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Supplementary Note 1
THERMAL EXPANSION IN VARIOUS YB-BASED SYSTEMS

In a—YDbAIB, at B = 0 and low temperatures the linear thermal expansion coefficient
a; = d(AL;/L;) /dT is positive for both the i = a and ¢ axes. The volume thermal expansion
vy, which is dominated by the c-axis is consequently positive. This is surprising since
in Yb-based KL or IV systems ay,; is always negative as is the magnetostriction \; =
d(AL;/L;) /dB. The reason is that ay, = =V, 1(dS/dp)r g (S = entropy, p = pressure, V,,
= molar volume) measures the pressure dependence of the entropy associated to the relevant
energy scale of a system. In typical Yb-based KL systems, with the T as a relevant energy
scale, pressure stabilizes the magnetic Yb3*, which is smaller than the non-magnetic Yb?*,
yielding dTx /dp < 0 (i.e. (dS/dp)rp > 0) so that ayy < 0.

In metamagnetic systems where the entropy is dominated by magnetic fluctuations the
the thermal expansion can be expressed as ay, = QV, -1 (0S/0B)r, where Q = (dB./dp)s=s,

is constant for small pressures and with B, the critical field



Supplementary Note 2
NMR DATA

B NMR spectrum across the transition at B
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Supplementary Figure 1. ''B NMR spectra for different magnetic field values, measured at 1.34 K
for 29 T and at 3 K for 4 T, 6 T, 8 T and 11.9 T, respectively. The spectra show a central line
with four pairs of quadrupolar satellites originating from four crystallographically different sites of

boron in a-YbAIB4. The spectra have been centred and shifted on top of each other for clarity.

We show the complete NMR spectra of 1'B and how it evolves with magnetic field at
1.34 K. The spectra show a central line of higher intensity with four pairs of satellites,
which correspond to four crystallographically inequivalent positions of boron in a-YbAIBy
as indicated by different colour coded sites in Fig. 1a). At 2.9 T all the central lines overlap,
but with the increase of magnetic field they start to distinguish because their Knight shift
values (K) slightly differ. This is in accordance to the previously determined conclusion
of Ref. [I. For consistency, we keep the same naming of the sites (A - D) as in Ref. [Il In
this paper we present the data recorded on site D, for magnetic field along the ¢ axis. This
site was chosen because it has a well separated NMR line (unlike sites B and C), which is
important for 7} measurements, and has a shorter 7} relaxation time than site A. The ''B
NMR spectra show no qualitative change (Supplementary Figure (1) as the magnetic field
is varied across Bo= 3.6 T. The shifts of the central lines, as well as the slowly increasing

linewidths, follow the behaviour of the macroscopic magnetization with no change in the
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Supplementary Figure 2. a) Temperature dependence of FWHM values of the ' B site D, measured
at several magnetic field values. The values determined for the low frequency satellite (L) are
marked by squares, while those for the high frequency satellite (H) are marked by circles. The
grey full lines are only guides for the eye that show the temperature independence of the measured
values. b) Magnetic field dependence of FWHM values of ! B site D, measured at 142 mK. The
grey dashed line is only a guide for the eye that shows the linear magnetic field dependence. Vertical

error bars in the figures are least-square fit errors (1 s.d.) of fitting NMR lines to a Gaussian.

shape of the spectrum. The behaviour of the boron D site’s linewidths were measured
with temperature and magnetic field down to very low temperatures and shown as half
width at half maximum (FWHM) values in Supplementary Figure 2] It is visible from the
data that FWHM values are temperature independent down to lowest values, and that it
linearly increases with magnetic field. Supplementary Figure [2| shows FWHM values for
both satellite lines, the lower frequency one (L) and the higher (H) frequency one. The lack
of abrupt changes in FWHM and no temperature dependence rule out magnetic or charge
order appearing at By or By that would break the translational symmetry and considerably
modify the NMR spectra. The linear increase of FWHM with magnetic field indicates
a (small, but present) distribution of local susceptibility values (K), that originates from
small, but unavoidable inhomogeneity of the sample. However, FWHM value of 50 kHz is
still quite small and indicates that the sample is of high quality. We additionally confirm
the lack of magnetic or charge order by showing the complete behaviour of the Knight shift

data in the next section.



Knight shift data of ''B and 27Al
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Supplementary Figure 3. ''B Knight shift vs. temperature at different values of magnetic field.
Vertical error bars in the figures are smaller or equal to symbol size and originate from a least-square

fit errors (1 s.d.) of fitting NMR lines to a Gaussian.

We recorded the Knight shift of boron D site (''K) in a very broad temperature range
from 300 K to 50 mK. In the temperature region from 300 K to 10 K the values of c-axis ' K
rapidly change since there the bands hybridize (the valence fluctuation scale is ~ 150 K), and
the system crosses from a localized-moment one to a Fermi-liquid one. As the temperature
is lowered below T*~ 8 K, ' K values saturate to a constant value that shows only a small
change with magnetic field (Supplementary Figur. A magnetic field dependence of "' K
at low temperature is shown in Fig. 1 d of the main text. This virtually flat behaviour below
1 K and 4.5 T is in stark contrast to the (7,7)~! data that show divergences appearing at
By and Bs.

Similar to the behaviour of MK, the c-axis Knight shift of 2”Al nuclei (*"K,) shows an
equivalent temperature and magnetic field dependence (Supplementary Figure |4{a) and b)),
with only a weak feature at By, which further confirms the absence of long-range magnetism
at By and B,. Only when the magnetic field increases above 4 T, there is a gradual change
in 2" K, arising from the slow suppression of the density of states at the Fermi level N(ep)

(consistent with specific heat data and susceptibility).
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Supplementary Figure 4. a) 27 Al Knight shift vs. temperature at different values of magnetic field,
b) 27Al Knight shift vs. magnetic field, measured at 500 mK. Vertical error bars in the figures are
smaller or equal to symbol size and originate from a least-square fit errors (1 s.d.) of fitting NMR

lines to a Gaussian.

2TAl and "'B quadrupolar coupling

An additional clue as to the nature of the non-Fermi liquid (NFL) behaviour at By comes
from the c-axis component of the quadrupolar coupling of 2"Al (*"vg), which first increases
with field (similar to the magnetostriction A.) and then abruptly decreases by about 0.2%
(Figure pp)) when crossing Bs.

Two features are visible in the magnetic field dependence of v, and they coincide
with By and Bs. Interestingly, the drop in ''vg at B; is not detected by ?"vg. This is
consistent with the interpretation of By as being a Lifshitz transition caused by anisotropic
f-¢ hybridization, where conduction bands come mainly from B orbitals.

From the magnetic field behaviour of ''*7y, at B, one might consider the possibility
that the transition is a magnetic-field induced valence change, however such a transition
would have a large and characteristic effect on thermodynamic properties, which are not
observed. The change in valence corresponding would be detected by an X-ray absorption
measurement and cause a strong signature in magnetostriction (Ref. 2)). However, no change
in valence has been reported®, and magnetostriction only shows a smooth change in contrast

to previously studied valence-transition materials. Even if the valence transition occurs

at lower temperatures, in this case it is expected to see a broad magnetic field-induced
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Supplementary Figure 5. a) Magnetic field dependence of the principal value of the quadrupolar
splitting vg of 27Al (*"vg) measured at 142 mK. Yellow circles (left scale) are determined from a
single measurement of the outermost satellites of the 2’Al NMR spectrum, while purple squares
(right scale) show averaged values determined from a temperature-dependent measurement at a
particular magnetic field (not shown). Namely, below 4 K 271/@ saturates to a constant value,
which is why averaging can be made to lower the uncertainty of the measurement. The error bars
(1 s.d.) depict the data scatter. These two data sets slightly differ in absolute value due to a small
~ 1° misalignment of the magnetic field with respect to the crystal c-axis for the purple squares.
Dashed lines are only guides for the eye. b) Magnetic field dependence of the quadrupolar splitting
of boron (Mvg) measured at 142 mK. Shown values of v were measured at the boron site with
the smallest splitting (innermost lines in Supplementary Figure , but other sites show similar

behaviour.

response detectable at relatively high temperatures. For instance, in a study* on YbAgCuy,
XAS technique observed a finite broad magnetic field-induced change in valence already at
50-55 K, even though the valence change onsets at Ty &~ 42 K. Similarly, in a HAXPES
measurement® on Fe-doped a-YbAIBy, a first order valence transition was detectable already
at 20 K, even though the transition occurs at T' = 0 K. Therefore, the anomaly at By cannot
be due to a valence transition.

A subtle structural transition can also be ruled out because it would have been observed

by '*7yg measurements as a sharper feature, and it would also be seen clearly in magne-

tostriction data, which is not the case.

Recently® Mossbauer spectroscopy found a magnetic field induced change in the quadrupo-

lar moment of Yb ion between 1 and 5 T. This result indicates that the phenomenon observed



at By can originate from a multipole-type QCP in a-YbAIB,. However, since the symmetry
of the a-YbAIB,4 compound (and the Yb site) is already low, it will require additional work

to further predict the symmetry change across B.

Nuclear magnetic spin-lattice relaxation rate

The NMR spin-lattice relaxation rate is related to the imaginary part of the dynamical

susceptibility x”(q,w) as

2 "

1 YmkB X" (q,w)

(D)™ = o= m > AP == (1)
q

where kg is the Boltzmann constant, pug is the Bohr magneton, +,, is the gyromagnetic ratio
and A(q) is the hyperfine coupling constant. As we can see, the summation is over entire ¢
space which makes (T17T)~! sensitive to the excitations that originate also at ¢ > 0, unlike
the Knight shift K which is sensitive only to ¢ = 0 part of the susceptibility.

For the M B measurements, we recorded the relaxation of nuclear magnetization M (t)
by using a saturation-pulse sequence, as described in Methods. Each measurement set
contained more than 20 measurement points, and the data were fit to the recovery function
M(t) = My(1—(1/10)e~ /)" —(5/10)e~G/T)" —(4/10)e~(61/T)") suitable for a spin I = 3/2
satellite transition, where /3 is the so-called stretch exponent. In figure [0 we show several

measurements and fitted curves taken at 142 mK. In figure [7] we show the values of the g

M(t)/M,
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Supplementary Figure 6. Spin-lattice relaxation time measurements (symbols) of ! B D site and
fitted curves (red lines) determined at 1.5 T (yellow circles), 2.5 T (blue triangles) and 4.5 T (green

diamonds). All data were determined at 142 mK.



parameter determined at 142 mK for the T} values shown in the upper paned of Fig. 2a).
The B decreases gradually with field, indicating a growing inhomogeneity in the dynamical

susceptibility with magnetic field.
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Supplementary Figure 7. Stretch parameter 8 determined from spin-lattice relaxation time 73
measurements at various magnetic fields and at 142 mK. Vertical error bars in the figures originate

from a least-square fit errors (1 s.d.) of fitting to a relaxation curve defined in the text.
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Supplementary Note 3
RESISTIVITY DATA

Exponent of the resistivity within the ab—plane

B(T)

Supplementary Figure 8. Resistivity exponent with current I || @ and B || ¢, displayed on the same

colour scale as in the main text.

Figure [§] shows the n, exponent of the resistivity as defined in the main text for current
applied parallel to the a-axis. Consistent with” we observe n, ~ 1.8 at B = 0. n, is
approximately temperature and magnetic field independent indicating the strong anisotropy

of critical fluctuations, which are primarily confined to the c-axis.

Spin zeros

When a quasi 2D Fermi surface (FS) is spin split by the Zeeman interaction the

Shubnikov-de Haas oscillations of spin up and down FS interfere leading to an amplitude
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Supplementary Figure 9. (a) dp/dB against B || ¢ at various angles of B in the [001] — [110] plane
where § =0 = B || [001] (as in Fig. 3(b) of main text). (b) d, Cross correlation of dp/dB measured

closest to B || ¢ with dp/dB measured at field tilted by 6 vs 6. Also shown is the calculated Rg

(eq. S-2) using the experimentally determined m* and g8

modulation of the SAH oscillation by

™m*g
= 2
fs = cos (2005«9) ’ 2)

where m* is the effective mass, g is the Landé g-factor and theta is the angle between the

magnetic field and the high-symmetry axis, in this case the c-axis?. This term leads to nodes
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in the SAH oscillation at specific angles and crossing the node the phase of the oscillation
is reversed. Therefore, even if the precise position of the node is not observed its existence
can be inferred straightforwardly.

As shown in Supplementary Figure @(a) no node or phase reversal is observed up to angles
where the amplitude is extinct at the field available in our experiment. In Supplementary
Figure [9(b) we show the convolution of dp(f)/dB with dp/dB measured at approximately
zero angle as a function of # together with the expected modulation due to Rg using the
quasiparticle mass measured here and the g factor measured by electron spin resonance®.
This leads us to expect a node at approximately 55°, which is not observed.

Spin zeros have been observed in strongly correlated materialst’. An alternative expla-
nation for the absence of spin zeros is that m* differs significantly between the two spin split
Fermi surfaces so that at finite temperature they have different amplitudes and therefore do
not produce a node. The temperature of the measurement (0.03 K) places a lower bound on

m* for the enhanced FS > 10 m,, such a large difference in m* over 1 order in magnitude is

unlikely.

Evidence for a Fermi surface transition in other Fermi surface sheets

The magnetic field dependence of the Hall coefficient, Ry, is shown in Fig. 3(e) of the main
text. The Hall coefficient shows a smooth crossover between low and high magnetic fields
that is temperature independent. A simple one-band interpretation of the Hall coefficient
Ry = —1/n., where n is the carrier density would imply a loss of An ~ 0.7 electron-
like carriers per formula unit. Such a large change in density is not supported by other
measurements such as the resisitivty and thermodynamic measurements, we now consider a
possible origin in changes in the Fermi velocity on larger F'S sheets.

Supplementary Figure [10j(a) shows the angular dependence of dp/dB, the overlaid thick
black lines show the expected fields of By and By assuming they follow a 2D i.e. 1/cosf
angular dependence, while the thin vertical blue lines show the position of several magnetic
field sweeps at large angles. The Fourier spectrum of these sweeps is shown in Supplementary
Figure (b), several peaks are visible corresponding to quantum oscillations. Between 82
and 78 degrees a several peaks at F' = 0.6, 0.9 and 1.4 kT change amplitude significantly,
additionally the effective mass of the F' = 0.6 kT is also observed to decrease by = 20% in
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Supplementary Figure 10. (a) Angular dependence of dp/dB at T' = 0.03 K, black lines are guides

to the eye for By and Bj/cosf. (b) Fourier transform of quantum oscillations measured in the

rotation plane [001] — [110] at various 0, T' = 0.03 K. Fourier transforms are taken over the range

B = 10-16 T. (c) Angular dependence of the effective mass for the F' = 0.58 and 0.98 kT orbits in

the rotation plane [001] — [110].

this angular range. This angular range coincides with the speculated angular dependence of

Bl and BQ .

at By and By for small 0, due to the Dingle factor, the Hall coefficient may undergo a

crossover due to changes of the effective mass on these large F'S sheets.

Therefore, we suggest that while these oscillations are not directly measurable
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Shubnikov-de Haas Fourier spectrums

Supplementary Figure shows Fourier spectra of p.s. at various temperatures, where
Posc 18 extracted from the raw resistivity as in the methods of the main text, i.e. using a
local polynomial low-pass filter. Additionally we show the Fourier spectrum of dp/dB as a
dashed line, following the description of the methods section of the main text. We observe

consistency between these two methods for the main peak at F' = 10.2 T.

10
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Supplementary Figure 11. Fourier spectra of the oscillatory component of the resitivity posc at

several temperatures together with the spectrum of the numerical derivative of the resistivity.
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