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ABSTRACT

The texture and magnetic anisotropy of a YBa2Cu3O7-x (YBCO) film growth onto

a MgO substrate are analyzed in order to understand the relation between them.

X-ray diffraction shows the presence of the (00l) reflections from the YBCO layer

with a grain’s fraction value 98%. Rocking Curves (RC) measurements reveal an

out-of-plane texture with a full width at the half maximum of 0.81�, revealing a

high uniaxial texture in the YBCO film. The temperature dependence of the

susceptibility measurements obtained under many applied fields along Hext

||c-axis and Hext||ab-plane reveals strong relationship between the uniaxial

texture and the magnetic anisotropy, confirming the high ordering of the CuO2

superconducting planes. In addition, the critical current density values are

obtained from the hysteresis loops and compared to similar YBCO films with

uniaxial and biaxial texture reported elsewhere.

1 Introduction

The importance of electrical transport properties in

superconducting materials has led to an extensive

experimental research and development of highly

textured layers of YBa2Cu3O7-d (YBCO) on a variety

of substrates [1]. Due to the anisotropy of YBCO, it is

necessary to use epitaxial layers with a biaxial tex-

tured YBCO (i.e., with good out-of-plane and in-

plane texture) to achieve critical current densities

higher than 106 A/cm2 at 77 K [2].

In thin films, texture is referred to the relative

ordering of crystallites to a particular direction of

growth, called texture axis [2, 3]. Texture can be

uniaxial or biaxial, depending on the prevalence of

one or two directions of arrangement of the super-

conducting grains, respectively. Quantifying the

degree of texture in YBCO layers is commonly

achieved by various experimental techniques, such as
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X-ray diffraction (pole figure (u and w-scans) and x-
scan), Raman spectroscopy, optical techniques,

transmission electron microscopy (TEM), and scan-

ning electron microscopy (SEM). The degree of tex-

ture out-of-plane direction is estimated by h-2h and

x-scans, while a measure of the degree of texture in

the plane can be achieved by means of a measure-

ment of the figure pole or /-scan [3].

In contrast to uniaxial texture, high degree of

biaxial crystalline texture provides high critical cur-

rent densities in YBCO films [2, 4]. In addition,

understanding the processes governing the formation

of c-axis and a-axis crystals is very important since

the formation of 90� grain boundaries may strongly

deteriorate the critical currents [5].

To achieve the epitaxial growth along the c-axis

(i.e., uniaxial texture), the crystal lattice of the sub-

strate must match with that of YBCO, permitting a

little difference between them. If the lattice constant

of the substrate differs a lot from that of YBCO, the

epitaxial growth is not achieved [6] or results in a low

amount of grains oriented in the textured direction

[2]. Much investigation have been performed on both,

uniaxial and biaxial, YBCO films grown onto differ-

ent substrates such as LaAlO3 (aLaAlO3
� 3:8 _A) and

SrTiO3 (aSrTiO3
� 3:9 _A) because their cell parameters

are quite similar to that for YBCO (aYBCO � 3:8 _A) [6].

Those studies focus on the fabrication, texture and

characterization by different physical and chemical

techniques of the YBCO film [7–9] without paying

much attention to the magnetic anisotropy properties

[10]. The magnetic anisotropy on YBCO films have

been only reported as complementary information to

other characterization techniques rather than exten-

sive analysis attempting to relate it to the texture

[11–14].

On the other hand, uniaxial and biaxial YBCO

layers can be also deposited onto other substrates

with large cell parameters, such as MgO (aMgO � 4:1 _A)

[15–22]. No studies have been reported about the

magnetic anisotropy of uniaxial or biaxial YBCO

films grown onto MgO single-crystal substrate. Such

studies are important since well-oriented crystals

achieve a high magnetic anisotropy and thus, high

current density values. This is important since high JC
values are crucial for potential applications of the

YBCO in electrical devices.

In this work, we analyze the uniaxial texture of

YBCO onto MgO substrates and the magnetic

anisotropy obtained under many different external

magnetic fields applied parallel and perpendicular to

the plane of the substrate and at different tempera-

tures. We found that uniaxial texture ordering influ-

ences in the magnetic anisotropy of the YBCO film. In

addition, the obtained critical current density is

compared to those ones reported elsewhere for other

similar uniaxial and biaxial YBCO films.

2 Experimental section

A YBCO thin film was obtained from the CERACO

Ceramic Coating GmBH Inc. Germany (MgO

X260314B E-Type), which was deposited on an MgO

substrate by the Sputtering technique. This sample is

sold by CERACO suggesting application on low-

temperature electronics, multilayers and submicron

structures. The sample has a size of 10 9 10 mm2. The

crystallization of the sample was studied by X-ray

diffraction (XRD). The data were collected from 8 to

80� (0.01� step) using a powder universal diffrac-

tometer Bruker D8 with Cu Ka1 radiation (k =1.54056

Å). The texture was analyzed by Rocking Curves

measurements around the reflection (005) 2O– = 38.72�
with 0.02� (x) step and time step 6 s by 15� to 23

intervals. The crystallite size was estimated from the

basic Scherrer’s formula, neglecting peak broadening

caused by residual stresses in the films [23]. D is the

average crystallite size, k is the wavelength of the

applied X-ray (kCu-Ka1 = 0.154056 nm), hhkl is the

Bragg’s angle, bhkl is the width of the X-ray peak on

the 2O– axis, which were easily found by measuring

the full width at the half maximum (FWHM) of the

reflection and K is the so-called Scherrer Constant. K

depends of the crystallite shape and the size distri-

bution, indices of the diffraction line, and the actual

definition used for b whether FWHM or integral

breadth [24]. K can have values anywhere from 0.62

and 2.08. In this paper, K = 0.916 was used. Further,

microstrain in the crystallite or nanocrystal also

affects the width b, which needs to be considered in

an accurate analysis. Spatial fluctuations in the alloy

composition can also affect the width. In this work,

the calculated values of D represent estimates.

D ¼ Kk
bhklcoshhkl

ð1Þ

The alignment of the magnetic moments was

studied as a function of temperature under different
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applied magnetic fields in a DC Magnetic Property

Measurement System (DC-MPMS-SQUID) from

Quantum Design. The data were collected in Zero

Field Cooling (ZFC) and Field Cooling (FC) modes.

The roughness was examined using an AFM (atomic

force microscopy) Nanoscope Dimension 3100 from

Digital Instruments in tapping mode. The AFM data

were analyzed with the help of the WSxM 3.1 soft-

ware [25]. For the TEM measurements, the sample

was coated with a Pt protective layer, then milled and

thinned with a focused ion beam (FIB) in a dual-beam

Quanta 3D apparatus (Philips). The interface was

inspected in a Tecnai 20 (Philips) microscope, with a

200 keV beam generated by a tungsten source.

3 Results and discussion

Figure 1 shows the XRD (in normal and at logarith-

mical scale) of the YBCO film on the MgO substrate.

The presence of the peaks (002), (003), (004), (005),

(006) and (007) reveals epitaxial growth in the c-di-

rection or texture axis. The three close strong reflec-

tions at 42.94�, 42.97� and 43.07� correspond to the

MgO substrate. The Y2BaCuO5 (Y211) and CuO are

also detected as secondary phases. The Y211 phase

(PDF card 78-1719 [26]) is detected by the reflections

around 34.41�, 35.48� and 59.92�. The CuO phase is

observed in relative minor amount with reflections

around 65.91� and 72.63�.
The texture of the formed film was analyzed from

the fraction of c-axis orientation, fc, using Eq. (2) [2].

I005

I200
¼ fc:I

005
stand

ð1� fcÞI
200
stand

ð2Þ

where Istand is the standard intensity obtained for

randomly oriented samples (PDF card 40-159 [26]).

We obtain fc = 0.98. Therefore, 98% of the supercon-

ductor phase in the film followed the preferential

orientation given by the substrate. The crystallite size

value of 56 nm was calculated using Eq. (1).

To study the quality of the out-of-plane texture,

rocking curves measurements are performed around

the (005) reflection (see inset Fig. 1). This reflection

was chosen because its intensity is higher than the

other (00l) reflections and also because its position in

XRD plot (around 2h = 38.72�) is far away from any

other reflection from the substrate, thus preventing

the reflection�s texture will add to the final measure.

The full width at half maximum (FWHM) value of

the Rocking curve (RC) provides information about

the degree of inclination of the c-axes of the super-

conducting grains with respect to the normal of the

plane substrate [2]. The RC measurement allows us to

observe one region with out-of-plane texture for the

Fig. 1 XRD pattern of the YBCO film grown on MgO substrate.

Top: the normal intensity axis is in arbitrary units and bottom:

XRD in semi-logarithmical scale. The presence of the (00l)

reflections corresponding to YBCO indicates crystallite growth in

the c-direction. In addition to the YBCO phase, small reflections

corresponding to the phases CuO (unreacted) and Y2BaCuO5

(secondary) were also detected. Inset: rocking curve around (005)

YBCO reflection
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sample where the obtained value is 0.81� of FWHM

(Dx).
Figure 2 shows the morphology of the sample.

Figure 2a shows the optical microscopy image (at

1009) of the surface of the sample. Despite some

impurity grains on the surface, the image suggests a

compact film. Figure 2b shows the topography of the

surface of the YBCO film over 1 9 1 lm2 area

obtained by AFM. The inset plot shows the profile

obtained over the dashed line drown on the AFM

image. For the roughness analysis, the average

roughness (Ra) [27] was computed from the arith-

metic mean of the deviations in height from the

image mean value (Eq. 3).

Ra ¼
1

N

XN

i¼1

Zi � Z
�� �� ð3Þ

Moreover, the RMS (root-mean-square-roughness)

[27] is defined as the square root of the mean value of

the squares distance of the points from the image

mean value and is calculated by Eq. (4). The maxi-

mum P-V (peak-to-valley) is obtained from the AFM

morphology analysis.

RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

ðZi � �ZÞ2
vuut ð4Þ

The high roughness morphology of the surface is

caused by the formation of a compacted film,

according to the first look observed in Fig. 2b. The

calculated roughness parameters for the AFM surface

profiles shown in Fig S1 (supporting information) are

listed in Table 1. Figure 2c shows the cross-sectional

view of the film with a Pt layer used for protecting, as

mentioned in the experimental section. This image

suggests that the film is compact. It also suggests that

the film has been grown in a layer-by-layer fashion.

This is confirmed by the high-resolution TEM image

of the YBCO film (Fig. 2d), which reveals the epitaxial

growth of the YBCO film following the same order of

the substrate. It also shows crystallites of the YBCO

with interplanar distance 2.9 Å corresponding to the

(004) reflection, in agreement to the XRD analysis

discussed above. The YBCO/MgO (film/substrate)

interphase is indicated with a dashed line.

Figure 3 shows the temperature dependence of the

susceptibility of the sample in the superconducting

Fig. 2 Morphology of a YBCO film on MgO substrate. a Optical microscope image of the surface of the sample, b surface topography

obtained by AFM and the profile obtained over the dashed line, c cross-sectional TEM image and d HR-TEM image

J Mater Sci: Mater Electron (2020) 31:21108–21117 21111



Table 1 Roughness

parameters of the YBCO film

grown on MgO substrate.

Type of roughness 50 9 50 lm2 5 9 5 lm2 1 9 1 lm2

Average roughness (Ra) 9.9 nm 4.4 nm 2.9 nm

Root-mean-square-roughness(RMS) 14.2 nm 7.7 nm 4.4 nm

Peak-to-valley (P-V) 130 nm 131.1 nm 42.4 nm

Fig. 3 Temperature dependence of the susceptibility of the YBCO

sample grown on MgO substrate obtained under different applied

magnetic fields parallel (Hext || ab-plane) and perpendicular (Hext ||

c-axis) to the plane of the substrate. It is observed a strong

anisotropy behavior
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state and measured under applied magnetic fields 50,

100, 500, 1000, 5000 and 10000 Oe. The anisotropy

behavior of the magnetization in the YBCO film was

detected by applying the external magnetic fields

parallel and perpendicular to the plane of the sub-

strate. According to the figure, the sample becomes

diamagnetic (indicating the Meissner effect, typical

from superconductors) from the onset temperature

TC(onset) & 88,6 K under Hext =50 Oe. This tempera-

ture is dependent of the magnitude and direction of

the applied magnetic field. The point from which the

ZFC and FC loops diverge defines the irreversibility

temperature (Tirr) and it also depends on the mag-

nitude of the external magnetic field [1]. In this work

Tirr & 80 K under the applied magnetic field of 500

Oe. The critical temperatures were estimated from

the maximum inflexion points of the derivative of the

loops (see Fig. 4). They are 88, 87.8, 86, 85.7, 84 and

79.2 K under the applied magnetic fields of 50, 100,

500, 1000, 5000 and 10000 Oe respectively. From the

same way, irreversibility temperatures values 88.66,

85.45, 80, 76.4, 48.75 and 45.68 K were estimated from

the v(T) curves.
Note that for all the applied magnetic fields, the

ZFC and FC susceptibilities signals are higher when

Hext is applied parallel (i.e., along the CuO2 super-

conducting planes) than perpendicular to the c-axis.

Since the rocking curve above shows good out-of-

plane texture with respect to the c-axis, it is under-

stood that the low mosaicity obtained for the YBCO

grains does contribute significantly to the intrinsic

strong anisotropy of the YBCO.

Figure 4a and b shows the first derivate of the

v(T) loops. The full width at the half maximum

(FWHM) is related to the transition interval and

therefore to the texture and homogeneity of the sto-

ichiometric of the sample [12]. The existence of stoi-

chiometric inhomogeneities in the film results in the

presence of some domains with different magnetic

anisotropy. These domains are tilted around 0.81�
respecting to the c-axis for all cases. The FWHM

values increase with the applied magnetic field. It is

found that the FWHM values are higher when Hext is

applied along the c-axis than along the a,b-plane. This

increase in the width of the superconducting transi-

tion might be related to the secondary phases found

by the XRD and TEM above. They might create a

paramagnetic contribution in the v(T) loops, specially
at the low-temperature region. Such signal screens

the diamagnetic one from the YBCO superconductor,

increasing the v and the FWHM values. Thus, the

magnetic anisotropy behavior in the present uniaxial

texture YBCO films is better analyzed at low applied

fields and temperatures close to TC.

The applied field dependences of the magnetiza-

tion loops are shown in Fig. 5a. They were measured

in the temperature range 10-70 K, revealing hysteresis

loops typical from the YBCO superconductor. The

dissipation energy is represented by the internal area

for each cycle and decreases as the temperature

approaches to TC. Using the Bean critical state model

[28], the critical current density JC can be calculated

from the width DM of M(H) loops, according to

Eq. (5) [29], where DM ¼ M� �Mþ, the unit of DM is

emu/cm3, and w; l are the width and length of the

sample measured in cm (w\lÞ, respectively.

(a)

(b)

Fig. 4 First derivate of the ZFC curves from the v(T) loops

obtained under different applied magnetic fields along: a the c-axis

(Hext || c-axis) and b the ab-plane (Hext || ab-plane)

J Mater Sci: Mater Electron (2020) 31:21108–21117 21113



JC ¼ 20DM

w 1� w
3l

� �
" #

ð5Þ

where Mþand M� are the magnetization branches in

the fully penetrated state for decreasing and

increasing applied fields, respectively.

Figure 5b shows the critical current density JCðHÞ
curves indirectly obtained from the M(H). The esti-

mated JCðTÞ is also shown in the inset of the figure,

where the magnitude order

JC at l0H ¼ 0T; 77Kð Þ� 105A=cm2 is estimated. Table 2

lists the JC values and other characteristics for uni-

axial and biaxial YBCO films grown onto MgO

reported in the literate. Note that JC values lower than

106A=cm2 are reported for uniaxial texture, whereas

higher values than 106A=cm2 are reported for biaxial

texture YBCO films. Considering that JC values

improve with the ordering of the CuO2

(a) (b)

Fig. 5 a Magnetization hysteresis loops of the YBCO/MgO film measured at different temperatures. b Field dependence of the JC,

obtained from the Bean critical state model. Inset: JCðTÞ curves

Table 2 Characteristics of YBCO films grown on MgO substrates reported in the literature

Texture Thickness Characteristics Tgrowth JC(at 77 K, in self-field) Reference

Uniaxial 200 nm Reactive thermal co-evaporation technique 760 �C 2.4 9106 A/cm2 [15]

200 nm Co-evaporation and lithography process 760 �C 2.2 9106 A/cm2 [15]

170 nm Pulsed laser deposition technique 750 �C 1.2 9 107 A/cm2 [16]

200 nm Excimer laser ablation method. c-axis oriented Not reported 5 9 105 A/cm2 [17]

200 nm Laser ablation deposition, FWHM =0.3� 670 �C 3.4–6 9 106 A/cm2 [20]

2 lm Sputtering technique, Multilayer buffer c-axis

orientation

850 �C 5 9 106 A/cm2 [21]

Biaxial 400 nm Inclined substrate deposition technique 700–800 �C 1.2 9 106 A/cm2 [13]

4.8 lm MOCVD reactor, IBAD MgO substrate Not reported 15.11 9 106 A/cm2 (at

30 K, 3T)

[14]

100 nm YBCO/MgO/NiO/Ni tape, Rocking curve

FWHM = 2�
700–750 �C 0.4–0.6 9 105 A/cm2 [18]

1.5 lm IBAD MgO, FWHM=2.2� Not reported 2 9 106 A/cm2 [19]

1.6 lm IBAD MgO, FWHM = 1.3� Not reported 1.1 9 106 A/cm2 [22]

150 nm Using bicrystal MgO substrate with 24� tilt
angle by pulsed laser deposition

800 �C 1 9 107 A/cm2 [31]

100–140 nm MOCVD technique 820 �C JC [ 106 A/cm2 [32]
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superconducting planes, and biaxial YBCO films

present the higher JC values than uniaxial YBCO

films. Thus, the magnetic anisotropy depends on the

epitaxy and texture of the YBCO films. YBCO films

with high JC values grown on other substrates dif-

ferent than MgO or using adhesion promoters [30]

are out of the scope of this work; nonetheless some of

them are listed in Table S1.

Note that in addition to texture, the thickness of the

film is also an important parameter. YBCO films with

smaller thickness present higher JC values. This is

because JC is inversely proportional to the volume of

the film (Eq. (5)). For example, the JC = 1.2 9 107 Acm-

2 reported in Ref. [16] for a uniaxial YBCO/MgO film

with thickness of 170 nm is higher than that JC ¼ 1.2

9 106 A/cm2 reported for a biaxial film with 400 nm

thickness reported in Ref. [13]. Therefore, the thick-

ness (and thus the volume) influences more than the

texture in the JC values of the YBCO films. YBCO

films with high JC values could be achieved by

combining both parameters.

4 Conclusions

The texture and magnetic anisotropy of a supercon-

ducting YBCO film grown onto MgO substrate have

been analyzed. X-ray diffraction reveals that the

crystallites of the sample are oriented along (00l)

indicating a uniaxial texture growth of the film in the

c-direction. This is confirmed by the cross-sectional

TEM measurements. Rocking curves over the (005)

reflection of this film can be fitted with one Gaussian

function suggesting that the sample consists of a

uniform layer deviated *0.81� from the c-axis, con-

firming the high-quality uniaxial alignment in the

film. AFM measurements revealed an average

roughness Ra = 9.9363 nm around the nanometer

scale, that is, a smooth surface. Magnetic measure-

ments estimate the superconducting transition tem-

perature Tc(onset) & 88,6 K under Hext =50 Oe. Despite

the good uniaxial texture of the sample, the

v(T) curves measured under different Hext||c-axis

and Hext||ab-plane show that the small amount of

secondary phases has a contribution distorting the

superconducting diamagnetic signal. This contribu-

tion increases with applied magnetic field as it is

suggested by the increase of the FWHM of the first

derivate of the v (T) curves. Thus, the relationship

between the texture and magnetic anisotropy is better

analyzed at low applied fields. Under these condi-

tions, the v(T) signals reveal strong relationship

between the uniaxial texture and the magnetic ani-

sotropy and confirming high ordering of the CuO2

superconducting planes along the c-axis in the film.

In addition, from the M(H) hysteresis loops obtained

under Hext||c-axis and at different temperatures, the

current densities were calculated. A critical current

density JC atl0H ¼ 0T; 77Kð Þ� 105A=cm2 is estimated,

which is in the same order value reported in the lit-

erature for typical YBCO uniaxial textured films. It is

expected that a biaxially textured film would present

a higher ordering of the CuO2 planes and thus higher

JC.
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