100

= 16 K), A.Carrington {19J (Tc = 21,
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4.2.5

Band structure calculations and the Fermi surface

4.3

Theory: the Resistivity Tensor of a
Quasi-2D Fermi Surface with an
Anisotropic Relaxation Time

4.3.1

The model, method and assumptions

Local density approximation (LDA) band structure calculations have been made
for the stoichiometric compound Tl2Ba2Cu06 [20, 21]. The authors use an I4/mmm
(tetragonal) symmetry, rather than the true orthorhombic crystal structure of the
stoichiometric compound. The doping effect of Cu substitution on the TI site, which is
required to give the tetragonal crystal structure, probably shifts the Fermi level from the

Fermi surface with anisotropic relaxation time

band structure predictions, making the finer features of these calculations less reliable. In
particular, there is no clear evidence for the small, nearly spherical Fermi surface (with

r,

As explained in section 1.3.4, it might be possible to account for the normal-state

predicted by these

transport properties of the cuprates in a simple Fermi surface picture with an anisotropic

calculations. However, the prediction of a large, barrel-shaped Fermi surface centred at X

in-plane mean free path (which might, for instance, be caused by spin fluctuation

(i.e. with hole character) is far less controversial, and seems to be a general feature of

scattering). This picture is particularly appealing because of its simplicity. In the

optimally and overdoped members of the cuprate family of high-Tc superconductors [22].

following sections, the resistivity tensor is calculated fora quasi-2D Fermi surface with

The tetragonal symmetry of the crystal structure is reflected in the shape of the Fermi

an anisotropic relaxation time 'to As discussed below, the Fermi surface is chosen to

surface, which is slightly flatter in the XM direction.

represent that predicted for TI-2201. The results of numerical calculations based on this

electron character), due to a TIO band dipping just below Ep at

The barrel-shaped Fermi surface predicted by band structure calculations [20,21]

model are discussed in detail, and it is demonstrated how the in-plane and c-axis mean

is open, and there is only a slight c-axis dispersion, which can be represented in a tight-

free paths, and the anisotropy in 't, can be extracted from c-axis magnetoresistance data.

binding approximation by:

Particular attention is paid to the effect of the anisotropy in 't on the in-plane Hall
coefficient.
(4.1)

E(k) = E(k//( 8)) - 2t1. cos(kzd)

where

~ is

the in-plane component of kt, 8 is the angle between

half the c-axis lattice parameter (i.e. d

~ and

the a-axis, d is

Boltzmann transport

= 11.59 A), and t1. characterises hopping along the

c-axis.

The response of the quasi-2D Fermi surface to applied electric and magnetic fields
It has been proposed that electrons hop from the hybridised Cu 3d x2_y2 and 0 Px

can be predicted using Bloch-Boltzmann transport theory (see section 1.4), allowing the

and Py orbitals of one CU02 plane to those of another via a virtual process involving the

calculation of all terms in the conductivity tensor. The effect of an anisotropy in the

Cu 4s and 0 pz orbitals (from the BaO layer) [23, 24]. This hopping can be coherent,

relaxation time 't around the Fermi surface can also be included in this formulation.

preserving the band-like nature of the transport. It has recently been proposed that t1.

Calculations using the Jones-Zener expansion were made by lM.Wheatley [2,25] at the

might be anisotropic around the Fermi surface because of the anisotropy of the Cu

IRC in Superconductivity, but have been repeated independently, and extended to include

3d x2_y2 orbitals [24].

anisotropy in the c-axis transfer integral.

As mentioned previously, the unit cell of TI-220l contains two blocks of
TbBa2Cu06, displaced by half the in-plane Cu-Cu separation (see figure 4 .1). In the

The derivation of terms in the conductivity tensor (using Boltzmann transport
theOlY and the Jones-Zener expansion) is given in detail in Appendix 1.

above calculations it has been implicitly assumed that the sheets of Fermi surface due to
these two primitive cells fold precisely onto each other, essentially halving the relevant caxis dimension to 11.59

A. It is possible that hopping between staggered CU02 planes is

not quite as straightforward as described above, and may involve two values of t1..
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Assumptions

have the same tetragonal symmetry as the crystal:

In applying the results of these calculations to TI-220 1, several assumptions must

(4.2)

be made beyond the basic hypothesis that a Fermi surface exists for this compound.
These assumptions will be retumed to later, during the analysis of the data.

(4.3)

Firstly, it is assumed that the c-axis transport is coherent, and can be described by
a single conduction band. The observation that the c-axis resistivity is metallic
(dpc/dT > 0) indicates that a band-like description is appropriate, although estimates of
the c-axis mean free path based on the results of this study (see section 4.6.5) are smaller
than the spacing of the CU02 planes for all of the temperature range studied (this point is
discussed later in the chapter). The single barrel-shaped Fermi surface associated with the

where a and

Pare parameters of the model, small in value and chosen to be compatible

with band structure calculations. (Typical values of a and

p range between 0.0 and 0.2.)

The geometry of kf and Vf is illustrated in figure 4.3. The angle between the two vectors
is y (which it is necessary to include in the calculations when kf and Vf are no longer
parallel). From a geometrical argument, y is given by:

CU02 planes and described previously (section 4.2.5) would seem to be appropriate for
these calculations (there being no clear evidence for the small electron-type Fermi surface
r(8)

predicted by band structure calculations to arise from a TIO band).
Secondly, it is assumed that the same relaxation time 't may be applied to both the

f ) == tan- 1(d
' f
= tan- 1( -1 -ak-logk
kf a8

d8

(8)

)

(4.4)

in-plane and c-axis transport. Some experimental evidence against this assumption comes
from the breakdown of Kohler's rule in the ab-plane magnetoresistance of Tl-2201 [2],

z

which might imply that a single relaxation time is insufficient to fully describe the inplane transport. However, as discussed in more detail later in the chapter (see section

y

4.6.2), this breakdown of Kohler's rule can also arise from other effects, including a

~

--+---+----....//

. . ----y-

strong anisotropy in 'to

4.3.2

(lID)

Mathematical description of the Fermi surface,
anisotropy in 't, and anisotropy in t-L
Figure 4.3

The Fermi surface

lllustrating a slice of the Fermi surface ill the ab-plane, showing the geometry of

,tl'~tft,ws (I(}()) ~ (ItO)

Aft

.s/'()1f)1I

The quasi-2D Fermi surface used in the following Boltzmann treatment is chosen
to represent the barrel-shaped Fermi surface predicted by band structure calculations for

Anisotropy in

tJ

r"'':!''''IJ.,-,

"11Je
~ t hVl .

the vectors kf and VI The angle between kf alld vf is y.

't

TI-2201 [20, 21]. Cylindrical, rather than spherical, co-ordinate axes are most
appropriate for this system. As usual, bold type face is used for vectors.
The c-axis dispersion is small (see equation 4.1), and values of kf, Vf and 't are in
the first approximation independent of k z . In the simplest case, the Fermi surface is
circular in cross-section. Deviations from this isotropic case can be represented by the
following smoothly-varying angular dependences of kf and Vf within the ab-plane, which

The most natural way to allow for an anisotropy in the relaxation time
Mattheissen's rule (i.e. adding scattering rates: 11r(8)

't

is via

= 11ro + 1Ir'(8) ). A scattering rate

with either cos(48) or cos(48+1t12) symmetry (these functions are chosen to reflect the
tetragonal symmetry of the crystal) is added to an isotropic scattering rate. These two
symmetries represent a larger 't in either the (110) or (100) directions respectively (i.e. at
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45° to the Cu-O-Cu bonds or along the Cu-O-Cu bonds). The angular dependence of't

Anisotropy in t1-

within the ab-plane is given in the former case by

The small c-axis dispersion corresponds to a c-axis component of the velocity
- (4.5)

given by
(4.7)

and in the latter case by
where v~ is given by
(4.6)

o

2t1-d

v =-Z

n

(4.8)

where e is a further parameter of the model, the value of which is to be experimentally

As stated previously, it has recently been proposed that t1- is anisotropic around

determined by c-axis magnetoresistance measurements. These two anisotropies in 't are

the Fermi surface, going to zero in the (110) and equivalent directions (see section

shown in figure 4.4, for various values of the parameter e . Note that the effect of

4.2.5). This anisotropy in t1- is assumed to be temperature-independent (£F is

including anisotropy is to decrease 't from the isotropic case along certain directions (100

approximately 1 ev from the bottom of the band [20], making band structure features

or 110), as if turning on an additional scattering process affecting only those parts of the

essentially temperature-independent in the experimental range t ), and can be represented

Fermi surface.

[24] by

f

ill +lti' ~~;.s ,

Experimentally it is found that 't is larger along the (110) and equivalent directions
(4.9)

(as expected for spin fluctuation scattering: see section 4.6.4), but numerical calculations
have been made for both anisotropies to convince the reader of this result.

Our numerical calculations can include this effect, or leave t1- constant around the Fermi
surface.
The principal effect of an anisotropy in t1- is that certain parts of the Fermi surface
give larger contributions to the c-axis conduction than others (where t1- is small). This
effect is discussed later (section 4.3.4).
Finally, it is noted that effects such as disorder might cause the anisotropy in t1- to

-r----

Figure 4.4

e
0.0
0.5
1.0
2.0

not go fully to zero along the (110) and equivalent directions [24] .

The angular dependence of .. when .. is largest along the (110) direction (lefthand plot) alld (100) direction (right-hand plot), for various values of the
anisotropy parameter e (0.0,0.5, 1.0 and 2.0).

t

This analysis assumes that t..1 is temperature-independent, keeping the number of variables to a

minimum. However, the fact that t..1 is of the order of the experimental temperature gives rise to concerns
of an extra temperature dependence arising from a "washing out" of the t..1 anisotropy.
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4.3.3

Derivation of terms in the resistivity tensor

over the following pages, have been made for both branches of the anisotropy in

't

(i .e.

't

largest along (110) and (lOO)). Comparison of experimental data with such numerical
The detailed calculation of terms in the conductivity tensor is given in Appendix 1.

calculations can be used to obtain estimates of the anisotropy in 'to

Inversion of the conductivity tensor gives numerical values for the resistivity, Hall
coefficient and magnetoresistance (also shown in Appendix I). These calculations include
the effect of anisotropy in kf, Vf,

't

and t.l.

0.4

In the discussion, terms in the magnetoresistance are defined as follows:

A/p(O)
f..p == p(B) - p(B = 0) _ f..p(2) 2
P
p(B = 0)
= p(O) B

+

f..p(4) 4
p(O) B +...

t isotropic
't largest arong (110)

0.2

(4.10)

-0.2
tLisotropic:~---;:J------{J----c}----.--cl--J
't largest along Cl 00)

-0.4

An angular dependence in the c-axis magnetoresistance

0.4 (b) a=O.l, ~=0.1

The derivations described in Appendix I show that the B2 term in the c-axis
2
transverse magnetoresistance f..p2 )/p~O) has no angular dependence as the magnetic field
is rotated in the ab-plane (this is a consequence of the tetragonal symmetry of the crystal

Alp (0)
A

(

structure, and would not be the case for orthorhombic crystals). However, the B4 term in

tip

(2)1

p

(0»2

the c-axis transverse magnetoresistance can be split into a term with no angular
dependence f..p24)/p~O), and an additional angular dependent term [Alp20)]cos4<1>, where

t isotropic
't largest arong (110)

0.2
0.0
-0.2

<I>

tl~~i=~;:~;;~;==::==:~'t~la~rg~e~st~a~lo~n~g~(~l~IO:)l
't largest along
(100)

-0.4

is the angle of the magnetic field in the ab-plane relative to the a-axis (see Appendix I).
That is:

0.4 (c) a=0.2,
Alp (0)

~=0.1

t isotropic
't largest arong (110)

0.2

( 4.11)

-0.2
4.3.4

Numerical calculation of terms in the c-axis
magneto resistance

't (a, ~

't

or t..l (see

and e respectively), both

with and without an anisotropy in t.l. Calculations, shown in figure 4.5 and described
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t.L isotropi c ~~~---;J------;J------iJ------i:J--J,
't largest along (100)

o

Appendix I). These ratios have been calculated numerically (as described above) for
various combinations of the anisotropy in kf, Vf and

~~~~~~~~~~

-0.4

2
It is noted that B4 terms of the c-axis magnetoresistance (including (f..p2 )/p~O»)2)
vary as 't4, and that the ratios (f..p~4)/p~O»)/(f..p~2)/p~O»)2 and (A/p~O»)/(f..p~2)/p~O»)2 depend
only on the anisotropy parameters, and not on the absolute values of kf, Vf,

tL anisotropic
't largest along (110)
't largest along (lOO)

Figure 4.5

1

3

2

4

e

Showing numerical calculations of the effect of anisotropy in r
(0;

5

(2; (0; 2 ·

.

(A/pc )/(tJpc /Pc ) for varIOus values of the alllsotropy

.

111

011

the ratio

f3

".rand vf(a and ,

shown in each panel). Solid symbols are used for anisotropic t1- and open
symbols for isotropic t1-. Circular symbols are used for r largest along (110),
and square symbols for r largest along (100).
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Isotropic kf, Vf and t..L

anisotropy in kf and Vf gives a negative value for

A/p~O). The negative sign arises from

terms involving the angle between kf and Vf (r) in equation A.26, and is somewhat

= ~ = 0 (open
With no anisotropy (e = 0), the_term

Panel (a) of figure 4.5 shows the results of calculations for a
sym(~~l.s

A/Pc

are used for the. case with isotropic t..L).

IS zero and there IS no angular dependence in the c-axis magnetoresistance (as

difficult to describe in terms of any simple physical picture. However, it is possible to
make some general statements about the effects of including anisotropy in 't and t..L In this

expected). The effect of including anisotropy in 't is that A/p~O) becomes non-zero,

scenario.
Firstly, it is noted that with anisotropic kf and Vf, anisotropy in 't has a slightly

having an equal and opposite value for the two anisotropies in 'to The sign change of

smaller effect on (A/Pc )/(~P c /pc ) wIth't largest along (100) than for't largest along

A/p~O) for the different anisotropies in 't is caused by the cos48 dependence of the
integrand in Aa (equation A.19 in Appendix I), and is expected from symmetry
arguments.

(0)

(2)

(0) 2

.

(110). This is because fo r 't largest along (100), the conductivity is small along the
directions in which kf and Vf is being increased (i .e. (110) and equivalent directions: see
equations 4.2 and 4.3) .
Secondly, when an anisotropic t..L is included in the calculations, the direction in
which 't is largest becomes increasingly less significant (for the range of values

Including an anisotropy in t..L

considered). For't largest along (100), the small variation with e has been explained in

Solid symbols are used in figure 4.5 for calculations which included the cos2(28)
anisotropy in t..L (equation 4.9). Including this anisotropy causes the conductivity to go to

terms of the conductivity being zero along the (110) direction. For't largest along (110),
the competing effects described above essentially cancel out and

(A/p~0»)/(~p~2) /p~0»)2

loses the e-dependence.

zero at lines on the Fermi surface along the (110) and equivalent directions, providing
some physical insight to the results shown in these figures.
As can be seen in panel (a) of figure 4.5, the effect of including anisotropy in t..L
in an otherwise isotropic system is to give a negative A/p~O) term. This is expected from
physical arguments, because the conductivity is suppressed along the (110) direction,
which has the same effect as having 't largest along (100) (giving a negative value of
A/p~O») .
Furthermore, with t..L anisotropic, increasing the anisotropy in 't has only a small
effect for 't largest along (100), but a greater (and competing) effect for 't largest along
(110). This can be understood by the same physical argument: changes in 't along (110)
will have less effect on the conductivity, because t..L is zero in these directions . (With
reference to figure 4.4, it is noted that increasing values of e reduces 't from the isotropic
value along certain directions. Hence, with 't largest along (100), as e is increased the

The ratio of terms with no angular dependence has also been calculated for
various values of the anisotropy in kf, Vf and 't, but results are not shown here. In the
•

•

(4)/ (0) .

A

.

(2)

(0) 2

ISotroPIC case, LlPC Pc IS negative and half the value of (~p c /pc ) . Including
anisotropy in 't and t..L has a moderate effect on (~p ~4)/p~0»)/(~p~2)/p~0»)2 (for e = 1,
(4)

(0)

(2)

(0) 2

(~P c /pc )/(~Pc /Pc)

.

~ -0.6 to -0.8, dependll1g on whether anisotropy in t..L is

included). However, anisotropy in kf and Vf has only a negligible effect. Experimentally,
(0)

values of A/Pc

.

(4)

(0)

are better defll1ed than ~P c /pc

.

(see section 4.5.3), and so less

attention is paid to the latter quantity.

changes in 't are actually happening in the (110) and equivalent directions, where t..L =0.)
In summary
Including an anisotropy in kf and Vf
Panels (b) and (c) of figure 4.5 show the results of calculations for non-zero
values of a and

~.

As can be seen from these figures, for isotropic 't and t..L, including

110

Care has been taken to show that the results of numerical calculations of terms in
the c-axis magnetoresistance have physically reasonable dependences on the various
parameters, adding confidence to the calculations . Calculations using other values of a
and ~ than those shown in figure 4.5 also fitted into the patterns described above.
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4.3.5

Estimating the anisotropy in 'T from c-axis
magneto resistance measurements
Comparison of the results of experimental measurements of the c-axis

4. Angular Dependence of the c-axis Magnetoresistance of Tl-2201

4.3.6

Estimating the mean free path from c-axis
magnetoresistance measurements

Isotropic case

magnetoresistance of Tl-220 1 with the calculated coefficients described above, can be
used to extract estimates of the anisotropy in 't for this system. In essence, this is done as
follows.

In the isotropic case, the E2 term in the c-axis magnetoresistance (equation A.24
in Appendix I) reduces to the simple expression shown below, involving only the in-

The various magnetoresistance coefficients are measured, and the direction of the
crystallographic axes determined by x-ray diffraction. The position of maxima in the

plane mean free path (m.fp.),

if, (where l,f =vf't and d is the spacing of the CU02

planes).

angular dependence of the magnetoresistance, relative to the a-axis, determines the sign
45°'Imp l'Ies a negative value 0 f AI Pc(0) ,w h'l
NllUCi"""~at '"
of A/pc(0) (a ~;~"IM
I:Q,BXIQ;lOl. at ~ =
I e a Q;lBXIQ;l2l.
't' =

(4.12)

0° implies a positive value of Alp ~O\ Values of (L1P ~4)/p~0»/(L1p~2)/p~0»2 and

(A/p~0»/(L1p~2)/p~0»2 are then compared with the theoretical predictions described above,
to try to find a consistent and reasonable set of parameters (a,

p, e) which can be used to

account for the measured values. In particular, (A/p~0»/(L1p~2) Ip~0»2 is used to estimate
e, and values of (L1p~4) Ip~0»/(L1p~2) Ip~0»2 used to check that the estimates are reasonable
(the former being better defined experimentally). Values of a,

Combining this with the ratio of the c-axis and in-plane resistivities, the c-axis
m.fp. (lc

= <vz>'t) can also be estimated, as shown below. The factor of 2 comes from

using the r.m.s. average of Vz in the expression for lc.

p and e can be estimated

(O)

Pc

for both isotropic and anisotropic t-L. (Note that these correspond to extremes, and that t-L

_

(O) -

Pab

might not go fully 'to zero along the (110) directions, as described in section 4.3.2.)

/2
If

(4.13)

2Pc

With four variable parameters, it is likely that there will be several possible
combinations of a,

p and e which can account for the magnetoresistance data (with t-L

isotropic or anisotropic). The judgement of whether such values are reasonable can be
made from the ability to predict other measurable quantities, such as the in-plane Hall
coefficient (see following sections).
Finally, it is noted that any temperature dependence in the quantity

(A/p~0»/(L1p~2) Ip~0»2 should give estimates of e that increase with increasing temperature
(in the experimental temperature range), and not vice versa t . This condition limits the
possible estimates of the anisotropy in 'to

The effect of including anisotropy
Physically reasonable anisotropies in kf and Vf are small [20], and change the
m.fp. by a negligible amount. A larger change in the average value of the m.f.p. «1;»)
comes from the anisotropy in

't

and t-L, and the above results have to be modified to

account for this.
The average value of 't «'t» around the Fermi surface is shown below (this
result is the same for both types of anisotropy in 't - see figure 4.4).
1 2n

<1'>=-J

l'

0
2 d8 :=1'O.g(e)
2n 0 1+ e(cos28)

t In the experimental temperature range (approximately 50 to ISO K), the residual resistivity is a large

With

(4.14)

if replaced by <1;», the expression for L1p~2)/p~0) is modified by a factor

fraction of Pc (see figure 4.8), indicating that elastic scattering (from lattice defects etc) represents a major
part of the total scattering. In the elastic limit, it is a reasonable assumption that the m.f.p. is isotropic,
as there is no preferential direction associated with random defects. Hence, any change in this anisotropy
must be such that the anisotropy increases with increasing temperature (as the anisotropy cannot get any
less than an isotropic starting point).

f( e)/g( e)2 (as shown in figure 4.6), where g( e) is defined as above, and f( e) is defined
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below (equation 4.15 - this equation is for the case with
direction, with no anisotropy in kf or Vf).

't

largest along the (110)
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4.3.7

Effect of anisotropy in
coefficien t

't

on the in-plane Hall

2/"tl/(I+e(cos2eft de
fee)

= ~o~_ _ _ _ __
2t

o

(4.15)

d/(1+ e( cos2e)2 )de

The functionf( e)/g(e}2 is shown in figure 4.6, for both types of't symmetry, with

Estimating kr from the m.f.p.
The zero-field in-plane resistivity is given by the following formula, involving kf
and the average value of the in-plane m.f.p.

and without anisotropy in t.l. As can be seen, the anisotropy in t.l has a large effect,
.
causmg
iAp(2)/p(O)
l c
c to be enhanced for 't largest along (lOO), and reduced for 't largest

(0) _

Pab -

2 nlid

f

e

along (110). This happens because t.l is zero along the (110) directions, reducing the

1

--2-'-k .

<1//>

(4.16)

conductivity from these parts of the Fermi surface. The curves shown in figure 4.6 are
Hence, with knowledge of <lp obtained from c-axis magnetoresistance

only modified slightly if anisotropy in kf or Vf is introduced.
In addition, the effect of anisotropy on the expression for Pc/Pab (equation 4.13)
.
is to replace ),fby <Jp.
Finally, it should be noted that the c-axis magnetoresistance depends on the mplane m.f.p., and not the relaxation time 't (see equation 4.12). The interpretation of the

measurements (as described in the previous section), a value for kf can be estimated from
the measured Pab· Due to experimental constraints (contact geometry), Pab and Pc are
measured for different crystals, and a necessary assumption is that <Jp is the same for
both samples. Repeating such measurements on several crystals justifies this assumption.

data in terms of changes in the anisotropy 't with temperature implicitly assumes that Vf
does not change with temperature, and hence that all changes in the m.f.p. are due to

Calculation of RH

changes in 'to

5 .0

.--.-.,..............,......,-'T"""T"'...,....--.,-..,-.-...,.......,...-.-,-...,..............,.....-,....,.....--.---.~

/',p~2)

1 (eBd)2
2 fee)
-(0) = - < 1// > (g(e))2

4.0
.

In the isotropic case, the expression for the Hall coefficient (equation A.27 in
Appendix I) simplifies to the following:

Pc

'"

2

11

't largest
along (100
t anisotro .

_ 2nd _ 1
RH - - - - -

ek/

.1

ne

(4.17)

3.0

2.0

A key test of the applicability of the model described in this section, is whether or

t.1 isotropic

not it can predict the experimentally measured value of RH, from the values of kf
estimated from the c-axis magnetoresistance measurements.

't larges~ along ~ 110)
t amsotroplc

Anisotropy in kf, Vf and 't alter the above result by a dimensionless factor

K( a,{3,e) (note that the in-plane RH is not directly affected by t.l or its anisotropy). This

e

factor is shown as a function of e in figure 4.7, for isotropic kf and Vf (same for both
(2)

Figure 4.6

(0)

Showing the function f( e)/(g( e)p, which modifies the expression fO/' ,1Pc /Pc
when

l'

is anisotropic (shown for the case with

which

l' symmetry

a = f3 = 0). Labels indicate

is used, and whether t..1. is anisotropic or not (in the isotropic

case, shown by open symbols, the symmetly of l' does not effect the result).
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branches of 't), and for the particular anisotropic case a = 0.2, ~= 0.1. For the case with
isotropic kf and Vf, the function K(e) is equal to <'t2>/<'t>2, in agreement with the
formula for RH of a Fermi surface with anisotropic 't given by Hurd [26].
Changes in the anisotropy in 't can clearly affect RH (via the factor K(a,{3,e) : see
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figure 4.7). Hence, an anisotropy in

't

that changes with temperature can result in a

4.4

Measurement of the C-axis
Magnetoresistance

4.4.1

Sample preparation

temperature-dependent RH.

2.00
RH

--...
~
Q:i.

tf

1.50

2nd

= - 2 .K(a,{3,e)
ekj

't

a= .2, ~=0.1
largest along (110

High-quality single crystals of TI-2201 were prepared using a self-flux method

1.00

described elsewhere [11], by A.W.Tylert and previously by C.T. Lin [2]. In brief, high

a=O.O, ~=O.O

~

0.50
0.00
0.00

Crystal growth

't

purity metal oxides (Th03, Ba02 and CuO) are mixed in a slightly TI- and Ba-rich

a=0 .2, ~=0.1
largest along (100)

proportion, providing the flux from which the crystals grow. The mixture is heated to
894 QC in flowing oxygen (to prevent decomposition of the Th03) for 1 hour, before
being slowly cooled to 880 QC (during which time the crystals form). The mixture is

0.50

1.00

1.50

2.00

2.50

rapidly cooled to room temperature, following the above slow cool. The crystals grown

e

by this process are plate-like and small (typical dimensions are 200
~m

Figure 4.7

~m

diameter by 10

thick) with the c-axis perpendicular to the plane of the crystals. EPMA analysis [11]

To

reveals a cation stoichiometry consistent with the crystals being in the tetragonal phase

account for these anisotropies. RH is multiplied by the ftmction K( a. f3. e), which

(i.e. 5-7 % substitution of Cu on the TI sites), and a high degree of homogeneity within

Showing how the Hall coefficient is affected by anisotropy in

kJ, vf and

'f.

f3 = 0) (same for both branches
a = 0.2, f3 = O. J (symmetry of 'f

is shown verses e for isotropic kfand vf( a = 0,
of 'f), and for the particular anisotropic case

each crystal.

indicated by each curve).

Oxygenation of crystals
Despite a homogeneous cation stoichiometry, crystals grown by the above

In summary

method do not necessarily have a well defined oxygenation. To fix the interstitial oxygen
The principal motivation for the work presented in this chapter was to see whether

content (0), crystals were annealed under various conditions [2, 11], shown in table 4.1.

the observed temperature dependence of RH in TI-2201 can be accounted for by changes

The crystals were kept free from contamination during this annealing procedure, to which

in the anisotropy in 't with temperature. The development of the model described in this

end extremely clean furnace-tubes were used, and the handling of crystals kept to a

chapter enables us to address this question experimentally.

minimum. High-purity gases were used in all instances.

with temperature can be estimated from c-axis

Results from crystals annealed under three different sets of conditions are

magnetoresistance measurements, following the calculations which have been presented

presented in this chapter, with T c values of approximately 25 and 55 K, (two similar

in this section. These changes can be linked to changes in RH, as described above.

anneals giving the lower Tc value). These anneals, and the resulting Tc values, are listed

Changes in the anisotropy in

't

in table 4.1. All of the anneals were followed by a rapid cool to room temperature,
achieved by removing the furnace-tube from the furnace, with the gas still flowing.

t IRC in Superconductivity, University of Cambridge, Madingley Road, Cambridge, CB3 OHE.
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4.4.2
Anneal conditions

Crystals used in this study

Tc

Temperature f °C

Gas

Duration

fK

450

oxygen

3 days

15 - 25

500

oxygen

1-2 hours

24 - 28

500

argon

1 hour

52 - 57

Several suitable crystals, from the same growth batch, were prepared as described

-

above . Crystals were chosen for use in this study only if the c-axis dimension of the
equivalent isotropic crystal was approximately 3 times (or greater) the in-plane
dimensions (ensuring that the current spread through all of the crystal: see section 2.2).
Table 4.2 shows T c (mid-point of the resistive transition) and dimensions of the

Table 4.1

The anneal conditions used to fix the oxygen content of Tl-2201 crystals, and
the resulting Tc values (mid-point of the resistive transition). The
superconducting transitions had a typical width of 1-2 K. The small spread of Tc
values for each condition is possibly due to slight differences in the annealing
temperature, or to different amounts of eu substitution on the Tt sites in

crystals used in this study. The equivalent isotropic c-axis dimension is shown, estimated
at 300 K from Pab values of A.W.Tyler and co-workers [11] and Pc values obtained from
these crystals. All of the crystals have an equivalent isotropic c-axis dimension of
between 2 and 3 times the average in-plane dimension, and are clearly on the limits of the
applicability of the quasi-Montgomery technique for the measurement of Pc. However, it
is noted that the anisotropy of the crystals increases as the temperature decreases (see

different crystals.

figure 4.8), improving the ratio of the dimensions at lower temperatures, and making the
measurement more reliable.
The crystals shown in table 4.2 had different shapes and contact positions from

Electrical contacts

each other. Similar Pc values and temperature dependences were obtained regardless of
A quasi-Montgomery technique (described in section 2.2.3) was used to measure
the c-axis resistivity of single crystals of TI-2201. Gold pads were evaporated onto the
clean crystal surfaces (see figure 2.5), immediately prior to the oxygenation treatments

these geometrical effects.
The crystals shown in table 4.2 will be loosely referred to as either 25 K or 55 K
T c samples in the following discussion.

described above. (The oxygenation thus also served to anneal the gold contacts .)
Electrical contact was made to the gold pads using Dupont 6838 silver paint (see section

Tc

ab-plane

c-axis

equivalent

2.1.4) and 25 Ilm gold wires. The silver paint was cured for 5-7 minutes, using exactly

fK

dimensions

dimension

isotropic

film

film

crystal c-axis

the same conditions as for the oxygenation, giving contact resistances of 1-5 n.

dimension

Room-temperature curing 4929 silver paint could also be used for these electrical
contacts, removing the need for a second anneal of the crystal. Crystals prepared with

(at 300 K)

4929 had the same Tc and resistivity values as those prepared using 6838 silver paint,

film

indicating that the curing of the 6838 did not affect the crystal's properties. However,

25

440 x 220

22

730

contacts made with 6838 were preferred to those made with 4929, because of their

25

280 x 200

15

500

greater mechanical strength and electrical stability. (These silver paints are discussed in

53

230 x 140

14

580

section 2.1.4.)

57

190 x 125

7

290

Table 4.2

The dimensions and Tc (mid-point) values of the crystals used in this study. The
ab-plane dimensions reflect the longer and shorter diameters of crystals with a
non-geometric shape. The equivalent isotropic c-axis dimension is calculated at
300 K.
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4.4.3

The experiments
The zero-field c-axis resistivity of the crystals listed in table 4.2 was measured by

4. Angular Dependence of the c-axis Ma gnetoresistance of Tl -2201

4.5

Experimental Results

4.5.1

Zero-field c-axis resistivity

the quasi-Montgomery technique described previously (section 2.2.3). (Note that several
other crystals were measured to verify these results.)

The c-axis resistivity (Pc) of the crystals described above (two with a T c of 25 K

The angular dependence of the c-axis magnetoresistance of the same crystals was

and two with a T c of "" 55 K) is shown in panel (b) of figure 4.8. There is a good

then measured at various temperatures (from lc to 150 K), in a field of 13 T, following

agreement in the normal-state resistivity of crystals with a similar T c, while there is a clear

the method described in section 2.3.3. A balancing circuit (figure 2.9) was used to

difference between the resistivities of the 25 and 55 KTc samples. The higher T c samples

subtract the large background resistance at higher temperatures. In addition, the field

have a significantly larger residual resistivity than the 25 KT c samples, and show a slight

dependence of the angular coefficients was measured for one of the 25 K T c samples (at

flattening-off of the temperature dependence above 250 K (yet not as strong a curvature

50 K).

as the data ofT.Manako et al. [15]).
The orientation of the crystal axes was determined for the 25 K T c crystals, using

The in-plane resistivity (Pab) of two crystals with similar T c values is shown in

a Weissenberg x-ray camerat . Results proved consistent for both of the 25 K Tc crystals

panel (a) of Figure 4.8, from A.W.Tyler et al. [11]. These crystals were prepared using

[2], and the measurement was not applied to the 55 K T c samples, for which it was

the same conditions and following the same oxygen treatments as those used for the c-

assumed that the maxima in the angular dependence of the magnetoresistance

axis measurements, and have T c values of 30 and 57 K. The in-plane Hall coefficient was

corresponded to the same crystallographic directions as for the 25 K T c samples. This

also measured for these particular crystals (by A.W.Tyler et al. [11]), and is shown in

assumption is justified later on, in the analysis of the data (section 4.6.4).

figure 4.2. The in-plane resistivity of the lower T c sample is in good agreement with

The transverse c-axis magnetoresistance (B .1 i, i,f c-axis) of all four samples was

other published data [2, 12, 19,27], while that of the higher Tc sample was also found to

measured for temperatures up to 350 K, following the method described in section 2.3.3.

be reasonable t. A low residual resistivity indicates that these are high-quality single-

These measurements were made with the field at such an angle in the ab-plane that the

crystals.

angular dependent term in the magnetoresistance was zero . The longitudinal
magnetoresistance (B,f i, Lf c-axis) was also measured.

The resistivity anisotropy Pc/Pab is shown in figure 4.8 (c), and is greater for the
55 KT c samples than for the 25 K T c samples. The equivalent isotropic crystal c-axis
dimensions, calculated from Pc/Pab at 300 K, are just within the acceptable bounds for
this measurement (see previous section), indicating that the measured values of Pc are
correct, and that the striking increase in anisotropy with increasing T c is genuine.
Furthermore, because the anisotropy increases with decreasing temperature, the c-axis
measurement is even more reliable at low temperatures.

t By O.Milat, Institute of Physics of the University of Zagreb, Croatia.

120

t The authors followed an individual single-crystal through several anneals at 700·C in argon, changing
the Tc continuously from 15 to 60 K, and measuring the resistivity for every Tc value [11]. The relative
change in Pab for Tc values of approximately 30 and 60 K was the same as that shown in figure 4.8 (a).
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Angular dependence of the c-axis magneto resistance

4.5.2

300
250

The angular dependence of the c-axis magnetoresistance is shown at several

(a)

representative temperatures in figure 4.9 for a crystal with a Tc of 25 K, and in figure
4.10 for a crystal with aTe of 53 K. These results were repeated for two crystals of each

S 200
u

Tc value.

a:::i. 150

-

The data for all temperatures, and in both cases, can be well fitted by Ro + RD<\> +
RI cos( <\>-<\>}) + R2cos2( <\>-<\>2) + R4cos4( <\>-<\>4) (solid line in the figures), where RD

.0

a.'"

100

represents a linear temperature drift term, and RI probably arises from a temperaturedependent Hall contribution (linear in B). R2 is found to be essentially temperature-

50

independent, and probably arises from out-of-phase voltages induced by small
movements of the sample or wires in the applied magnetic field.

(b)

a

u

a.

(the amplitude of the

four-fold term) dominates at low temperatures, but decreases in magnitude with

0.4
S
u

~

increasing temperature, and could not be detected above approximately 150 K. The
position of the maxima in the magnetoresistance do not change with temperature, and

0.3

values of <\> 1, <\>2 and <\>4 can be fixed in the fits to the data.
The crystal axes of the 25 K Tc samples were oriented using a Weissenberg x-ray

0.2

camera [2]. The maxima in the angular dependence of the magnetoresistance occur when
the magnetic field is aligned along the (110) and equivalent directions (i.e. at 45 ° to the

0.1

Cu-O-Cu bonds), despite differences in contact geometries and sample shapes. As
mentioned before, it is assumed that the orientation of the 55 K Tc samples is the same as
that of the 25 KTc samples: this point is returned to later.

3500
3000
2500
.g
-2-u 2000
a.
1500
1000
500
00

T::::: 55 K

T:::::
25 K
c

50

100 150 200 250 300
Temperature / K

Figure 4.8

Showing (a) the in-plane resistivity, (b) the c-axis resistivity alld (c) pclPab of
single-crystals

0/ Tl-2201 with Tc values 0/ approximately

25 and 55 K. The

Pab data are taken with permission/ram A. W. Tyler et al.! 11 J.
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87.5 K

(d)

97.6 K

Showing the angular dependence of the c-axis magnetoresistance of a crystal

~

= 25 K at various representative temperatures (indicated ill each panel)

[2]. Allmeasuremenfs were made in afield of 13 T. Solid lines show the fit to
Ra + RDrjJ + Rjcos(rjJ-rjJj} + R2cos2(rjJ-rjJ2} + R4cos4(rjJ-rjJ4}.
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138.5 K

o
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Showing the angular dependence of the c-axis magneto resistance of a crystal
with Tc

= 53 K at various representative temperatures (indicated in each panel).

All measurements were made in a field of 13 T. Solid lines show the fit to
Ra + RDrjJ + Rjcos(rjJ-rjJj} + R2cos2(rjJ-rjJ2} + R4cos4(rjJ-rjJ4}.
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The coefficient of the four-fold term in the angular dependence of the c-axis

4.5.3

C-axis magnetoresistance

magnetoresistance, R4, can be conveniently expressed as a fraction of the zero-field c.resIstance,
.
. R 4IR(O)
(0) ( l
. . . .
d e f'me d'm
aXIS
I.e.
c == AI Pew
lere A an d Pc(0) are resIstIvltIes,

The c-axis transverse magneto resistance was measured for both of the 25 K and

equation 4. 11). Orientation of the crystal axes of the 25 K T e samples indicated that the

55 K T e crystals. The measurement was made with the field at an angle <1> = 22.5°,- such

maxima in the magnetoresistance occur along the (110) and equivalent directions,

that the angular dependent term Acos4<1> is zero. Data for all crystals can be well fitted by

implying that A is a negative quantity (because cos4(<1>=45°) = -1).

a simple B2 term, for temperatures greater than approximately 100 K (i .e. Ro' + R2'B2,

The field dependence of A/p~O) for a 25 K T e crystal is shown in the inset to
figure 4.11, at a temperature of 50 K. The magnetic field dependence is B4, as expected.

where primed symbols are used to distinguish the coefficients from those of the angular
dependence). However, below this temperature, an additional small, negative B4 term (-

The ratio A/p~O) has been calculated (in 10 T) from the above measurements and

R4'B4) is needed to make a good fit to the data. This B4 term was first noticed at high

the zero-field c-axis resistivity, and is shown as a function of temperature, for all four

fields, as a deviation from linearity of the data in plots against B2. Figure 4.12 shows a

crystals, in figure 4.11 (note that the quantity _A/p~O) is plotted on the logarithmic axis).

typical field sweep for a 25 K Te crystal. Plotted against B2, the need for a negative B4

Data for both crystals with aTe of 25 K agree well with each other, as do the data for the

term is apparent in the deviation from linearity. For the 25 K T e samples, at low

two 55 KT e samples. The amplitude of the four-fold term is smaller for the higher T e

temperatures, the coefficient R4' could be extracted from a direct fit of Ro' + R2'B2 -

samples, and has a slightly different temperature dependence.

R4'B4 to the data.
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The fit to Ra' + R2'B2 made between 0 and

7 T is shown by a dashed line, extended to higher fields. The need for a negative

~

80 100

The c-axis transverse magneto resistance (B i i, ill c-axis) of a 25 K Tc C/}'stal,
as afunction of B2, for T

8 4 term in fitting the data at high fields is illustrated by the deviation of the data
from the above fit.
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Figure 4.11

C
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T = 3S.1K
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Oil
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T=50K

• 10.8
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0.026

The B4 term is smaller for the higher T e samples. To extract this term from data

The temperature dependence of A/p~O) (i.e. the coefficient of the four-fold term

for the 55 KTe crystals, up to temperatures of approximately 80 K, the following method

in the c-axis magnetoresistance divided by the zero-field resistivity), for crystals

was used. Fits to Ro' + R2'B2 were made between 0 and 6, 8, 10 and 13 T, and were

with a Tc of 25, 53 and 57 K. Note that A/p~O) is a negative quantity. The inset
(0)
shows the field dependence of A/pc of a 25 K Tc crystal, at afixed temperature

subtracted from the data. The difference could be fitted by R2'B2 - ~'B4 for all ranges

of 50 K. The solid line in the inset indicates a B4 field dependence.

genuine.

of the B2 fit, and though small, the B4 term was consistent, indicating that it was
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Figure 4.13 shows the c-axis transverse magnetoresistance of a 57 K T c sample,
at several representative temperatures. Panel (a) of this figure also shows the difference

0.3550

between the data and a B2 fit, made from 0 to 6 T, used to extract R4' as described

-

0.0000

C 0.3500

above. The higher temperature data are well fitted by Ro' + R2'B2.

~

The longitudinal c-axis magnetoresistance (i.e. B j'i, ij' c) of the 55 K T c crystals
was also measured, and is shown for several representative temperatures in figure 4.14.

?O
~----..
I

~
......

0.3450

-0.0005

0.3400

~

\

These data can be well fitted by Ro' + RI 'B + R2'B2 at all temperatures. The small linear

'--'

/'

0.4150

term (not seen in the transverse measurements) is likely to come from a Hall effect
contribution, possibly due to the contact geometry.

/'

(b) 88.2 K

C
_ 0.4100

The coefficients RO', R2' and R4' are used to calculate the magnetoresistance
coefficients Llp~2)/p~O) and Ll P e(4) /p~O) (defined in equation 4.10). It is noted that
4
A
( )/ (0) .
.
Th e coe ff"ICIent ope
A
(2)/ Pe(0) , f or bot h transverse an d I ongItudmal
. .
ope
Pc IS negatlve.

~

0.4050
0.5500

cases, is shown as a function of temperature in figure 4.15 (panels (a) and (b)
respectively). Data for both 25 K Tc crystals agree well with each other, as do data for the

C

two 55 KT c crystals. The magnetoresistance is larger for the lower T c samples, and has a
stronger temperature dependence.

~

Finally, it is noted that the longitudinal magnetoresistance (see figure 4.15 (b))

(c) 121.5 K

0.5460
0.5420

has a value approximately half that of the transverse Llp~2)/p~0), and follows a similar

/'

(d) 179.1K

0.8320

temperature dependence. Similarly large longitudinal magnetoresistance effects are also

C

seen in the low-T c Sr2Ru04 compound [28]. Because the carrier velocity is mostly
parallel to the ab-plane, the longitudinal magnetoresistance can still have an orbital origin,

~

if there is an anisotropy in 't (or t1..). In such a picture, carriers are swept by the magnetic

/'

0.8300
0.8280

field from areas of the Fermi surface which contribute strongly to the c-axis conductivity
to regions with a shorter mean free path (which do not contribute as strongly to the c-axis
conductivity), giving a relatively large longitudinal magnetoresistance.

-

(e) 246.3 K

1.1780

C

~

1.1760
1.1740

Figure 4.13
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The c-axis transverse maglletoresistance (B -L i, ill c-axis) of a crystal with Tc

=

57 K at five representative temperatures. Fits made to Ra' + R2 'B2 from 0 to 6
Tesla are shown by dashed lilies, extended to 14 T. A small negative B4 term is
observable up to T

:=:

80 K, as a difference between the data and the B2 fit,

shown on right-hand axis of panel (a) (dashed line isfit to R2"B2 - R4'B4).
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4.6

Analysis and Discussion

4.6.2

Magnetoresistance: Kohler's analysis

4.6.1

Resistivity

Kohler's rule
It is customary to analyse classical orbital magnetoresistance using a Kohler plot

c-axis resistivity

of ~p/p versus (Hlp)2 (in the low field limit) [29]. In conventional metals the coefficient

0, see figure 4.8) implies that the c-axis transport may be described by coherent band

of the B2 term in the magnetoresistance is proportional to the square of the transport
relaxation time 't2, and since P is proportional to 1/'t, magnetoresistance data on a Kohler

propagation. This observation is central to the applicability of the simple model for

plot should fall onto a straight line with a slope that is independent of temperature.

The "metallic" c-axis resistivity of TI-2201 (in this sense meaning that dpc/dT >

electrical transport in TI-2201 developed in section 4.3. If a Fermi surface with some

In a modified Kohler plot, the product pilp for a particular field is plotted as a

dispersion in the c-axis direction exists, then Boltzmann transport theory can be used to
calculate the c-axis conductivity (see Appendix I).

function of temperature. This quantity should be temperature independent if Kohler's rule
is satisfied.

Resistivity anisotropy Pc/Pab
The c-axis magnetoresistance obeys Kohler's rule
The ratio Pc/Pab increases with decreasing temperature (see figure 4.8 (c)). A
0.3) [17]. With reference to equations A.I0

A Kohler analysis of the c-axis magnetoresistance data (from figure 4.15), is
. f'Igure 4 . 16 . Th'IS mo d'f'
Shown In
1 le d Kohler plot shows ilpc(2) Pc(0) to have only a very

and A.II (in Appendix I), the ratio Pc/Pab should be a property of the Fermi surface

weak temperature dependence in the range from T c to 200 K, for both T c samples,

geometry, to a first approximation. The observed temperature dependence of Pc/Pab is

implying that there is only one scattering lifetime involved in c-axis transport (in this

therefore strong evidence that the simple Fermi surface model presented in section 4.3 is

temperature range).

similar temperature dependence is also observed for overdoped La2-xSrxCu04 (except for
the nonsuperconducting material with x

~

not totally adequate to describe the transport properties of Tl-2201.
Finally, it is not obvious why Pc/Pab (figure 4.8 (c)) should be greater for the
higher T c samples (an effect also observed below 300 K for overdoped La2-xSrxCu04

The in-plane magnetoresistance violates Kohler's rule

[17]).

The c-axis magnetoresistance is in stark contrast to the in-plane results, which
strongly violate Kohler's rule for Tl-2201 [2], La2- xSrxCu04 and YBa2Cu307-o [30] . In
the case of Tl-2201, ilP~~P~~ changes by a factor of 4 between Tc and 200 K [2].
There are several possibilities as to why Kohler's rule is obeyed for current flow
in the c-direction but not obeyed in the ab-plane. In brief, these include a multi-band
scenario, a temperature dependent effective mass (m*) or carrier concentration (n), an
anisotropic relaxation time, and a two lifetime model. The multi-band scenario is unlikely
in this case, as band structure calculations [20,21] only indicate one band associated with
the CU02 planes crossing the Fermi level. A temperature dependent m* could arise from a
renormalisation of m* on a small energy scale because of strong interactions, though
these effects are difficult to calculate or predict. A normal-state gap might cause n to be
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temperature dependent, though the persistence of the pseudo-gap from the underdoped

the Fermi surface (with no change in energy) relax according to 'tH-

1.3.4). This leaves the last two possibilities: an anisotropic relaxation time, and a two

It has been shown that the resistivity Pab varies as lI'ttr while l'.P~~/Pa~O) varies as
.
134
(0).
.
2 2
'tH 2 ( see sectIOn
.. an d [30]). Hence, l'.p (2)
ab Pab IS proportIOnal to 1i-I l'rtr ' and

lifetime model, both of which are discussed briefly below.

Kohler's rule will be violated if the two relaxation times follow a different temperature

side of the phase diagram into the overdoped side is a controversial issue (see section

dependence.
It is not obvious how to extend the two-lifetime model to cover c-axis transport.

The Fermi surface is open with only a small c-axis dispersion, and in an applied field E z

0.00008

scattering processes which are essentially paraLLel to the Fermi surface will be impOltant

Ca) Tc = 25 K

. .
......
... ...... 0...
••

for the c-axis conductivity. This indicates that'tH might be significant for the zero-field c-

B..L i
i /I c-axis

~

0.00006

•
0.00004

•

axis resistivity (though it is not entirely obvious that a third relaxation time is not needed).
The response to a magnetic field in the ab-plane is likely to be governed by the same

•
• •

relaxation time ('tH) because the semi-classical orbits in an applied magnetic field are also

•

0.00002

parallel to the Fermi surface (see figure 4.17). Hence, within the two-lifetime model, it is
not unreasonable to expect that Kohler's rule would be better obeyed by the c-axis
magnetoresistance, while strongly disobeyed by the ab-plane magnetoresistance, and that
the relevant lifetime would be 'tH and not 'ttr. This is consistent with the observation that

Cb) T c = 53,57 K

cot(eH) and -V(p~0)/l'.p~2») have similar temperature dependences (see following section).

1.1.1.1.1.&

0.00030

•• 1111.....

1.&1.1.
• III

0-

B

0-

A
•

• 1.

.....

B..L i
i /I c-axis

I. I.

0.00020

<I

a

0.00010

o.00000

o
Figure 4.16

Applied
Magnetic
Field

L.........,....I,.....I-J.......................................................J...........................J............................L................--i--l.................--I--l

50

100 150 200 250
Temperature / K
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for (a) two crystals with Tc = 25 K (circles and diamonds) alld (b) Tc = 53 & 57
Kohler analysis of the c-axis magneto resistance, showing

Semi-classical
orbits
Figure 4.17

Illustrating the Fermi suiface of Tl-2201, alld the semi-classical orbits associated
with an applied magnetic field in the ab-plane.

K (squares and triangles respectively).

Kohler's rule in the anisotropic relaxation time model
Kohler's rule in the two lifetime model
As discussed in section 1.3.4, the central theme of P.W Anderson's two lifetime

The model developed in section 4.3 can be used to calculate l'.p~~p~~ and
A
(2) Pc(0) , from w hi c h'it can be sown
h
.
LlPC
that the m-plane
quantity varies more rapidly with

model is that the response of the Fermi surface to applied electric and magnetic fields is

the anisotropy in 't than that of the c-axis [25]. A temperature-dependent anisotropy in 't

governed by two different relaxation times, 'ttr and 'tH respectively. Displacements

would therefore cause a violation of Kohler's rule in the ab-plane, while only small

perpendicular to the Fermi surface relax according to 'ttr, while displacements parallel to
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deviations in the c-axis magnetoresistance. However, relatively large changes in the

dependence. For the 25 KT c samples, these results are in agreement with measurements

anisotropy in 1 would be needed to fully account for the observed temperature

of cot(eR), but the 55 K Tc samples have a different intercept for the same T-

(2)

(0)

(0)

_1

(2)

.

dependence of ,0,.Pab Pab·
The possibility of explaining the violation of Kohler's rule within the anisotropic

dependences of 'I (Pc /,0,.Pc ) and cot(eR)· Until more cot(eR) data are available to verify

1 model is rather attractive, this being a simple model in comparison to the two lifetime

significant or not. If the difference in the T -dependence of ,j(p~O)/ ,0,.p~2)) and cot(eR) for

approach. However, it is not obvious which of the above models best describes the actual

the 55 K T c samples is confirmed, then it would seem to indicate that a deeper

situation, nor whether a completely different approach is needed.

understanding is necessary to fully reconcile the differences in the ab-plane and c-axis

these results, it remains an open question whether the result for the 55 K Tc samp'les is

transport than the models discussed in the previous section.

4.6.3

Temperature dependence of the in-plane mean free path
40

Ca) Tc z 25 K

Kohler analysis of the c-axis magnetoresistance (previous section) possibly
indicates that only one relaxation time (1) is associated with the c-axis transport. The

30

temperature dependence of 1 can be revealed by ,0,.p~2)/p~0), which, according to equation

0

4.12, is proportional to the square of the in-plane m.f.p., <1,0>2. Hence plotting

,j(P~0)/,0,.p~2)) should reveal the temperature dependence of 1/<1>, assuming that

H

00

eo

O

00

0.2

000
00

00

C\l
....-.

temperature independent.
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In a single isotropic lifetime picture, ,j (p ~O) / ,0,.p~2)) should have the same
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0

(experimentally observed) T2 dependence as cot(eR). This is equally true in the two
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C\l

lifetime picture, if the c-axis transport reflects the relaxation time 1R (as suggested in the

Cb) T

~
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previous section).
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A.W.Tyler et al. [11]), as a function of T2, for both Tc samples. Included in the same
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figure is the zero-field c-axis resistivity of the same crystals. In agreement with the
•
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Kohler analYSIS, Pc follows the same temperature dependence as 'I(Pc /,0,.Pc ) up to

-
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Figure 4.18 shows ,j(P~0)/,0,.p~2)) (from these measurements), and cot(eR) (from

.
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approximately 200 K.
Figure 4.18 (a) shows that ,j(P~0)/,0,.p~2)) and cot(eR) closely follow the same

o
o

0.0
10 104
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temperature dependence for the 25 KTc samples, indicating that both quantities reflect the

4

2 10

4

4 10

4

8 104

6 10

same scattering rate. However, while these two quantities both have the same temperature
dependence for the 55 K Tc samples, they have a different intercept (figure 4.18 (b)).
This could arise either from a difference in the residual resistivity of the samples used for
the c-axis measurements and that for which cot(eR) was measured, or it might indicate
that the relaxation time associated with the c-axis transport is in fact different to the inplane 1, for this Tc sample (although, ,j(P~0)/,0,.p~2)) does still follow a T2 behaviour).
C-axis magnetoresistance results from both sets of crystals indicate that the mean
free path (and consequently the relaxation time) follows a 1/(A+BT2) temperature
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Showlllg v(Pc /,1Pc ) (soltd symbols) at JO Tesla with B ..1 i as afunctioll of
T2, for single crystals of Tl-220J with (a) Tc

= 25 K and (b)

Cot( eH) for clystals with a similar Tc is showlI

011

Tc

= 53 & 57 K.

the same axes ill arbitrary

UllitS (open symbols, taken with permission from A. W. Tyler et at. (J JJ). The caxis resistivity is shown by a solid line, with a scale

Oil

Note that Pc follows the same T-dependellce as

V(p(cO)/,1p~2)), lip to

approximately 200 K.
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4.6.4

Estimate of the anisotropy in

.

1:

.

Within the anISotropIc

1:

(0)

model, all three terms, Alp c

(4)

,~p c

(0)

Ipc

and

(~P~2)/p~0))2, vary as 1: 4 , assuming no temperature dependence in kf or Vf (see section
Within the anisotropic

1:

model developed in section 4.3, the ratios of the

experimentally determined magnetoresistance coefficients (~p~4) Ip~0))/(~p~2) Ip~0))2 and

(A/p~0))/(~P~2) Ip~0))2 can be used to estimate the anisotropy in 1: (see section 4.3.5).
Figures 4.19 and 4.20 show the temperature dependence of the experimentally
measured coefficients A/p~O), ~p~4)/p~0) and (~p~2)/p~0))2 for the 25 K and 55 K Tc

4.3.4). Following the analysis of --J(P~0)/~p~2)), the temperature dependence of 111: up to
200 K is given by A + BT2. A fit to the experimental values of (~p~2)/p~0))2 by

1:4 ,

with 1:

given by I/(A + BT2), is indicated by a dashed line in figures 4.19 and 4.20. As can be
seen from the figures, this provides a good fit to the data over most of the temperature
range.

samples respectively. Results from different crystals with similar T c values agree very
well.

_ ~p(4)/p(O)

1.2,....,....,....................................,.......,.......,.........."T"'I
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Figure 4.19

T c~ 55 K

40

The temperature dependence

200
60 80100
Temperature / K

of(t1P~2)/P~0)j2, t1p~4)/p~0) and Alp~O)

=

for a Tl-2201 crystal with Tc
(4)

(0)

respectively). Note that t1pc /Pc
dashed line shows the fit

300

60

at 10 Tesla

25 K (circles, squares and triangles,
(0)
.
. .
T'I
and Alp c are negative quail titles. tle

of(t1p~2)/p~0))2

to

-.4,

where llr = A + BT2 . The
(4)

(0)

(2)

(0) 2

Figure 4.20

200
80 100
Temperature / K

300

(2) (0) 2
(4) (0)
(0)
The temperature dependence of(t1pc /Pc ) ,t1Pc /Pc and A/pc at 10 Tesla
for Clystals with Tc = 53 and 57 K (circles, squares and triangles, respectively).
. quantities.
.. Th e das h ed l'l1le sows
h
Note that t1pc(4)/Pc(0) an d Alpc(0) are negative
the fit of (t1p~2)/p~0))2 to

-.4,

where lIr = A + BT2. The inset shows the
(4)

(0)

(2)

(0) 2

inset shows the temperature dependence of the ratio (t1pc /Pc )/(t1pc /Pc )

temperature dependence of the ratio (t1p c /Pc )I(t1pc Ipc)

(solid line indicates the average value).

indicates the average value).
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Insets to figures 4.19 and 4.20 show the ratio (L-:.p ~4)/p~0))/(L-:.p~2)/p~0))2. If the
anisotropy in

't

Estimate of the anisotropy in

changes with temperature, this ratio is also expected to have a small

'too.

As can be seen from figures 4.19 to 4.21, the quantity (A/P~0))/(L-:.p ~2)/p~0))2 is

temperature dependence (see section 4.3.4). However, there is a relatively large
.
. the measure d va Iues 0 f LlPC
A
(4) (0)
uncertamty
m
/pc , and any temperature dependence
in

better defined over a wider temperature range than (L-:.p~4)/p~0))/(L-:.p~2)/p~0))2 (due to the

(L-:.p~4) /p~0))/(L-:.p~2) /p~0))2 is not observable within the experimental uncertainty (see error

uncertainty in the latter measurement). Consequently, the former is used to estimate the

bars in the figures). The average values of this ratio are -0.6 and -0.9 (± 0.1) for the 25

anisotropy in 't, while the latter is used to check that the estimated value is reasonable.
Experimentally, it is observed that (A/p~0))/(L-:.p~2)/p~0))2 is a negative quantity in

K and 55 KT c samples respectively, shown as solid lines in these figures.
Figure 4.21 shows the temperature dependence of the ratio (A/p~0))/(L-:.p~2)/p~0))2,

the experimental temperature range, which decreases with increasing temperature for the

for both T c samples. Within the experimental uncertainty, the ratio for the 55 K T c
samples is temperature-independent, having an average value of -0.06 ± 0.01. However,

25 K T c samples, and is temperature-independent for the 55 K T c sample (see figure
4 .21) .

that of the 25 K Tc samples has a definite temperature dependence, falling from -0.075 at

Following the method outlined in section 4.3.5 , values of the anisotropy

40 K to approximately -0.035 at 140 K (the uncertainty in these figures is temperature

parameters a, ~ and e have been estimated for the cases with an isotropic tl. and an

dependent, as shown in figure 4.21). The error bars in figure 4.21 are calculated from the

anisotropic tl., as discussed below.

error in fits to the experimental data.

for isotropic tl.
As can be seen from figure 4.5, and remembering the previous argument that the
anisotropy in 't must increase with increasing temperature (section 4.3.5), it is necessary

-AI plO)
(~p

for there to be some anisotropy in kf and Vf to account for the observation of a negative

(2)/p(O» 2

(A/p~0)/(L-:.p~2)/p~0)2 which decreases with increasing temperature. Furthermore, the

't

symmetry must be largest along (110) and equivalent directions.
Reasonable values of a and ~ are limited to less than approximately 0.2 (to be

0.05

consistent with band structure predictions [25]). The observed values of

o

/:,

o.00

(A/p~0)/(L-:.p~2)/p~0)2 (= -0.075 at 40 K) for the 25 K Tc samples, requires values of a
and ~ close to 0.2 and 0.1 respectively. For these values of a and ~, the 't anisotropy

Tc =25 K
T = 53 K
c
T = 57 K

parameter e varies from 0.27 at 40 K to 0.48 at 140 K for the 25 K Tc samples. Varying

a and

L....-'---'--''----'----l---,----,----,----,----L--,---,-----,-----,----J

o

50

100

150

Temperature / K
Figure 4.21

~ slightly from

0.2 and 0.1 does not significantly affect the estimated values of e.
These values of a, ~ and e predict values of (L-:.p ~4)/p~0)/(L-:.p~2)/p~0)2 which are

c

Showing the temperature dependence of the ratio

(A/P~O))/(,1p~2)/p~O))2

consistent with the experimental observations.
Using the same values of a and ~ to estimate the anisotropy in
samples gives e

for

= 0.35.

't

for the 55 KT c

However, it is not obvious that the higher Tc samples would

have exactly the same anisotropy in kf and Vf as the 25 K Tc samples.

crystals of Tl-2201 with a Tc of 25 K (solid symbols) and 53 & 57 K (open

The estimated values of e are shown for several temperatures in table 4.3. The

symbols). Note that this is a negative quantity. Dashed lines are to guide the

uncertainty in these values is difficult to quantify precisely and is larger at higher

eye.

temperatures, but is typically less than 20 % for the 25 KT c samples. The uncertainty is

140

141
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larger for the 55 KT c samples because the anisotropy in kf and Vf can be changed by a

't

is largest along the (110) and equivalent directions

slightly larger amount while still accounting for the data.
Both interpretations of the anisotropy in 't, whether including the anisotropy in t1.
or not, have 't largest along the (110) and equivalent directions (i.e. at 45° to the CU-O-ClI

for anisotropic t1.

bonds) . A larger m.f.p. in these directions is consistent with a scenario in which spinfluctuation scattering plays a significant role in the normal-state properties. In such a

If an anisotropy in t1. is included in the calculations, then the experimental results

case, the corners of the Fermi surface (along the (110) and equivalent directions) are not

can be accounted for with no anisotropy in kf or Vf (i.e. a = ~ = 0), as can be seen from

linked by the anti-ferromagnetic wave vector (see section 1.3.4) and hence have a longer

figure 4.5. (Furthermore, including anisotropy in kf or Vf gives estimates of e which are

m.f.p. associated with them.

inconsistent with the observed (L1P ~4)/p~O))/(L1p~2)/p~O))2.) In this scenario (with

~ Il~ ~.J)

{1l-t (lOO) (MP{

(liD)

Ji/'tdtMJ ~ ;lhIs~

anisotropic t1.), we estimate larger values for the anisotropy in 't than with an isotropic t1..
As before, 't must be largest along the (110) and equivalent directions (a robust result).

The anisotropy in

't

is larger with anisotropic t1.

Estimated values of e are listed in table 4.3. As before, uncertainty in these values
is typically less than 20 %.

As explained previously (section 4.3.2), the principal effect of anisotropy in t1. is
that certain parts of the Fermi surface give a smaller contribution to the c-axis
conductivity (where t1. is small). Now, with 't largest along (110) and equivalent
estimated value of e

T/K

Tc /K

25

55

directions, and t1. having nodes in the same directions, the effective anisotropy in

't

is

t1. isotropic

t1. anisotropic

reduced because the regions of the Fermi surface with large 't are not contributing

a=0.2, ~=0.1

a=O.O, ~=O.O

strongly to the conductivity. Hence, a larger anisotropy in 't is required to give the

40

0.27

1.27

75

0.40

1.67

100

0.44

1.83

140

0.48

1.90

aUT

0.35

1.50

experimentally observed values of (A/p2°))/(L1p~2) IP2°))2.

Orientation of the crystal axes of the Tc "" 55 K samples
The orientation of the crystallographic axes (relative to the maxima in the angular

Table 4.3

The

'r

anisotropy parameter, e, at various temperatures, for 25 K and 55 K Tc

samples, estimated from

(A/P~O))/(!Jp~2)/p~O))2,

for the two conditions t-L

isotropic (a=O. 2, /3=0. J) and t-L anisotropic (a=O.O, /3=0.0). In both cases
longest along the (J JO) and equivalent directions.

'r

is

dependence of the magnetoresistance) of the 55 K Tc samples was not measured, and it
has been assumed that the orientation was the same as for the 25 K Tc samples (which
were checked using a Weissenberg x-ray camera, see section 4.5.2). That is, it has been
0

assumed that the coefficient A/P2 ) is negative for the 55 KT c samples.
Further support for this assumption comes from the data itself. If A/p~O) was
actually a positive quantity, then 't would still have to be largest along the (110) direction,
making this a robust prediction (as can be seen from figure 4.5). However, the data
would predict substantially larger values of e, which could not be reconciled with the
experimental values of (L1p24)/p~O))/(L1p~2)/p~O))2. The assumption is therefore justified,
though an experimental verification of the orientation of the axes of the 55 KTc samples
is suggested, nevertheless.
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Estimate of the mean free path

From table 4.4, it can be seen that the c-axis m.f.p. calculated by this method is

Following the method outlined in section 4.3.6, the in-plane and c-axis m.f.p.
(2)

(0)

«1;» and <le» can be estimated from measured values of ~Pe IPe

.

and Pe/Pab (flgures

4.15 and 4.8). The effects of the anisotropy in 't and tJ.. can be included in this analysis,
using the values of e calculated in the previous section, and are negligible for the case
with isotropic tJ.., but they contribute a factor of approximately 1.4 for the case with
anisotropic tJ.. (increasing estimates of <1;» and <le>, see figure 4.6). The results of these
calculations for the isotropic case are shown in table 4.4, for both T e samples and for
several different temperatures. As can be seen, the m.f.p. decreases rapidly with
increasing temperature. The uncertainty in <1;» is approximately 10 %, while that in <le>
is slightly larger due to the uncertainty in Pe/pab, but is nonetheless smaller than 20 %.

small, having a value less than the c-axis lattice parameter (d
less than 1

A above 200

= 1l.59 A), and dropping to

K for both Tc samples. It is difficult to reconcile this small

m.f.p. with the basic assumption that the c-axis transport is coherent, and can be
described by band propagation. Ultimately, this may limit the applicability of the simple
model used to analyse the data. However, many of the results are consistent with
expectations for a band of fermi on quasiparticles (including that dpe/dT > 0), despite the
estimate of a m.f.p. shorter than the c-axis lattice parameter. A similar situation was also
found for the organic superconductors [31].
Table 4.4 also shows that the m.f. p. of 55 KT e samples is shorter than that of the

25 K T e samples. The reason for this is unclear. It is unlikely to be caused by cation
stoichiometry effects, because all crystals were prepared from the same growth batch.
Equally, it is unlikely to be due to the interstitial oxygen content 0 affecting the scattering
rate, because 0 is actually larger for the samples with the longer m.f.p .. It is a possibility,

Te

T

m.f.p. calculated

IK

IK

for the isotropic case

25

55

therefore, that the difference in the m.f.p. values is due to an intrinsic, doping related,
inelastic scattering process, which is stronger in the higher T e samples.

<lp

<le>

lA

lA

40
75
100
140
200
300

274
180
130
84
47
23

5.3
3.6
2.6
1.7
1.0
0.5

4.6.6

75
100
140
200
300

119
93
64
39
21

1.6
l.3
1.0
0.6
0.4

taking Pab from the measurements of A.W.Tyler et al. (figure 4.8 and [11]), kf has been

The in-plane Hall coefficient

Estimate of kr
Following the method outlined in section 4.3.7, kf can be estimated from Pab, if
the in-plane m.f.p. is known. Using values of <1;» obtained in the previous section, and
calculated for both T e samples, and is shown in table 4.5 for several different
temperatures. The estimated values have been calculated assuming an isotropic tJ..: if
anisotropy in tJ.. is introduced, then kf is reduced by a factor of approximately 1.4 (this
coming from the change in the m.f.p.).
The uncertainty in the estimated values of kf is approximately 10 - 20 %, this

Table 4.4

(2)

(0)

The in-plane and c-axis m.fp. calculated from the measured values of .1pc Ipc

figure reflecting both the experimental uncertainty in c-axis magnetoresistance

alld Pc!Pab, for both Tc samples. Values shown are calculated for the case of

measurements, and the systematic uncertainty in the absolute values of Pab.

isotropic tJ.. Including the effect of an isotropy in tJ. increases both </;;> alld
<lc> by a factor of approximately 1.4.
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Estimated kf

expectations for the overdoped material.
The uncertainty in the values of kf shown in table 4.5 is big enough that a large

/K

IK

/ A-I

Fermi surface, with kf::::: 0.7 A-I, cannot be discounted . A systematic error in Pab?f 15

25

40

0.62

% (corresponding to a change in the 300 K value of Pab from 200 to 170 IlQcm, for the

75

0.56

25 K T c sample, which is not unreasonable), would raise the average value of kf from

100

0.57

0.6 to 0.7 A-I, in keeping with the value obtained from low-temperature Hall effect

140

0.55

measurements [12]. However, the small values of kf estimated by including the effects of

200

0.56

anisotropy in t-L (::::: 0.4 A-I) cannot be reconciled with a large Fermi surface by such an

300

0.65

argument.

75

0.66

100

0.58

140

0.52

200

0.49

300

0.51

55

Table 4.5

It is also possible that the analysis used to obtain kf from the G-axis
magnetoresistance is flawed, and should not be applied in this situation. The estimated caxis m.f.p. is smaller than the c-axis lattice parameter (see previous section) , and so it is
perhaps inappropriate to try to link c-axis behaviour to in-plane quantities (the
applicability of the model to the real situation for TI-2201 relied on coherent c-axis
conduction: see section 4.3.1).

Estimated values of kf for both Tc samples at several different temperatures. kf
is estimatedfram kf= (2n/id)/(e 2Pab<l;;» (see section 4.3.7), IIsing Pabfrom

Estimate of RH

the data of kW. Tyler et aLl 11], and the value of <I;;> obtained assuming no
anisotropy in (L (see table 4.4).

The Hall coefficient can be calculated for the estimated values of kf (see section

The estimates of kf shown in table 4.5 are temperature-independent within the

of

0

experimental uncertainty, and have average values ar8 0.59 and 0.55 k I for the 25 K and
55 K Tc samples respectively. These values correspond to relatively small Fermi
surfaces, with approximately 40 % filling of the Brillouin zone (BZ). Including the
effects of anisotropy in t-L gives kf

Z

0.4 A-I (a BZ filling of

Z

20 %).

This result is contrary to what might be expected from a simple description of the
overdoped material. The T2 resistivity of completely overdoped (Tc

= 0 K) TI-2201

(see

section 4.2.3) indicates a genuinely metallic nature, in which the filling of the B.Z.
should correspond to the total donated hole concentration, above the half-filling starting
point of the Mott-Hubbard insulator. Though still superconducting, these samples are
strongly overdoped, and any reasonable transition to a simple metallic behaviour would
be expected to have a B.Z. filling greater than 50 %.
Low-temperature Hall effect measurements (i.e. in the elastic scattering limit)
imply a value for kf of approximately 0.7

A-I

for crystals with a Tc of 15 K [12]

(assHFRiRg RO aRisotroj3)' iR kf, Yf or t±), which is in much better keeping with

4.3.7). In the isotropic case, using the average values of kf shown in table 4.5, RH is
estimated to be 1.3 and 1.5 10-9 m3/C, for the 25 K and 55 K Tc samples respectively.
(Uncertainty in these figures is large, of the order of 10 - 20 %.) These values are
somewhat larger than the experimentally determined low-temperature value (RH = 0.85
10- 9 m 3/C for 15 K Tc samples [12]). Adding anisotropy in kf, Vf and 1: alters the
calculated value of RH, but cannot account for the experimental value of RH (see below).
",

As noted in section 4.3.7, the effect of anisotropy in kf, Vf and 1: is to introduce an

additional multiplicative factor K(a,p,e) to the formula used to calculate RH. However,
as T ~ 0 we enter the "elastic scattering limit", in which the mean free path becomes
isotropic, and K becomes a function of a only. In the present case, a

= 0.2 and K has

the value 0.8. To account for the observed low-temperature value of RH with the smaller
Fermi surface described above (kf::::: 0.6 A-I), would require a value for this anisotropy
factor of approximately 0.65, a value too small to be naturally obtained. Hence, it is
extremely unlikely that the effect of anisotropy in kf can be used to reconcile the smaller
Fermi surface with the observed RH. This is further evidence that the estimated kf::::: 0.6

A-I

is indeed too small. (Furthermore, the value of kf::::: 0.4

anisotropic t-L is far too small).
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sFRall. (FHrthsrFRoHl, the valye of kr

0.4 A-I sstin1:atsd assHR1iRg aR €l,'ili8@tr@~i~ t± is far

with no anisotropy in kf or Vf, so a

= ~ = 0, giving a smaller e-dependence

of RH) '

Furthermore, the small Fermi surface predicted by including an anisotropic tJ.. (kf ::::: 0.4

too sFRall).

A-I) corresponds to a value of RH almost double that shown. Hence, the situation with

no anisotropy in tJ.. would seem to represent a closer model of the actual situation than the
The temperature dependence of RH

other extreme (with tJ.. going fully to zero at certain points around the Fermi surface). As
noted previously, the actual situation may have an anisotropic tJ.., but with a weaker

The chief goal of the simple model developed in this chapter, for electrical
transport in the TI-2201 system, was to see whether changes in the anisotropy in

't

variation around the Fermi surface than assumed in these calculations.

can

account for the observed temperature dependence of RH. The c-axis magnetoresistance
measurements described in this chapter have allowed the estimation of such changes in 't,

Limitations of the anisotropic

't

model

and it is the final step of the analysis of this data to relate these changes to RH.
Firstly, it is noted that the experimental temperature range (from T c to 140 K)

In conclusion to this section, it is noted that changes in the anisotropy in

't,

effectively straddles the maximum in the temperature dependence of RH (see section

estimated from c-axis magnetoresistance measurements, are not large enough to fully

4.2.4). Beyond this maximum, RH is more strongly T-dependent for the samples closer

account for the temperature dependence of the Hall coefficient in Tl-2201. This is the end

to optimal doping. However, within the experimental temperature range, RH of the 55 K

point of the analysis, and effectively answers the initial question posed, as to whether

T c samples is actually less temperature dependent than that of the 25 KT c samples (see

changes in 't can account for RH.

figure 4.2).
The temperature dependence of the 55 KTc samples is discussed first. Within the
experimental uncertainty, there was no change in the anisotropy in

't,

1.5

and hence a

--.

temperature-independent RH is predicted. Experimentally, this is not exactly the case (see

U

figure 4.2), though the actual changes in RH are small (::::: 9 %) and lie within the

S

experimental uncertainty. It is difficult to draw strong conclusions from this result, which

0;-

0

.......

although consistent, does not actually represent a genuine test of the proposed model.
The 25 K T c samples, in contrast to those with a 55 K T c, showed a measurable
change in the anisotropy in

't,

/\

'"

1.0

\-

~

/

estimated RH

~
~
~

observed RH

p:::;:I:

with e changing from 0.27 to 0.48 (for isotropic tlJ, This

T= 25 K

corresponds to changes in the factor K(a,~,e) from 0.96 to 1.06, for reasonable values

0.5

of a and ~, predicting changes in the temperature dependence of RH of the order of 10
%. These estimates of RH are shown in figure 4.22, calculated using kf::::: 0.6 A-I and

0

50

100
150
200
Temperature / K

250

300

assuming no anisotropy in tJ... (Note that using a larger value of kf' more in keeping with
low-temperature RH measurements [12], would reduce the estimated RH, but would not

Figure 4.22

The estimated temperature dependence of RH. compared to that which is

change the relative temperature dependence.) Shown in the same figure is the observed

experimentally observed for a 25 K Tc sample. The estimated value of RH is

RH for crystals with the same Tc (taken from A.W.Tyler et al. [11]).

calculated for kf = 0.6 kl. with an all isotropy in kfand vfof a = 0.2. {3 = 0.1.

As can be seen from figure 4.22, the estimated RH does not have as strong a

no anisotropy in t-1. and with the values of the anisotropy ill • estimated from c-

temperature dependence as the experimental data. Including anisotropy in tJ.. increases the

axis magnetoresistance data. (The zero-temperature value of RH is calculated

estimated anisotropy in 't (see table 4.3) but actually predicts a smaller change in RH (see

assuming no anisotropy in •. ) Observed values of RH. shown by a dashed line.

figure 4.7: with an anisotropic tJ.., the magnetoresistance data were best accounted for

are taken from A. W. Tyler et al [11 ] (see figure 4.2).
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Summary and Conclusions

of all of these assumptions.

Summary of experimental results

Some key features which emerge from the anisotropic relaxation time model are:
•
•
A
(2)/ (0) d
(a) The c-aXlS
magnetoreslstance
ope
Pe
epen d s on Iy on t h
e 'lll-P Iane mean f ree
path.

Several new effects in the normal-state magnetoresistance of single crystals of

(b) Anisotropy in t-L can have a significant effect on the c-axis transport.

ThBa2Cu06+8 have been presented in this chapter. The various measurements have been

(c) The prediction of a negative B4 term in the c-axis magnetoresistance, which has a

made for crystals with T e values of 25 and 55 K, and have been repeated for two or more

four-fold angular dependence as the magnetic field is rotated in the ab-plane if there

crystals in all instances.

is any anisotropy in kf, Vf, t-L or 'to

In zero-field, the c-axis resistivity of both Te samples is metallic (dpe/dT > 0).

(d) The in-plane Hall coefficient RH is affected by anisotropy in the relaxation time.

The resistivity anisotropy Pe/Pab increases with decreasing temperature, and is larger for
the higher T e samples.
The c-axis magnetoresistance obeys Kohler's rule (in contrast to the ab-plane),
and at low temperatures is best described by including a small, negative B4 term
~p~4)/p~0) in addition to the relatively large and positive B2 term ~p~2)/p~0). The

4.7.3

Interpretation of results within the anisotropic
relaxation time model

temperature dependence of this coefficient is similar to that of the square of the B2 term,

The experimental values of (NP20))/(~p?) /p~0))2 indicate that between T e and 150

with average values for their ratio of -0.6 and -0.9 (± 0.1) for the 25 K and 55 K Te

K (the experimental temperature range), the anisotropy in 't does not change for the 55 K

samples respectively.

T e samples, but that it does have a temperature dependence for the 25 K T e samples. The

A striking angular .dependence in the c-axis magnetoresistance, with four-fold
symmetry and a B4 field dependence, has been observed as the magnetic field is rotated

precise value of the anisotropy depends on whether an anisotropy in t-L is included in the
calculations, the estimated values being larger if it is.

in the ab-plane. The coefficient of the term with four-fold symmetry, Np~O), is negative

The estimated variation in the anisotropy in t predicts a temperature-independent

(determined from the orientation of the crystallographic axes). The ratio of terms

RH for the 55 K Te samples, but a change of approximately 10 % in RH for the 25 K Te

(Np2°))/(~p~2) /p~0))2 is temperature-independent for the 55 K T e samples (in the

samples. These variations are smaller than what is actually observed in the experimental

experimental temperature range), but has a definite temperature dependence for the 25 K

temperature range (approximately 10 % and 20 % for the 55 K and 25 K T e samples

Te samples.

respectively).
The c-axis magnetoresistance data have also been used to estimate the in-plane
mean free path, and hence kf from the in-plane resistivity. These measurements indicate

4.7.2

Summary of the anisotropic relaxation time model

that kf"" 0.6 A-I if t-L is isotropic and"" 0.4 A-I if t-L is anisotropic, but the uncertainty in
these figures is relatively large (20 %). These values of kf correspond to a larger RH than

A simple model, based on a quasi-2D Fermi surface with an anisotropic relaxation
time, has been analysed . The applicability of this model to TI-220 1 rests on the

is actually observed in the elastic scattering limit [12] (from which kf"" 0.7 A-I).
Finally, the c-axis mean free path le estimated from Pe/Pab, is smaller than the c-

the real situation, that the c-axis transport is a coherent phenomenon, and that there is

A) for the experimental temperature range (from 10 K above
T e to 300 K). Values of le decrease with increasing temperature, and are less than 1 A

only one relaxation time responsible for the in-plane and c-axis transport, which may

above 200 K. This result is somewhat unexpected, given that an initial assumption of the

vary around the Fermi surface. Band structure predictions [20, 21] support the first of

applicability of the quasi-2D Fermi surface model to TI-220 1 was that the c-axis transport

these assumptions, and a metallic c-axis resistivity would seem to support the second.

was coherent and band-like. The observation of a small le might imply that the simple

The prediction of measurable quantities (in particular the Hall coefficient) is seen as a test

Fermi surface model is not applicable to TI-220 1, despite the metallic c-axis resistivity.

assumptions that the Fermi surface used in these calculations is a fair approximation to

150

axis lattice parameter (11.6
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4.8

Other possible models
The proposed anisotropic

't
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5.1

Introduction to Borocarbide Superconductors

5.1.1

Structure, T c and superconducting mechanism

Crystal structure
The discovery of the quaternary intermetallic borocarbide superconductors [1, 2]
was briefly mentioned in section 1.2.3. The family has the general formula RNi2B2C,
with R

= Y, La, Ce, Srn, Tb, Dy, Ho ,Er, Tm and Lu, although novel variations on this

general theme are still being discovered (such as YPd2B2C, which with aTe of 23 K [3]
has the highest known T c for a bulk intermetallic compound). The crystal structure is
tetragonal and layered, with I4/mmm symmetry [4, 5] and is illustrated in figure 5.1. Flat
RC layers alternate with NbB2 layers in which Ni is tetrahedrally co-ordinated by four
boron atoms. The lattice parameters vary linearly with the rare earth ionic radius: from a =

3.46

A and c = 10.62 A for LuNi2B2C to a = 3.78 A and c = 9.86 A for LaNi2B2C [5].

A third, internal, parameter is necessary to fully describe the crystal structure, namely the

182
185
190

height z of the boron atom above the RC plane (z/c

=0.1379 for LuNi2B2C).

c

l
Figure 5.1

a

The c/}'stal structure of YNi2B2C, after B.C.Chakoumakos et at. [4J. The unit
cell (containillg two formula units) is indicated, and the c-axis is vertical.
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Superconducting transition temperatures
The superconducting transition temperatures are relatively high, and scale
inversely with both the de Gennes factor (g-1)2J(J+1) of the rare earth ion [6], and the
rare earth ionic radius [7]. The implication is that spin-flip scattering from the rare earth
moment reduces Tc from that of the maximum value of 16.6 K for LuNhB2C (Lu is

12

nonmagnetic and has the smallest ionic radius of the series). The compound containing

10

the largest ion in the series is LaNi2B2C, which is nonsuperconducting down to 1.5 K

8

[8] . It has been suggested that this size effect arises from a flattening of the NiB4

6

tetrahedra (affecting phonon frequencies) [9] and an increased Ni-Ni distance [7] .

4

>
.!

Superconducting mechanism

YNi 2 8 2 C
--Total

s

2
0

2

Y

11)

..-10
..Q)

It has been proposed that high frequency B al g optical phonons are responsible

I/)
I /)

for superconductivity in these compounds [9]. These phonons involve vertical B

Q)

0

as 2
en

-

displacements that stretch and compress the linear B-C-B bonds while bending the
tetrahedral Ni-B bond angles . Band structure calculations [10-14] predict a van Hove-like

Ni

0

~

'c;;
cQ) 0

peak in the density of states at EF, which would explain the relatively high transition

c

temperatures. The calculated density of states (d.o.s.) of YNi2B2C from J.I.Lee et al.

B

[10] is reproduced in figure 5.2. This figure shows both the total d.o.s as well as the
partial d.o .s. from each element. All elements contribute to the peak in n(EF), with the

0

largest contribution due to Ni 3d electrons. Nickel substitution studies [15-18] provide
some experimental evidence for the peak in the density of states, while specific heat

o~~~~~~~~~~=£~~

measurements [19] and a substantial boron isotope effect [20] support the classification

-14 -12 - i 0

-8

-6

-4

-2

0

2

4

Energy (eV)

of these compounds as electron-phonon mediated superconductors.
Despite the layered crystal structure of these materials, the band structure
calculations predict that they are electronically three-dimensional.

Figure 5.2

The band structure calculation prediction for the electronic d.o.s of YNi2B2C,
after J.l.Lee et al. [l 0].
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5.1.2

The interplay between nlagnetism and superconductivity

the H 0 3+ moments normal to the c-axis [31] . The superconducting transition temperature
for HoNhB2C is 8 K.
The magnetic structure of ErNhB2C is slightly different to that of HoNi2B2C .

Upper critical field

Neutron diffraction measurements reveal that below approximately 7 K the compound is
The borocarbides are type II superconductors [2] with a Ginzburg-Landau (GL)

in an incommensurate magnetic state with a modulation along the a-axis, but with no

of 6 to 9 for nonmagnetic YNi2B2C [21]. Hc2(0) of YNi2B2C is found to be

modulation in the c-axis direction [32, 33]. This magnetic state is associated with the dip

isotropic and approximately 48000 G [22] with a temperature dependence which can be

in Hc2 of ErNi2B2C. Above 7 K the local moments are paramagnetic, and although

well fitted by the GL theory [23]. Hc2(0) of the magnetic compounds containing Ho, Er

crystal field effects seem to be smaller than for HoNi2B2C, there is still an anisotropy in

parameter

K

and Tm (Tc

= 8,

10.5 and 11 K respectively) is anisotropic and lower than that of

the normal-state magnetisation [24].

YNi2B2C [6, 21, 24,25]. For the magnetic compounds the interplay between the rare
earth magnetic moments and the superconducting electron pairs is strong enough to
dramatically affect the superconducting properties in the temperature range below T c. For

5.1.3

Synopsis of the chapter

both HoNi2B2C and ErNi2B2C there is a deep minimum in Hc2 around 5 K [6, 21, 24,
25] . In the case of HoNi2B2C this minimum certainly goes down to 20 G [25] and

General comments

possibly to zero [6], leading to re-entrant normal-state behaviour between 4.7 and 6 K in
small or zero applied magnetic fields.

Prior to the work presented in this chapter, little was known about the normalstate properties of the rare earth borocarbides.
The experimental results are divided into two sections; one for polycrystalline

Magnetic transitions ·

samples (section 5.2) and one for single-crystals (section 5.3). A general conclusion
section (section 5.4) draws together the main results from both sets of samples.

The magnetic structures of several of the magnetic borocarbides have been
investigated by neutron scattering experiments. These studies have revealed that the

The results detailed in this chapter have been published in two papers [8,34] and
have been presented at one international and two national conferences*.

minimum in Hc2 described above is associated with magnetic ordering of the rare earth
moments.
In the case of HoNi2B2C there are several magnetic states [26-30]. Below

Poly crystalline samples

approximately 4.7 K, the compound is in an antiferromagnetic state which coexists with
superconductivity. In this state, ferromagnetic sheets of H 0 3+ spins parallel to the ab-

Results of measurements made on a series of polycrystalline samples of RNi2B2C

= La, Y, Ho) are presented in section 5.2. LaNi2B2C is nonsuperconducting down to

plane are coupled antiferromagnetically along the c-axis. Between approximately 4.7 and

(R

6 K an incommensurate modulated magnetic structure is observed: H 0 3+ moments (still

1.5 K, while HoNi2B2C and YNi2B2C are both superconducting, with transition

lying in the ab-plane) form a c-axis spiral with a turn angle of approximately 165°, with

temperatures of 8.0 and 15.0 K respectively.

neighbouring moments along the a-axis rotated by approximately 104° . It is this

Susceptibility measurements of the nonmagnetic compounds YNi2B2C and

incommensurate magnetic structure which is incompatible with superconductivity, and is

LaNi2B2C, allow n(EF) to be extracted without problems arising from the subtraction of

responsible for the re-entrant behaviour observed for this compound between 4.7 and 6

large Curie terms . (Previously data were only available to 300 K for the magnetic Ho and

K. Above approximately 6 K the local moments are paramagnetic, though crystal field

effects result in a highly anisotropic normal-state magnetisation, with an easy-plane for

160

* Condensed Matter and Materials Physics (Warwick, UK)

1994
High Temperature Superconductivity X (Cambridge, UK) 1995
Molecular and Oxide Superconductivity (Karlsruhe, Gennany) 1996
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Er containing compounds [24, 25], other studies being limited to a temperature range

5. Normal-State Transport and Magnetic Properties of RNi2B2C

5.2

Poly crystalline RNi2B2C

5.2.1

Polycrystalline samples

around Tc ·) Measurements of the thermoelectric power enable the estimation of the
energy dependence of n(£F), providing a complementary measurement to the
susceptibility . Hall effect measurements provide estimates of the carrier concentrations,
and confirm these materials to be electron-like. And finally, resistivity measurements to

Choice of compounds

high temperatures (previously only available to 300-400 K [2, 24, 35]) show significant
differences between the resistivity of the superconducting and nonsuperconducting

This section focuses on the magnetic and transport properties of the three

compounds, which might help in the full understanding of the superconducting

compounds LaNi2B2C (nonsuperconducting down to 1.5 K), HoNi2B2C (Tc = 8.0 K)

mechanism.

and YNi2B2C (Tc = 15.0 K). The ionic radii of y3+ and H 0 3+ are the same, and the
difference in the superconducting transition temperature between the Y and Ho containing
compounds is due solely to the pair-breaking effect of the magnetic moment of the Ho

Single-crystal samples

ion. As has been discussed already, despite being nonmagnetic, LaNi2B2C is actually
nonsuperconducting because of the size of the La ion. The comparison of the normal-

Measurements of the anisotropic resistivity of single crystals of LuNi2B2C (Tc =
16.5 K), HoNi2B2C (Tc

= 8.0 K) and ErNi2B2C (Tc = 10.5 K) are presented in section

state properties of the superconducting and nonsuperconducting compounds reveals some
interesting features associated with superconductivity in these materials.

5.3. The accurate comparison of the resistivity of the nonmagnetic (Lu) and magnetic (Ho

and Er) compounds highlights the effect of the rare earth magnetic moment. Careful
measurements of the c-axis resistivity demonstrate (for the first time) the isotropic

Sample preparation

resistivity of the borocarbides, which is been predicted by the various band structure
calculations [10-14].

Polycrystalline samples of LaNbB2C, YNbB2C and HoNi2B2C were prepared

Finally, by measuring the normal-state magnetoresistance of LuNi2B2C and

by Dr R.J. Cava and W.F. Peck Jr. t as described elsewhere [2], from pure elements by

HoNi2B2C, it is possible to demonstrate unambiguously the role that spin-disorder

arc-melting then annealing at 1100°C, They were checked to be phase pure by powder x-

scattering plays in the latter compound.

ray diffraction. Susceptibility measurements were made on the arc-melted ingots, before
cutting them into rectangular bars for transport experiments (as described in section
2.1.1). Typical bar dimensions were 4 to 10 mm long by 1 mm or less in width and

thickness. In the polycrystalline form, these materials are particularly brittle, and care was
taken whenever they were handled to avoid damage to the samples. Electrical contact was
made to the samples for resistivity and Hall effect measurements from 0 to 400 K using
room-temperature-curing Dupont 4929 silver paint, but the glass based Dupont 7713
silver paint was used for high-temperature measurements (from 0 to 600 K). (See section
2.1.4 for a discussion of the various silver paints.)

t Bell Laboratories, Lucent Technologies, Murray Hill, NJ 07974, USA.
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Magnetic susceptibility

The normal state magnetic susceptibility of YNhB2C and LaNi2B2C is shown in
figure 5.4. Both curves are best fitted by a constant term, a small Curie term, and a linear

Magnetic susceptibility measurements were made on all three polycrystalline
compounds using a commercial SQUID magnetometer and following the procedure

term. The Curie term varies slightly between samples, but the constant and linear terms
are sample independent.

described in section 2.3 .6. A field of 50000 gauss was used for the Y and La containing
compounds, while the Ho containing compound was measured in a field of 1000 gauss
below 50 K and 2000 gauss above. Checks for linear magnetisation with field were made

field

for all samples at 20 K and 300 K. For all of the samples, the magnetisation was found to

= 50000g

vary linearly with field. The susceptibility measurements were repeated several times, and
in the case of YNi2B2C, on two different samples.
The normal-state susceptibility of HoNi2B2C is shown in figure 5.3 and is well
fitted by a Curie-Weiss law (fit parameters are given in the figl)re caption), with an
effective moment of 10.5 J-lB per cell. This is in good agreement with the moment of trivalent Ho ions [36].

........

o

2.0 10-4

~~
ElCl)

-

0.60
field

= 1000g below 50K
2000g above 50K

0.50

-

0.40

ElCl)

0.30

?-<!

0.20

........
0

O. 8 10- 4

L..-......................L..............................1-..J.....L....L-L.....l.....&-...................I....L..."--'-Io...J......L..................--L..J..............."-'

o

50

-

150

200

250

300

350

Temperature / K

El
~

100

Figure 5.4

The de magnetic susceptibility of polycrystalline samples of YNi2B2C and
LaNi2B2C. Line sholVs fit to X = A + BT + CfT, with A = (2.056:tO.003)JO-4
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= (-J .05:tO.OJ)IO- 7

and (-3 .0:tO.6)JO-9

and (4 .0:tO. J)IO- 4 emuK/mol respectively

= J formula

unit.

Assuming that contributions from core states ("" -0.4 10- 4 emu/mol, estimated
using standard tables [37]) and Van Vleck terms approximately cancel, then the constant
term in the magnetic susceptibility of YNi2B2C and LaNi2B2C results from Pauli

Figure 5.3

The dc magnetic susceptibility of polycrystalline HoNi2B2C. Solid line sholVs

paramagnetism, and the density of states at the Fermi surface, n(EF), can be estimated.

the fit to Curie- Weiss susceptibility X=C/(T- e). with C= J3.8:tO. J emuK/mol

This gives values of 6.4 states/eV/cell for YNi2B2C and 3.0 states/eV/cell for LaNi2B2C,

and e=-4.9:tO.3 K.

comparing well with values of 3 to 7 states/e V/cell from band structure calculations for
YNi2B2C and LuNhB2C [10-13] (cell here refers to one formula unit). The Curie term is
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small, slightly sample dependent, and is most likely to arise from magnetic impurities on

The larger electron diffusion thermopower of LaNi2B2C indicates that the

the rare-earth site. In the case of YNi2B2C this could be just 0.3% of Ni with a moment

nonsuperconducting material has a more rapidly varying n(£F) than its superconducting

of 1.7 ~B (s= 112), or even less of a magnetic rare earth (for example 70 ppm of H 0 3+.)

analogues. The small electron diffusion thermopower of YNi2B2C and HoNi2B2C is

The most striking feature of figure 5.4 is the linear term in the susceptibility.-This

perhaps a consequence of these materials sitting at the very top of the peak in the density

term is very small for LaNi2B2C (-3.0±0.6 10- 9 emu/mol K) but is much larger for

of states predicted by band structure calculations, rather than just to one side. The larger

YNhB2C (-1.05±0.01

10-7

emu/mol K.) (The Curie term for HoNhB2C is so large that

this linear term would not be observable.) There is no obvious explanation for this linear

electron thermopower of LaNhB2C perhaps arises from £F being away from this peak,
giving a small n(£F) (as measured by the susceptibility) but a larger energy dependence.

term that appears strongly in the superconducting sample and only weakly in the nonsuperconducting material. It could possibly arise from a strongly energy or temperature

0.0

dependent density of states, or perhaps from magnetic (spin) fluctuations.

5.2.3

~

Thermoelectric power
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The thermoelectric power of the polycrystalline samples has been measured
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measurements are shown in figure 5.5, from which it can be seen that the thermopower

0

0..

ElI-<

of all three compounds is negative and small. These results were carefully repeated

(I.)

..c:
~

several times and on several samples of different dimensions to be sure of the results, as
it is not trivial to accurately measure a small thermoelectric power.
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following the method described in section 2.3.5 up to 300-400 K. The results of these

0
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41.
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YNi2B2C and HoNi2B2C have a very similar thermopower, while that of

-7. 0

LaNi2B2C is larger. For temperatures greater than 280 K in the case of LaNi2B2C and

o

230 K in the case of the superconducting materials, the data can be fitted by standard
electron diffusion and phonon drag terms, S

L-...I..--'---'--L--.l...-'--~L..-...J...--'---'---'--'----'--~--,----,--.J.....-..J

=AT + Brr. This analysis reveals all three

100
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300
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Temperature / K

materials to have a similar phonon drag contribution (of between -450rr and -550rr
~V/K),

while the electronic thermopower of LaNhB2C ((-0.0134±0.0001)T

~V/K)

is

Figure 5.5

The thermoelectric power of POlYCl),stalline samples of YNi2B2C, HoNi2B2C
alld LaNi2B2C. Lilies show the fit to electron diffusion and pholloll drag

twice that of the superconducting Y and Ho containing compounds.
The low magnitude of the electron diffusion thermopower of the superconducting
compounds indicates a slowly varying density of states at the Fermi surface. Band

contributions, S = AT + BIT. The fit is made fOl' temperatures greater thall 280
K for LaNi2B2C alld 230 K for YNi2B2C.

structure calculations show a sharp peak in n(£F) [10-14], which would result in a
thermopower of 20-30

~ V/K,

according to the standard electron diffusion formula

(equation 5.1, below) and ignoring any energy dependence in the scattering lifetime. This
predicted value is a factor of ten greater than we observe for YNi2B2C or HoNi2B2C.

(5.1 )
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5.2.4

Resistivity

over a limited temperature range (from T c to 22 K), and only have a linear resistivity
above 300 K. All three compounds have the same slope at high temperatures (0.3

Resistivity data were taken for all three compounds up to 600 K. Normal-state

IlQcmJK: this value is 2/3 of that of the superconducting compounds below 300 K).

data are shown in figure 5.6 and the superconducting transitions in figure 5.7. Data to

400 K were taken using an a.c . technique, while high temperature data (300 to 600 K)
were taken using a d.c. technique (see section 2.3.1). These results were repeated for

30

several different samples.
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Th e resistivity of polycrystalline samples of YNi2B2C, HoNi2B2C and
LaNi2B2C showing the superconducting transitions. Note that LaNi2B2C is
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HoNi 2 B2 C

non-superconducting down to 1.5 K.

The resistivity of polycrystalline samples of YNi2B2C, HoNi2B2C and
LaN i 2 B 2 C. Dash ed line s indicate th e deviation from linearity of th e

The resistivity of nonsuperconducting LaNi2B2C behaves very much like that of a

superconducting samples.

regular metal with electron-phonon interactions dominating the scattering (a T5 power law
crossing over to a linear resistivity). A discussion of the strength of the electron-phonon
The residual resistivity of all three compounds is slightly sample dependent
(which is to be expected for polycrystalline materials, for which grain boundaries, cracks
and impurities will vary between samples) , though it is typically between 10 and 20
IlQcm. Below 30 K the resistivity of LaNi2B2C follows a power law, p

= ex. + ~Tn with

n between 4 and 5, crossing over to a linear behaviour which extends to 600 K (see
figure 5.6) . The two superconducting materials follow the same power law (n

168

= 4 to 5)

coupling corresponding to dp/dT measured in single crystals is given in section 5.3.2.
That all three compounds have the same slope above 300 K indicates that above this
temperature the same scattering process may be responsible for dp/dT of both
superconducting and nonsuperconducting compounds. However, the superconducting
compounds require an additional (as yet unknown) scattering process to give their
resistivities the different temperature dependencies seen in figure 5.6.
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continue to a higher temperature, but rather becomes linear above 300 K, and since it is

measurements of the penetration depth, which give a value of 1.9 carriers per formula
unit [42].

not observed for the nonsuperconducting analogue, it is unlikely to be due to the onset of

The Hall coefficient of YNi2B2C has a stronger temperature dependence than that

a saturation in the resistivity (a consequence of the mean free path becoming comparable

of LaNbB2C, possibly as a consequence of the additional scattering process described in

to the size of the unit cell) as is seen in the A15 intermetallic superconductors [38] . The

the previous section. Approaching 300K the temperature dependence (dRH/dT) of

curvature is also unlikely to be due to a pseudo-gap in the density of states (which is

YNi2B2C is similar to that of LaNi2B2C, although the magnitudes of RH remain very
different.

Since the curvature in the resistivity of the superconducting compounds does not

believed to account for the curvature in the resistivity of the underdoped cuprates: see
section 1.3.4 and [39-41]) because we do not observe a decrease in the spin susceptibility
which is also associated with such a feature.
It seems more likely that the resistivity of the two superconducting compounds

0.0

can be explained by an extra temperature-independent scattering term, which gradually
freezes out below 300 K. Phonons in conjunction with a small energy scale might

-0.5

produce this kind of behaviour, though the mechanism is unclear. The van Hove-like
peak in the density of states predicted by band structure calculations (figure 5.2) has a

LaNi 2B 2C

u

width (FWHM) of approximately 1 e V (= 12000 K), making this an unlikely candidate

C ")

for the small energy scale, unless it is actually much narrower because of correlation

0

effects.
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5.2.5

Hall effect

-2.5
-3.0

The Hall coefficient was measured in a field of 10 T following the method

Q:{::oo

described in section 2.3.4, and results are shown in figure 5.8. Data for HoNbB2C were

-3.5

only taken down to 100 K. All three compounds have a negative and small Hall
coefficient, showing some temperature dependence.
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Using published lattice parameters [4, 5, 28], the measured values of RH can be
converted to a Hall number, using simple Drude theory. It is found that at 300 K
YNi2B2C has a Hall number of 1.7 carriers per formula unit (3.4 carriers per unit cell),
HoNi2B2C has a Hall number of 2.1 carriers per formula unit, and LaNi2B2C has a Hall
number of 3.0 carriers per formula unit. In a single band picture, a negative Hall

Figure 5.8

The Hall coefficient of polycrystalline samples of YNi2B2C, HoNi2B2C alld
LaNi2B2C, measured in afield of lOT.

coefficient indicates that the carriers are electrons. Band structure calculations [14] predict
three bands crossing the Fermi level producing five electronic Fermi surfaces. In this case
one would expect a negative Hall coefficient, but the value of nH obtained would be very
difficult to relate to any actual carrier concentration. This may be the reason that
LuNi2B2C has a larger Hall number than the superconducting compounds. Also, it may
be coincidental that the value for YNi2B2C is in good agreement with results of I-lSR
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Single-Crystal RNi2B2C
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Several crystals of all three compounds were prepared for accurate measurements
of the in-plane resistivity Pa. However, only crystals of HoNi2B 2C and ErNi2B2C could

5.3.1

Single-crystal samples

be polished for direct c-axis measurements (i.e. with the c-axis parallel to the longest
dimension) because the LuNi2B2C as-grown crystals were too thin

Choice of compounds

«

0.3 mm) to polish

into such shapes. Consequently, LuNi2B2C crystals were only polished into cubes for
Montgomery measurements. Crystals of HoNi2B2C were also prepared in this way, to

This study involves three compounds: LuNi2B2C (Tc = 16.5 K), ErNi2B2C (Tc =

check the validity of the Montgomery measurement.

10.5 K) and HoNi2B2C (Tc = 8.0 K), chosen for the different strength of their rare earth

The orientation of the c-axis of all of the crystals was measured by x-ray

magnetic moments. LuNi2B2C is nonmagnetic and consequently has the highest T c

diffraction t. In all cases, the c-axis was within 2_3 of the longest dimension (c-axis

value. Both HoNi2B2C and ErNhB2C are magnetic, and as H 0 3+ has a slightly larger

measurements) or of the normal to the longest dimension (a-axis measurements).

0

moment than Er 3+ (the free ions have values 10.6 and 9.6 I1-B respectively [36]), the Ho-

The crystals were mounted for resistivity measurements on quartz substrates as

containing compound has the lowest Tc of all three. The competition between magnetism

described in section 2.2 using 25 I1-m gold wires and Dupont 4929 room-temperature-

and superconductivity in these compounds was described previously (section 5.1.2).

curing silver paint. Typical contact resistances were 1-2 n. For high field measurements,

The in-plane and c-axis resistivity of single-crystals of the above compounds has

samples were secured to the quartz substrates using small amounts of Apiezon M grease.

been investigated, paying some attention to the magnetic transitions below T c in
HoNi2B2e. Normal-state magnetoresistance measurements have also been used to probe
the effect of the rare earth magnetic moments on the resistivity.

Crystal growth and preparation
Single crystals of LuNi2B2C, ErNi2B2C and HoNi2B2C were grown by Dr P.e.
Canfield+ using a high-temperature flux method with Ni2B as a solvent, as described by
B.K. Cho et al. [24] . The crystals grow in plates with the c-axis normal to the plane of
the plates, and have typical dimensions of 5 mm square by 0.5 mm thick. These
dimensions make in-plane resistivity measurements relatively straight forward, but c-axis
measurements more challenging.
The crystals do not cleave easily into geometric shapes, and polishing was found
to the best technique for producing crystals with dimensions suitable for transport
measurements (see section 2.1.3). This technique can be used to produce approximately
cubic crystals for Montgomery measurements (section 2.2.2), and long, thin bars for
accurate direct measurements of the in-plane and c-axis resistivity (section 2.2. 1).
Crystals which showed flux inclusions and other obvious defects upon polishing were
not measured.

+Ames Laboratory, Iowa State University, Ames, Iowa 50011, USA.
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t X-ray diffraction measurements were made by K.R .Locherer, IRC in Superconductivity, University of
Cambridge, Madingley Road, Cambridge, CB3 OHE, UK.
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In-plane resistivity

In-plane resistivity from direct measurements

40~~~~~~~~~~~~~~~

5
The in-plane resistivity Pa of polished single-crystals of LuNi2B2C, ErNi2B2C

Ho

35

4

Er

and HoNi2B2C was measured following the six-terminal direct method described

30

previously (section 2.3.1) using an a.c. current of 100 J.lA ( "" 1 AJcm2 ), and the results
are shown in figure 5.9. These results were repeated with several crystals to be certain of
both the temperature dependence and the absolute value of the resistivity. The inset to

8u
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figure 5.9 shows the superconducting transitions of all three compounds. While the

Lu

o

ro

normal-state resistivity did not vary between samples, the transition temperatures were

a.

slightly sample dependent (but by less than 1 K). This effect is probably due to polishing

15

5

"0

0>

3 2

10 15
T/K

10

introducing small strains into the crystals, to which Te is more sensitive than the normalstate resistivity (the re-entrant region in the Ho-containing compound being the most

5

sensitive of all) [43]. The T e values shown are 16, 11 and 8 K for LuNhB2C, ErNi2B2C
and HoNi2B2C respectively.

O~~~~~~~~~~~~~~~~

o

The curves shown in figure 5.9 are all parallel and follow the same temperature
dependence as the that of the polycrystalline samples of YNhB2C and HoNi2B2C (figure
5.6), though the absolute' values of Pa are approximately 3 to 4 times smaller than those
of the polycrystalline material. Since these materials are electrically isotropic (see next

50
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150 200
Temperature I K

250

300

Figure 5.9
shows the superconducting transitions.

section describing measurements of Pc), this difference between the single-crystal and
polycrystalline values of the resistivity is most likely to arise from small cracks in the
polycrystalline samples, changing the effective length and cross-sectional area, thus

Electron-phonon coupling strength

increasing the apparent resistivity without affecting the temperature dependence. This is
in keeping with the observation that the polycrystalline samples were particularly brittle.
The resistivity of ErNi2B2C and HoNi2B2C can be accurately shifted on to that of
LuNhB2C (figure 5.9) by subtracting the difference in their residual resistivities (defined
in this case as the resistivity just above Tc). As has already been stated, the free tri-valent
ions of Lu, Er and Ho carry moments of 0,9.6 and 10.6 J.lB respectively, suggesting that
the difference in the resistivities may be due to spin-disorder scattering. In applied
magnetic fields greater than He2, a drop in the resistivity below TN is observed for both
ErNi2B2C [24] and HoNi2B2C [44], confirming the spin-disorder scattering picture (TN

< T e for both compounds, hence the contribution due to spin-disorder is seen in the zerofield residual resistivities of figure 5.9). Normal-state magnetoresistance measurements
(see section 5.3.6) were used to study these effects in greater detail.
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The value of dp/dT at 300 K of all three compounds shown in figure 5.9 is 0.13
J.lQcmlK. Since the curves in figure 5.9 follow the same temperature dependence as the

polycrystalline superconducting compounds over the range of this measurement (0 to 300
K), we are able to estimate the value of dp/dT for these single crystals at high

temperatures by comparison with the polycrystalline behaviour. The polycrystalline
materials had a high-temperature value of dp/dT which was 2/3 of that at 300 K (see
section 5.2.4). This results in a presumed value of 0.09 J.lQcmlK for the hightemperature linear section of Pa for these single-crystals.
Within Bloch-GrUneisen transport theory, the temperature dependence of the
resistivity can be related to the electron-phonon coupling strength Atr by the following
relation (equation 5.2, in cgs units)[11]:
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dp
dT

= ~
2
[ fjQ~

Jk

A,
B tr

(5.2)

where Q p is the Drude plasma frequency, calculated by Pickett and Singh [11] to be 5.1
e V. To estimate the electron-phonon coupling strength, other authors have used either
polycrystalline values (0.4 ~QcmJK) [11] or single-crystal values (0.15 ~cm/K) [44] of
dp/dT, but always from measurements of dp/dT below 300 K. As has been demonstrated
in section 5.2.4, the temperature dependence of the resistivity below 300 K is affected by
the freezing out of an additional scattering mechanism, and only above 300 K is dp/dT
constant and governed solely by the electron-phonon interaction. Consequently, low-

40
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1.00
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temperature values of dp/dT will produce an overestimate of this coefficient. Using our

0.95
0.90

15

more reasonable value for Atr of 0.6. This compares well with the values of 0.5 to 1.0

~

0.85

10

estimated high-temperature single-crystal value for dp/dT (0.09 ~Qcm/K), we obtain a

-0

"tr

0.80

5

from specific heat measurements of LuNhB2C [19].

5.3.3

Cb) ErNi 2B2 C

35

Out-of-plane resistivity

30
c-axis resistivity from direct measurements
The c-axis resistivity Pc of HoNhB2C and ErNhB2C was measured following
exactly the same method as the in-plane resistivity, and the results are shown together
with Pa in figures 5.10 (a) and (b). These results were repeated several times on more

Elu
C

::i.

a.

than one sample, and are the first reported measurement of Pc in these materials.
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p/P a

25
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The data show that both materials, despite the layered crystal structure [4, 5] are
predictions of band structure calculations [10-14]. Below this temperature, Pc is slightly
lower than Pa, this effect being larger for HoNi2B2C (see the right-hand scales of figures

5

0.80

0

0.75
300

0

5.10 (a) and (b)). The origin of this slight anisotropy is not obvious, though is probably
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~

0.85

10

electrically isotropic for temperatures greater than 150 K, in agreement with the

"-0

50

100

150

200

250

Temperature / K

associated with scattering from the rare-earth spins. Anisotropic magnetisation
measurements of HoN hB2C [31] indicate a change in the magnetic state of the H 0 3+ ion
below 170 K, which might affect the anisotropic transport properties given the
significance of spin-disorder scattering. Similar measurements of ErNhB2C [24] show a

Figure 5.10

The in-plane and c-axis resistivity. Pa and Pc. of (a) HoNi2B2C and (b)
ErNi2B2C. The right-hand scale of each figure shows the ratio Pc/Pa'

change in the easy axis direction at 150 K, which again might be significant in
understanding the small difference in Pc and Pa below this temperature.
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C-axis r esistivity from Montgomery measurements
The Montgomery technique (using d.c. currents of 1 and 10 mA) was used to

Ca)

estimate the c-axis resistivity of HoNi2B2C and LuNbB2C (the crystals of which. were
too thin to be polished into long, narrow bars) . The results of these experiments are

2t[1J fXlS

200

R

shown in figures 5.11 (a) and (b) for HoNi2B2C , and figures 5.12 (a) and (b) for
LuNi2B2C. The upper panel in each figure shows the measured resistances RI and R2

~

alSO

from one face of the crystal (smoothed in the case of the LuNi2B2C data) while the lower

-

RI

::i

panel shows the ratio R21R 1. This ratio is used to calculate the equivalent isotropic crystal
dimensions, from which the anisotropy Pc/pa is estimated, following the method of

100

Montgomery (section 2.2.2). In each figure, an inset shows the orientation of the
crystal's c-axis with respect to the measured voltages. The results were confirmed using
the opposite face of each crystal, and also by measuring more than one crystal.

HoNi2B2C Montgomery analysis

Cb)
3.5

In the case of HoNbB2C, above 100 K the ratio R2/RI is temperatureindependent and approximately equal to 3.0 (within the uncertainty of the measurement).
This results in an anisotropy of Pc/pa

3.0

= 1.08 ± 0.05, in excellent agreement with the

.-<

~

results of direct measurements, lending confidence to this technique. Below 100 K, the
ratio R2/RI drops to approximately 2.0 at 20 K, resulting in an anisotropy of 0.9 ± 0.1.

r:t..

N

2.5

This may reflect the slight temperature dependence of Pc/pa shown in figure 5.10 (a),

2.0

though the uncertainty is large at these lower temperatures. The Montgomery

R2

t[1J f

X1S

~

measurements essentially show Pc/pa to be temperature independent within the stated

R

1.5

uncertainty.

1

HoNi 2 B2 C

Following the method of Montgomery (section 2.2.2), the absolute value of the

1.0
0

resistivity can also be calculated. This results in a value for Pa of 39 )..lQcm at 300 K for
HoNi2B2C, in excellent agreement with the direct measurements described above.
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Figure 5.11

Montgomery measurements of the anisotropic resistivity of HoNi2B2C. The
measured resistances RI and R2 are shown as a function of temperature in the
upper panel (a). The ratio of these two resistances R21R 1 is shown ill the lower
panel (b). Error bars represent approximately ± 2 standard deviations. The
orientation of the c-ax is relative to these measurements is indicated in the inset.
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LuNi2B2C Montgomery analysis
The ratio R2/R) for LuNi2B2C is shown in figure 5.12 (b) and is temperature-

(a)

independent within the uncertainty of the measurement (which is larger than in the case of

60

HoNi2B2C because of the much smaller volt ages involving the c-axis component, due
these being thinner crystals). The observed ratio results in an anisotropy of Pc/pa = 1.5 ±
0.1 (this uncertainty is for T

c-aXIS

R,t@

50

600

f

500

= 300 K, and is much larger at lower temperatures). The

uncertainty in this figure is estimated from the noise in the voltage measurements and

40

400 N?:J

~-

30

300

-

does not reflect the systematic error due to uncertainty in the contact positions, which
Montgomery's method requires to be small and precisely on the corners of the crystal.
These errors will be larger for the smaller crystals of LuNi2B2C than for the larger
HoNi2B2C crystals, and this is reflected in the absolute value of the in-plane resistivity of
LuNi2B2C calculated from the measured resistances, namely Pa

a:::L

= 32 and 37 IlQcm at

300 K from two crystal faces. These values compare favourably though not exactly with

-

R)

20

200

10

100

the directly measured value of 36 IlQcm. Hence, LuNi2BC is essentially electrically
isotropic, but it cannot be stated that Pc = Pa precisely (as was done for HoNi2B2C and

(b)

ErNi2B2C). An accurate direct measurement of Pc of LuNhBC would make this
statement more precise, and also resolve the question of the origin of the slight difference

15

between Pc and Pa in the two magnetic materials: namely whether it really is due to
differences in the spin-disorder scattering along different crystal axes. This must await
the growth of crystals of LuNi2B2C with a comparable thickness to those of HoNi2B2C
and ErNi2B2C.
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Figure 5.12

Montgomery measurements of the anisotropic resistivity of LuNi2B2C. The
measured resistances R 1 and R2 are shown as a function of temperature in the
upper panel (a) (note that as R1

«

R2 these two resistances are plotted on

different y-axis scales). The ratio of the two resistances R21R J is shown in the
lower panet (b). Error bars represent approximately ± 2 standard deviations. The
orientation of the c-axis relative to these measurements is indicated in the inset.
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5.3.4

Magnetic field dependence of the superconducting
transition of HoNi2B2C

5

Ca) B j" i, i j" c-axis

Magnetisation and in-plane resistivity measurements

4
The field dependence of the superconducting transition in HoNi2B2C has been
studied by several groups via both magnetisation and resistivity measurements.
Anisotropic magnetisation measurements of single-crystals [25] indicate a lower Hc2 with
the applied field in the ab-plane

(H~~) than along the c-axis (H~2)' and with the

temperature dependence discussed in section 5.1.2 (though the subtraction of a large
Curie term makes determination of Hc2 difficult). Magnetoresistance measurements on
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polycrystalline material [6] reveal the same temperature dependence of Hc2 (though with

1

no orientation dependence). Similar measurements of the in-plane resistivity of single-

~~ = H~2 (with ~~ < H~2 in the region TN < T < T c, similar to
the magnetisation measurements, but H~~ > H~2 for T < TN, in contrast to the
magnetisation measurements). Elt Has BeeR spesHiated tHat R'lagRetie aRd resistiYe

crystals [44] show that

i=100J.lA
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C-axis resistivity measurements

u
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T

The effect of a magnetic field on the superconducting transition temperature of
one of the c-axis oriented single-crystals was investigated. This work complements the

1

study of Rathnayaka and co-workers [44] of a-axis oriented crystals. Temperature
sweeps were performed in fields in the range from 0.00 to 0.20 T, applied both parallel
and perpendicular to the c-axis, from above T c down to 2 K. Irreversibility effects are

3

negligible above the foot of the superconducting transition, so thermal history effects

field.

8
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Temperature / K

were not important. The results of these measurements are shown in figures 5.13 (a) (B#,
c-axis) and (b) (B ..l c-axis). Insets to these figures demonstrate the orientation of the

4

Figure 5.13

The effect of a magnetic field on the superconducting transition of HoNi2B2C
with current flowing along the c-axis. The longitudinal (B /I i) effect is showll ill
the upper panel (a), and the transverse (B ..1 i) effect is shown in the lower panel
(b). Insets demonstrate the alignment of the field and current.
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tentatively assign to a further magnetic transition, though neutron diffraction experiments

The zero-field transition shown in figure 5.13 is not as clean as for other
published data [44]. Tc (midpoint of the transition) is 7.0 K (not 8.0 K) and the sample
does not reach zero resistivity for temperatures above the re-entrant region. The re-entrant
region is also broader than is usually observed, having the usual peak from 5.8 down to

4.8 K, but followed by a second plateau extending to 3.8 K. The transition at 3.8 K has
steps, and zero resistivity is only achieved at 3.0 K.

have not revealed any further transitions below TN [26,27,29].
Qualitatively, it is possible to say that H~2 > H~~ (see figures 5.13 (a) and (b)),
because the transition at 7 K shifts more rapidly with applied fields in the ab-plane. This
is in keeping with the results of anisotropic magnetisation measurements [25] and inplane magnetoresistance measurements in the region above TN [44]. The superconducting
transition at 3.8 K is the same for both field orientations, within experimental uncertainty.

The slight reduction in T c, and the suppression of superconductivity in and close
to the magnetic transitions in zero-field, has also been observed when sample
compositions vary from stoichiometry, for instance by nickel substitutions [45, 46].
However in this case, as the crystals were of high quality and do not generally show this
behaviour, it is more likely that the poor superconducting transition is due to strains
introduced in the polishing process [43]. Such strains might be removed by an annealing
procedure in an inert atmosphere, but this was not attempted in this study, which focused
primarily on the normal-state transport properties. It should be noted that the normal-state
behaviour is much more robust to strains from polishing than the superconductivity, and
we observe the same in-plane normal-state resistivity as other authors [44].
As a consequence of the poor superconducting transition, the behaviour of T c in
applied magnetic fields is only discussed qualitatively, and no attempt is made to extract
Hc2 values.

5.3.5

Normal-state magnetoresistance of LuNhB2C

Motivation

'It has been proposed that the difference in the normal-state resistivity of
LuNhB2C and HoNi2B2C is due to spin-disorder scattering from rare earth magnetic
moments in the latter compound (see section 5.3.2). A key signature of such a scenario
would be a negative longitudinal magneto resistance in the Ho containing compound, due
to the magnetic moments aligning in the applied field and hence reducing the strength of
the spin-disorder scattering. The nonmagnetic compound LuNi2B2C should show no
such effect.
Furthermore, as any genuine longitudinal magnetoresistance observed in
LuNi2B2C will be due to band (and not spin) effects, data for this compound can be

Behaviour of Pc below Tc in a magnetic field
For both field orientations shown in figure 5.13, the antiferromagnetic ordering
temperature

subtracted from that for HoNi2B2C, to reveal more clearly the effects of spin-disorder
scattering in the magnetic material, assuming that both compounds have a similar
electronic structure.

TN at 5.3 K does not shift in fields large enough to destroy

superconductivity. At TN there is a drop in the resistivity of approximately 1 IlQcm,
representing the reduction in spin-disorder scattering as the rare earth moments acquire
long-range order. Fields less than 0.20 T do not completely destroy superconductivity,
and the superconducting transition temperature shifts down from the zero-field value of 7
K. The shift is accompanied by a filling-in of the superconducting region between 5.5
and 7 K (in zero-field this region would ordinarily extend to a resistivity of zero). The
step at 3.8 K is also affected by relatively small magnetic fields, and is probably a
superconducting transition. There is evidence of a transition affecting the resistivity at this
temperature in ab-plane magnetoresistance measurements [44], which the authors

184

Normal-state magnetoresistance measurements of LuNi2B2C
In-plane normal-state magnetoresistance measurements were made on a single
crystal of LuNi2B2C, following the method described in section 2.3.3 and in the range
from 40 to 160 K. Field sweeps were made from 0 to 12 T at a steady rate of 0.5 T/min
in both the longitudinal CB 11 i) and transverse CB

~

i) field orientations. Particular care

was taken with the temperature stability, because of the small size of these effects. Field
sweeps at three representative temperatures are shown in figure 5.14.
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The longitudinal magnetoresistance can be fitted by Pa = p(O) + 6p(2)B2 (figure
5.14 (a-c)) . However, the transverse magnetoresistance (figure 5.14 (d-f)) requires a

Ca) 137.3 K
Mt, Lie-axis
15.50

Cd) 134.0 K
B .1i, i.1e-axis

small, negative B4 term to be well described at high fields and low temperatures (i.e. Pa =
p(O)
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considerably smaller than the B2 term.
The B2 and B4 coefficients of the magnetoresistance (6p(2) and 6p(4)) are shown
as a function of temperature for both the longitudinal and transverse field orientations in
figure 5.15. The transverse magnetoresistance is larger than the longitudinal
longitudinal magnetoresistance is the quantity of primary interest, the transverse data are
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Figure 5. 14

Th e effe ct of a magnetic fi eld on th e in-plane resistivity Pa of LuNi282C as a
function of 8 2. The left-hand panels (a- c) show the effect of a longitudinaL field
(8 1/ i) at three representative temperatures (indicated in each figure), while the
right-hand panels (d-f) show the effect of a transverse field (8 i i). Dashed Lines
show thefit to Pa
and Pa

=::

=::

prO) + .1p(2)8 2 for the longitudinaL data (left-hand panels),

prO) + .1p(2) 8 2 - .1pr4)s4 for the transverse data (right-hand panels).
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Figure 5.15

Coefficients of the in-plane normaL-state magnetoresistan ce of LuNi282C as a
function of temperature in afield of 1 T. The 8 2 coefficients .1p(2) are shown in
dark symbols, while open symbols are used for th e 8 4 coefficients .1p( 4)
(transverse data onLy). Circles denote transverse (8 i i) coefficients and squares
denote longitudinal (8 1/ i) coefficients.
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The product 6p(2)p(O) taken for B

= 1T

is shown in figure 5.16. There is little

Origin of the longitudinal magneto resistance of LuNi2B 2C

data available for the transverse field orientation, but from the four points shown in figure

5.16, it is not unreasonable to suggest that Kohler's rule is obeyed. (Kohler's rule is
described in section 4.6.2, in a discussion of the magnetoresistance of the high-T c
superconductor T12Ba2Cu06+8.) In this case 6p(2)p(O) has a constant value of 0.013 ±

As mentioned previously, the absence of a Lorentz force on the transport current
does not necessarily preclude orbital magnetoresistance effects (see section 4.5.3 for a
discussion of the longitudinal magnetoresistance of Tl-220l). Orbital magnetoresistance
effects can arise if there is an anisotropy in the relaxation time 't around the Fermi surface.

0.00 1 (~ncm)2 in a field of 1 T .
The same product for the longitudinal coefficients is also shown in figure 5.16.
For this field orientation there is more data available, and 6p(2)p(O) clearly has a constant
value, within experimental uncertainty. In this case 6p(2)p(O) = CL = 0.00346 ± 0.0002

'. ,:' lp such a picture, the magnetic field sweeps carriers from areas of the Fermi surface
which contribute strongly to the conductivity to regions with a shorter mean free path
(which do not contribute as strongly to the conductivity). These effects are smaller for
LuNhB2C than Tl- 2201, possibly because of the more three-dimensional nature of these

(~ncm)2.

intermetallic compounds.

A longitudinal magnetoresistance can also arise from non-intrinsic effects. In
0 -' - . ' - ' -' - 0 . •

. - - - --.- .. -

.

particular, it can be misleading if experimental conditions are not perfect. For instance, a
misalignment of the sample would introduce a transverse component to the observed
longitudinal value. The phenomenon of current-jetting [48] can also cause serious

B..Li, Lie-axis

-

-

problems (though is unlikely to in this case due to the small anisotropy of these
compounds).
So the origin of the small longitudinal magnetoresistance of LuNhB2C is unclear.

If it is due to band effects, then it would be reasonable to subtract this value from the

M, i..Le-axis
_

... ..
- ---

-

n'

-

---.

.... . .. -

.... --

.

observed longitudinal magnetoresistance of HoNi2B2C (assuming a similar electronic
structure), to give a better estimate of the effects of spin-disorder scattering. However, if

•. -11

. it is due to a poor experimental geometry, then such a subtraction can not be justified.
Concerns over this point will be addressed later.

0.0

10o~~~I~~-~'~~I~~-~'~~~~~
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Figure 5.16

The product t:.p(2)p(0) ill a field of 1 T as a function of temperature for
LlINi2B2C, in the longitudinal (B 1/ i) and transverse (B .1 i) geometry, with the
current in the ab-plane. A straight line shows the average value of the points;
CL

= 0.00346 ± 0.0002 (I1f2C/1/)2

alld CT

= 0.013 ± 0.001

(l1f2clll)2 for the

longitudinal and transverse field orientations respectively.
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Normal-state magneto resistance of HoNizB2C

19.32

The in-plane longitudinal magnetoresistance of HoNhB2C was measured as for
LuNhB2C, at various temperatures in the range from 30 to 200 K. Field sweeps at three

S 19.30

representative temperatures are shown in figure 5. 17. As can be seen, the

()

a:::i.

-

magnetoresistance is negative and large, as is expected for a material with strong spindisorder scattering (the scattering being reduced as spins are forced to align in the applied

19.28

a..'" 19.26

magnetic field). The effect is clearly larger at low temperatures, illustrated in figure 5.18
(a) which shows the observed change in the resistivity i1POBS as a function of field for

Ca)

19.24

all of the temperatures measured. (I'{ot<;- that for spin-disorder scattering that absolute
change in the resistivity i1p is the

~r;,~i~~' quantity, and not i1p/p(O), where p(O) is the

11.20

zero-field resistivity.)

S
()

As was explained in the previous section, the band contribution (i1PBAND) to the

a:::i.

-

longitudinal magnetoresistance of HoNhB2C can be estimated from the observed
longitudinal magnetoresistance of LuNi2B2C, using the relation:
i1

PBliND

""

CL

"(0) B

2

a..'"

11.10
11.00
10.90

(5.3)

P

7.00
This estimate is only valid if the two compounds have a similar electronic

S
()

structure (which should be the case), and if the observed longitudinal magnetoresistance

a:::i.

-

of LuNi2B2C is not due to spurious effects of the experimental geometry. This point will
be returned to shortly.

a..'"

Using equation (5.3), i1PBAND has been subtracted from the observed values

6.80
6.60

i1POBS for the HoNi2B2C data (the absolute correction to i1p is small.) The resulting

magnetoresistance is shown in figure 5. 18 (b) and is presumed to be due to only the

o

effects of spin-disorder scattering, i1PSD. That is to say that:

i1p OBS = i1p BliND + i1p SD

2

4

6

8 10 12

BIT
(5.4)
Figure 5.17

The effect of a longitudinal (B /I i) magnetic field on the in-plane resistivity Pa
of HoNi2B2C as a function of field for three representative temperatures
(indicated ill each panel).
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The corrected data of figure 5.18 Cb) can be scaled onto a common curve by
dividing the field by the temperature for each sweep. That is to say that the
magnetoresistance is a function of BfT. This scaling is illustrated in figure 5.19.

S
u

a:::l

0.00

The issue of the observed longitudinal magnetoresistance of LuNi2B2C is now

-0.10

returned to. The inset to figure 5.19 shows how the data for HoNhB2C scale with BfT if

-0.20

the estimate of i1PBAND is not subtracted from i1POBS. The scaling is still good, but is
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not as precise as for the main figure, partially justifying the action of subtracting
i1PBAND· The question of the origin of the longitudinal magnetoresistance in LuNi2B2C

remains unanswered. However, the effect is small, and does not affect the significant
result that the longitudinal magnetoresistance of HoNhB2C is negative and scales as BfT.
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Figure 5.19

Scaling of the corrected in-plane longitudinal normal-state magnetoresistance
(t1PSD

= t1POBS - t1PBAND)

of HoNi2B2C with Brr. Temperatures are as

indicated. Inset shows the same scaling applied to the uncorrected data (t1POBS).
Figure 5.18

The in-plane normal-state longitudinal magnetoresistance of HoNi2B2C as a
function offield for temperatures between 33 and 203 K. Top panel (a) shows
the observed magneto resistance t1POBS. Bottom pallel (b) shows the observed
magnetoresistance corrected by the band approximation t1PBAND. Pallel (b)
represents that part of the longitudinalmagnetoresistance due to spill-disorder
scattering, t1PSD

= t1POBS - t1PBAND·
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Spin-disorder scattering and the Kondo effect are related processes involving the

Concluding Remarks

interaction of electron spins with magnetic moments [49, 50] . Both of these effects are
scales as Bff in figure 5.19. However, it is not

Drawing together the results described in the previous two sections, it is possible

obvious how to analyse the precise form of the scaled curve, which has a linear se-c tion

to make some general remarks about the normal-state magnetic and transport properties of

from 0.13 to 0.26 T/K, and shows a small indication of flattening-off as Bff approaches

the borocarbide intermetallic superconductors.

functions of Hff, which is why

~PSD

Magnetic susceptibility and thermoelectric power measurements indicate a slowly

the highest value of 0.29 T/K.
The largest observed value of ~PSD is -0.80 J.-lQcm (in 13 Tat 45 K), which is

varying, relatively large density of states at the Fermi surface for the superconducting

close to the drop in Pa of 1.6 J.-lQcm seen at TN [44]. Larger fields (and lower

compounds, yet a smaller density of states with a greater energy dependence for the

~PSD,

which only show slight

nonsuperconducting analogue. These results are in keeping with the superconducting

signs of saturating in figure 5.19. Above 30 K the difference in the in-plane normal-state

compounds having the Fermi energy positioned almost centrally on the peak in the

resistivities of HoNi2B2C and LuNi2B2C is temperature-independent and is 3 J-lQcm (see

density of states predicted by band structure calculations (figure 5.2), resulting in

figure 5.9). (Spin-disorder scattering is temperature-independent if the spacing of the

relatively high T c values, while the nonsuperconducting compound has the Fermi energy

energy levels associated with rare earth spins is greater than kB T.) This value is larger

to one side of the peak and has no superconducting transition.

temperatures) should increase the measured values of

than the drop at TN, possibly indicating that even in the antiferromagnetic state there is
some residual scattering from the rare earth spins.

The resistivity of the nonsuperconducting material is entirely consistent with
electron-phonon interactions being the dominant scattering process. However, high

In summaIY, the observation of a negative longitudinal magnetoresistance that

temperature resistivity measurements indicate that the superconducting compounds have

scales with Bff is conclusive proof of the existence of spin-disorder scattering in the

an additional temperature-independent scattering process which freezes out below 300 K.

magnetic compound HoNi2B2C. Furthermore, the size of the effect in HoNi2B2C is in

This is evidence for a small energy scale of unknown origin that is absent in the

keeping with the difference in the normal-state resistivity of HoNi2B2C and the

nonsuperconducting compound.

nonmagnetic compound LuNi2B2C, for which no such effect was observed.

Careful measurements of the in-plane resistivity of single crystals of the

Finally, it is noted that the scaling of the longitudinal magnetoresistance of

superconducting materials have shown that Pa of both magnetic and nonmagnetic

HoNi2B2C with Bff suggests that the magnetic and thermal energy scales J.-lB and kB T

compounds have the same temperature dependence, with Pa of the magnetic compounds

are similar in magnitude for this compound. As mentioned in section 5.2.2, J.-l = 10.5 J.-lB

displaced upwards by a few

for HoNi2B2C, and the ratio J.-lB/kBT is close to unity in the experimental temperature

that this constant difference in the resistivity of the magnetic and nonmagnetic compounds

range and in large magnetic fields (:::::: 10 T). The magnetisation measurements shown in

is due to spin-disorder scattering. We are left with the following description of the

figure 5.3 were made in smaller applied fields (0.2 T), and MJH was checked to be linear

normal-state resistivity:

~cm.

Magnetoresistance measurements have clearly shown

at 20 K and 300 K. In light of the above observations, it would be interesting to
P

investigate the normal-state magnetisation of HoNi2B2C in larger applied magnetic fields.

=

PRES

+ PPfIONON + PSES + PSD

(5 .5)

where the subscripts refer to the residual resistivity, electron-phonon scattering (Tdependent), scattering with a small energy scale (superconducting compounds only,
freezing out below 300 K) and spin-disorder scattering (magnetic compounds only).
In addition to the above, it has been demonstrated for the first time that the
resistivity of these layered compounds is isotropic. Small deviations between Pc and Pa
below 150 K are possibly due to differences in the spin-disorder scattering because of
crystal field effects.
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Magnetotransport results for several new superconductors are
presented in this thesis. The superconductors studied were
calcium-substituted YBCO, the single-layer compound Tl-220J,
and the family of rare earth borocarbides RNi2B2C. The
conclusions of these investigations are given at the end of each
experimental chapter, and are briefly reviewed here.
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Magnetotransport properties of calcium-substituted YBa2Cu307-0

plane. A metallic c-axis resistivity (dpc/dT > 0) indicated that the out-of-plane transport
might be coherent, and based on this assumption, a simple model with an anisotropic

Substitution of trivalent yttrium by divalent calcium has allowed the overdoped
side of the phase diagram of YBCO to be investigated. Furthermore, the effects of the
planar hole concentration can be distinguished from disorder of the CuO chains because
at optimum doping with 20 to 30 % calcium substitution the chains are strongly
disordered.

relaxation time

'T

was developed. Calculations based on this model using Boltzmann

transport theory were used to interpret the data and obtain values of the mean free path for
carrier motion parallel and perpendicular to the CU02 planes. Although the ab-plane value
is consistent with other estimates, the c-axis mean free path is smaller than the distance
between adjacent CU02 planes (in the experimental temperature range). In addition, it was

It was shown that the Hall coefficient of the overdoped material is smaller in
magnitude and has a weaker temperature dependence than that of optimally doped
material, while the resistivity has an upward curvature and can be fitted by p

= A + BT +

shown that changes in the anisotropy in 'T with temperature could not fully account for the
observed temperature dependence of the in-plane Hall coefficient.

CT2 (p of optimally doped material has a linear T-dependence). Despite these large
changes in p and RH, their ratio, the inverse Hall angle cot(8H), shows remarkably little

Normal-state transport and magnetic properties of RNi2B2C

variation with doping, as was also observed for underdoped YBa2Cu307-0.
In addition, by fitting the small downturn in the resistivity above T c in the
optimally doped samples to 3D Gaussian fluctuation theory, it was possible to estimate
the c-axis coherence length ~c to be between 2 and 4
these samples was

A.

Since the oxygen deficiency of

0 > 0.2, this implies that the planar hole concentration has a much

stronger effect on ~c than had previously been thought.
Measurements of the mixed-state resistivity showed that the resistive transitions
broaden for underdoped and optimally doped samples, but are qualitatively different for
the overdoped material. The resistive transition of the most overdoped samples appeared
to shift in applied fields, although the onset temperature of superconductivity did not
seem to change. A distinct knee was visible in the resistive transitions, which is possibly
associated with the transformation from broadening to shifting upon overdoping. These
results were discussed in terms of a possible vortex phase transition (for instance flux
lattice melting) and thermodynamic fluctuations.
Finally, measurements of the mixed-state Hall effect showed that the Hall angle
remains small at all temperatures and in all fields, giving no evidence for the super-clean
regime seen in underdoped YBa2Cu307-0 with T c = 60 K.

Measurements of various electronic properties for nonsuperconducting and
superconducting, magnetic and nonmagnetic members of the intermetallic borocarbide
family were presented.
Magnetic susceptibility and thermoelectric power measurements indicated a
slowly varying, relatively large density of states at the Fermi surface for the

= Y, Ho), and a smaller density of states with a greater
energy dependence for the nonsuperconducting analogue (R =La).
superconducting compounds (R

The resistivity of the nonsuperconducting material is consistent with electronphonon interactions being the dominant scattering process. However, high temperature
resistivity measurements indicated that the superconducting compounds have an
additional temperature-independent scattering process which freezes out below 300 K.
This was seen as evidence for a small energy scale of unknown origin that is absent in the
nonsuperconducting compound.
Careful measurements of the in-plane resistivity of single crystals of the
superconducting materials showed that p a of both magnetic (R

The c-axis magnetoresistance of TI2Ba2Cu06+o (TI-2201) was investigated for

Magnetoresistance

measurements clearly showed that this constant difference in the resistivity of the
magnetic and nonmagnetic compounds is due to spin-disorder scattering.
In addition to the above, it was demonstrated for the first time that the resistivity
of these layered compounds is isotropic.

single-crystals with T c values of 25 and 55 K. A striking four-fold angular dependence in
the c-axis magnetoresistance was observed as the magnetic field was rotated in the ab-
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Ho) and

nonmagnetic (R = Lu) compounds have the same temperature dependence, with Pa of the
magnetic compounds displaced upwards by a few IlQcm.

Angular dependence of the c-axis magnetoresistance of T1-2201

= Er,
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Appendix I
Calculation of the Resistivity
Tensor of a Quasi-2D Fermi Surface
with an Anisotropic Relaxation
Time

Boltzmann transport theory in the relaxation time
approximation is used to calculate terms in the resistivity tensor of
a quasi-2D Fermi suiface with anisotropic r. The Fermi suiface is
described in chapter 4 and is chosen to resemble that of
Tl2Ba2Cu06+o·
These calculations using the Jones-Zener method were first
made by Dr l.M. Wheatley at the IRC in Superconductivity, but
have been repeated independently and extended to include
anisotropy in the c-axis transfer integral.
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The basic principles of Boltzmann transport theory have been introduced in
section 1.4. To calculate the various components of the conductivity tensor (0'), it is
simplest to work out the response of the current (l) to applied electric and magnetic fields
(E and B). As stated previously (section 1.4.2), the general expression for

J is given by
(A. i)

where gk is the deviation from equilibrium of the Fermi surface caused by the applied
fields.
We use the Jones-Zener expansion of gk (see section 1.4.3) to calculate J. The
zero-field term of the expansion is given by gk(O), the linear term (used for the Hall effect)
by gk(l), and the B2 and B4 terms (used for the magnetoresistance) by gk(2) and gk(4).
The first three of these terms are listed below.

(A.2)

(A.3)

(AA)

To calculate, for instance, the zero-field c-axis conductivity

O'~~), Jz is calculated

using the term gk(O) for an applied field E z. The term O'~~) is then simply JzfE z. Similarly,
the in-plane Hall conductivity O'~~ is found by applying fields Bz and E y , and calculating
the response J x using the term gk( I) . And so on.
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A.I.2 Mathematical techniques

With the magnetic field in the ab-plane (making an angle

<l>

with the a-axis) the

cross product is simplified by the expansion of Vf into terms in the ab-plane and in the c-

Variable of integration

axis directions, the latter being negligible (v xy » v z) :

Various techniques prove useful in these calculations. The first of these is the

x

( VJ

conversion of the variable of integration in equation A.I. The element d 3 k is the product

B) .~
== v (z x B) ~ + (v x B) ~ "" BVJ sin( e - r - cp) ~
ak
z
ak
xy
ak
ak
~'

~()1'

(A.9)

Z

Z

of an area parallel to the Fermi surface, dS, and a ~ component, dk.L' the latter of
which can be related to an increment in energy, dE, via Vf.

Finally, it is noted that the tetragonal symmetry of the crystal allows the limits of
integration to be reduced to between 0 and rrl2, by including an extra factor of 4.

(A.S)

The term (-dfOlc1£) which appears in the expressions for gk is a delta function,

A.I.3 Terms in the conductivity tensor

which reduces the integration to two dimensions at the Fermi surface. The element dS
can then be expanded into elements k[Cl8 and dk z:

Using the method and techniques described above, individual terms in the

t"Dsy

afO}
2;r
;rI d
f ( _-_'J_
3k == f de f dk
z
aE

0

-;rId

k

/

(A.6)

flv/cos(r)

conductivity tensor can be calculated. Listed below are the zero-field in-plane and c-axis
. ..
'
Iane Ha11 con d UCtIVIty
.. cr(I) an d magne tocond uctance
'
cr(0) an d cr (0) , t he m-p
conductiVIties
xy

zz

xx

cr~21, and two terms in the c-axis magnetoconductance cr~~) and cr~~) (terms in B2 and B4
respectively) . These c-axis magnetoconductivities (equations A.23 and A.24) have been
calculated with the magnetic field lying in the ab-plane, making an angle

Lorentz force

<l>

with the a-

axis. Prefactors of the integrals have been left unsimplified, giving some guidance as to
the origin of each term.

The cross-product of Vf and B (which arises due to the Lorentz force acting on
the moving charges) can also be simplified. With the magnetic field along the z-axis, the

(A.IO)

product will be parallel to the Fermi surface, and so the scalar product with dldk reduces
to

(A.II)

(A.7)

where the derivative is taken along the Fermi surface and is itself given by

_a_ = cos( r) a
ak// -

k/

ae

(A.12)
(A.8)
(A .13)
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and
(A. 14)
(A.19)

(A. IS)

A.2

Calculation of the Resistivity Tensor

A.2.1 Inversion of the conductivity tensor
A.1.4 Angular dependence of the magnetoconductance
Experimentally, the resistivity, and not the conductivity, is measured: it is simpler
The equations for cr~~) and cr~~) (equations A.I4 and A.IS) both contain a term

to fix a current and measure the resulting electric field than vice versa. Consequently, the

including <1>, the angle of the magnetic field in the ab-plane. This angular dependence can

conductivity tensor (the terms of which have been calculated above) must be inverted to

be expanded and simplified, explicitly revealing terms in the magnetoconductance which

give measurable terms in the resistivity tensor.

are angular-dependent, and terms with no angular dependence.

Following standard matrix inversion, the in-plane and c-axis resistivities (Pab and

The function sin2 (8-Y-<1» can be expanded into a constant plus terms in sin2<1> and
cos2<jJ. Similarly, the function

sin4 (8-y-<jJ)

Pc) are given by the following expressions for the tetragonal case:

can be expanded into a constant plus terms in

sin2<jJ, cos2<jJ , sin4<jJ and cos4<jJ. The basis of the simplification is a simple symmetry

Pab

argument. The tetragonal symmetry of the crystal means that any <1> dependence must be

=

2 (J'xx

2

+ (J'xy

(A.20)

four-fold and must be even about the a-axis. This only leaves constant terms and terms in
cos4<jJ. Following this argument,

cr~~) has no angular dependence, and is given by the

(A.21)

following equation. (It is noted that an orthorhombic crystal symmetry would indeed
result in an angular dependence of this term.)

(A. 16)

A.2.2 Resistivity
The zero-field values of the resistivity are easily calculated using the above

Similarly, the term cr~~) has an isotropic part

(cr~~hso»), but also a part with four-

formulae. In particular, for isotropic kf,

p~~ is given by the following formula:

fold (cos4<1» symmetry, the coefficient of which is given by Aa. That is:
(A.22)
(4) _

zz -

(J'

(4)
(J' zz (ISO)

+

A

0'

cos

(4A.)
'f'

(A.l7)
where <Jp is the average value of the in-plane mean free path.

where

(A.18)
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A .2 .3 Magnetoresistance

A.2.S Numerical calculations

In the presence of an applied magnetic field, it is necessary to expand equations

The above formulae can be used to calculate the resistivity, magnetoresistance and

A.29 and A.30 into terms in powers of B, the individual coefficients of which are defined

Hall coefficient of the quasi-2D Fermi surface, for different values of the anisotropy in

as below.

kf, Vf and 1: and t1-. The calculations are most easily performed numerically, using

commercially available software such as Mathematica, and are discussed in detail in
f..p

p(B) - p(B

P

p(B

-=

= 0)

f..p(2)

2

f..p(4)

4

=--B +--B +

= 0)

p(O)

p(O)

. ..

(A.23)

chapter 4.

The inclusion of a small negative term in B4 has proved essential in fitting lowtemperature c-axis magnetoresistance data for TI-2201 (see chapter 4), and consequently
both the B2 and B4 terms of f..p/p have been calculated. As for the conductivity, the B4
term in the magnetoresistance is separated into a part with no angular dependence,

f..p~4)/p~O), and a part with cos4<1> angular dependence, A/p~O) (i.e. A is the coefficient of
cos4<1». The sign of A is significant, and is discussed in chapter 4. Neglecting vanishing
terms, the expansion results in the following formulae for the c-axis magnetoresistivity ,
(the first of which varies as 1: 2 , and the following two as ~):

__

f..p(2)

0'(2)

(O)

0'(0)

c_=_~

Pc

f..p~4) =(ai;)J2
(O)

Pc

(4)
aZZ(JSO)

0'(0)

0'(0)

zz

A

(A.24)

zz

_

(A.2S)

zz

A(}

(O) - - 0'(0)
Pc
zz

(A.26)

A.2.4 Hall coefficient
Finally, the in-plane Hall coefficient is given by the following formula.

(A.27)
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The conclusion of the matter
Of m.aking many books there is no end, and much study
wearies the body.
Now all has been heard;
Here is the conclusion of the matter:
Fear God and keep his commandments,
For this is the whole duty of man.
For God will bring every deed into judgement,
Including every hidden thing,
Whether it is good or evil.

Solomon
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