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CePdAl has been recently recognized as a frustrated antiferromagnetic heavy-fermion compound with a pressure-
or field-tuned, extended quantum critical phase at zero temperature. Identifying characteristic signatures of the emerging
quantum critical phase, which are expected to be distinct from those near a quantum critical point, remains challenging.
In this work, by performing ultrasonic and thermoelectric measurements down to very low temperatures in a SHe—*He
dilution refrigerator in the presence of magnetic field, we are able to obtain some crucial thermodynamic and thermal
transport features of the quantum critical phase, including a frustration-related elastic softening detected by ultrasound and

a Fermi-surface change probed by thermoelectric effect.
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1. introduction

Quantum phase transitions (QPTs) are those that are
driven by quantum instead of thermal fluctuations at low
enough temperatures.!’"?) They are at the forefront of cur-
rent condensed matter physics, offering possibilities for a
variety of quantum emergent phenomena in their vicinity
including unconventional superconductivity and non-Fermi
liquid.3*! Heavy-fermion materials are ideal systems for ex-
ploring QPTs due to the competition between the intersite
Ruderman—Kittel-Kasuya—Yoshida (RKKY) interaction and
the local Kondo effect.
order antiferromagnetic (AFM) QPTs which can be smoothly

Prototypical examples are second-

suppressed to absolute zero at a quantum critical point (QCP)
by nonthermal tuning parameters like magnetic field and pres-
sure, beyond which a heavy Fermi-liquid phase develops
generically as depicted by the Doniach phase diagram. %)
Thus far, various low-temperature probes have been em-
ployed to detect potential QPTs in heavy-fermion materials.
Among these, electrical resistivity provides probably the sim-
plest approach through its temperature dependence that fre-
quently deviates from the Fermi-liquid description. On the
other hand, low-temperature Hall effect has emerged as a
powerful measurement to identify the characteristic feature of
Mott-type QPTs, where breakdown of the local Kondo effect
occurs with a consequent change of Fermi-surface volume.[©!
In addition, thermodynamic and magnetic responses such as
the coefficients of electronic specific heat and thermal expan-
sion, and the magnetic susceptibility usually show diverging
behavior near a QCP.[>* These probes are nevertheless fre-

Corresponding author. E-mail: pjsun@iphy.ac.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac8345

quently insufficient in characterizing complicated QPTs in,
for example, a geometrically frustrated Kondo lattice with en-
hanced quantum fluctuations and potential metallic spin-liquid
phase.[”!

Hexagonal CePdAl shows rich quantum states due to
magnetic frustration associated with the distorted kagome
lattice.!”-8] At ambient pressure and zero field, it undergoes
an AFM transition at 7y = 2.7 K with only 2/3 of the Ce mo-
ments on the kagome lattice involved,[®! see Fig. 1(a) inset.
The other 1/3 is Kondo screened, giving rise to the heavy-
fermion behavior with an electronic specific-heat coefficient
y =270 mJ/mol-K? (Ref. [10]). Applying magnetic field along
the Ising moment (the ¢ axis) causes three AFM phases (a—c)
in the low-field phase space that are terminated by three first-
order metamagnetic lines (Bgp, By, and Bcp), see Fig. 1(a).
Further increasing field leads to a quantum critical phase (p)
before a Fermi-liquid phase (f) eventually settles down. Alter-
natively, the AFM phase can be smoothly suppressed to zero
by hydrostatic pressure as well, with no metamagnetic tran-
sitions taking place. In this case, a much more extended p
phase can be identified by the linear-in-temperature resistivity,
a hallmark of non-Fermi-liquid behavior.[” At elevated tem-
peratures T > 1 K, except for the Tx(B) line which traces the
smoothly reduced AFM transition, two additional lines B,,(T')
and B*(T) are also shown in Fig. 1(a). By, is related to the
onset of AFM short-range order and B* indicates the Mott-
type Fermi-surface crossover, which terminates at a Kondo-
breakdown QCP at zero temperature. As shown in Fig. 1(b),

the three metamagnetic transitions can be simply identified by
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resistivity as a function of field, revealed as sharp anomalies in
dp/dB, where the existence of the p phase can be confirmed
by a shallow shoulder.
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Fig. 1. (a) Field—temperature phase diagram of CePdAl adapted from

Ref. [8]. See text for definition of the symbols used in this figure. In-
set illustrates the in-plane magnetic structure determined by neutron pow-
der diffraction.[®! (b) Isothermal resistivity p and the derivative dp/dB as
a function of field measured at 0.08 K, from which all the low-temperature
phase boundaries can be identified (see vertical lines). Different to the sharp
anomalies at the three metamagnetic transitions, the Mott-type transition at
B* ~ 4.6 T behaves as a shallow shoulder in dp/dB.

This work aims to demonstrate some distinctive features
of the quantum critical phase and the related Fermi-surface
change in CePdAl by low-temperature ultrasonic and thermo-
electric measurement, both of which have so far received much
less attention in studying QPTs. Ultrasound can probe mag-
netic, electronic and lattice instability sensitively because of
the spin-lattice and electron—phonon coupling. Heavy-fermion
materials are particularly suited for such measurement due to
their strongly volume-dependent hybridization effect between
the localized f electrons and the conduction bands that is de-

ULI21T jkewise,

scribed by a strong electron—phonon coupling.
thermoelectric effect measures particle-hole asymmetric band
structure at the Fermi level and is therefore suited for detecting
Mott-type QPTs where a Fermi-surface change takes place.
As will be shown below, the two measurements have revealed
characteristic and unique features in support of the occurrence
of a frustration-assisted intermediate quantum critical phase

and a Fermi-surface change in CePdAl.

2. Experimental details

The ultrasound measurements were performed by using
phase comparison technique!'?] — a well-established method
for probing weak elastic change of solid materials by com-
paring the input and output ultrasound pulse. High-frequency
ultrasound of typically 5 MHz-100 MHz is generated and de-
tected by LiNiO3 piezoelectric transducers that are bonded
onto two parallel end faces of the sample to be studied, see
the inset of Fig. 2. Thiokol liquid polymer is used as bond
material between the transducers and the sample. The rela-
tive ultrasound velocity change §v/v during a temperature or
field scan is proportional to the sum of three parts: the fre-
quency change 0f/f and the phase shift dy/y of the input
and output ultrasound waves, and the sample length change
OL/L, which is however negligible in most cases compared
to the former two terms. In this technique the frequency of
the input ultrasound wave is continuously adjusted in order to
maintain a constant phase of a given output echo (6y = 0),
one can therefore probe v /v simply by monitoring 8 f/f.
Elastic constant C can be calculated from the sound velocity,
C = dv?, with d being the sample density. To ensure a suf-
ficient thermal conductance for achieving temperatures down
to below 50 mK, the transducers were bonded on one side by
silver paste to the cooper plate that is thermally coupled to
the cold finger of a *He—*He dilution refrigerator. The typical
sample thickness for ultrasound measurement is 1 mm-3 mm
and a single crystal has to be used in order to probe multiple
independent elastic modes of the elastic constant tensor.!?]

The thermoelectric effect was measured with a standard
setting of thermal-transport measurement by using two ther-
mometers and one heater. A sample of a typical size 0.3 mm x
0.5 mm x 3.0 mm was used and mounted onto a silver block
by silver paste that is directly screwed to the sample holder. !4
The thermometers and heater are, on one hand, suspended by
fine nylon wires in a vespel frame in order to be thermally de-
coupled from their surroundings, and on the other hand, ther-
mally coupled to the sample by using 50-pum gold wires in or-
der to build and measure the temperature gradient 67, which is
typically 2%—5% of the base temperature. We use RuO; bare
resistive chip sensor (Lake Shore Cryotronics) as thermome-
ter, and 1-kQ chip resistor as heater. For electrical leads in the
sample holder superconducting NbTi wires (¢ = 25 um) were
used. The measurement was performed in a dilution refrigera-
tor down to approximately 50 mK.

3. Results and discussion

Figure 2 shows relative change of the elastic constants
C11 and C33 measured at 80 mK in the presence of a sweeping
magnetic field (B||c). They both are longitudinal elastic mode,
measured with the ultrasound wave propagating/polarizing
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along the a and c axis (Fig. 2 inset), respectively. Upon
increasing field, the two elastic constants soften smoothly
due to enhanced spin fluctuations, and the first-order meta-
magnetic transitions at B,, and Bjp. manifest themselves as
a drastic drop. The field variation of elasticity is simi-
lar for 6Cy;/C11(B) and 6C33/C33(B) up to slightly below
B.p ~ 4.2 T, conforming to the low-temperature coefficient
of magnetostriction, where sharp peaks indicative of signif-
icant lattice-parameter change are observed at the metam-
agnetic transitions.!>! Further increase of magnetic field re-
sults in the most fascinating p phase in this material, where
0C11/Cy1(B) and 6C33/Cs3(B) behave totally differently: at
the phase boundary between the magnetic phase ¢ and the
quantum critical p phase, Bcp, the former elastic mode re-
veals a strong softening, whereas the latter turns harder drasti-
cally. Consequently, a significant elastic softening is observed
in only Cj;(B) in the emerging quantum critical p phase, see
the shaded region in Fig. 2. This distinctive feature offers a
piece of compelling evidence for the existence of the p phase.
Furthermore, the contrasting elastic behavior between the two
elastic modes within the quantum critical phase provides a
straightforward and strong implication on the microscopic ori-
gin of this phase. Considering that C; measures the response
of the compressional ultrasound wave within the ab plane that
is composed of distorted kagome lattice, whereas C33 mea-
sures along the ¢ axis, one can naturally infer that the addi-
tional elastic softening in the p phase observed solely in Cy;
is caused by the in-plane magnetic frustration. On the other
hand, the smooth hardening in the heavy Fermi-liquid regime
reflects, at least partially, the increased energy scale of the
Fermi-liquid phase (7. (B), Fig. 1(a)) and the therefore mod-
ified electron—phonon coupling.[!?!

0.2%
Cyy (X3)

C433

5C/C

LiNbO,
transducer

B (T)

Fig. 2. Relative changes of the isothermal elastic constants Cj; and C33 mea-
sured by longitudinal ultrasound propagating along the a and ¢ axes, respec-
tively, as a function of field (B|c) at T = 80 mK. Note that 6Cy;/Cy; is
multiplied by a factor of 3 for better comparison. The three dashed lines in-
dicate the positions of the metamagnetic critical fields By, By, and Bcp. The
shaded region marks the field window where the quantum critical p phase
takes place, see Fig. 1(a). Inset: a sketch of the sample setting for ultrasound
measurement, where the directions of propagation k and polarization u are
parallel to each other when longitudinal ultrasound is used.

We now turn to the thermoelectric effect, which is also
unique in characterizing QPTs for its sensitivity to Fermi-
surface change. It has been previously studied in the canon-
ical heavy-fermion compound YbRh,Si,,!'¢! yielding strong
evidence for an abrupt Fermi-surface change at the QCP. In
Fig. 3, we show the isothermal thermoelectric coefficient S(B)
measured at various temperatures for CePdAl. A pronounced
maximum arising from magnetic scattering is observed in the
field window where the sequence of the metamagnetic transi-
tions takes place. While the position of the maximum, marked
by downward arrow, traces roughly the metamagnetic B, line
(see Fig. 1(a)), unfortunately one cannot clearly identify any
of the three metamagnetic transitions. Markedly, at high field
B > Bp (upward arrow), the value of S(B) remains approxi-
mately constant, as expected from a heavy Fermi-liquid with
a large Fermi-surface volume that incorporates both the local
moments and the conduction electrons. Note that, there ap-
pears a valley between the broad maximum and the flat S(B)
at B > Bpp, which falls into the extended intermediate phase
space between the AFM and the heavy Fermi-liquid phase.
This feature cannot be simply related to the p phase, but is
most likely a signature of the thermally-broadened, small-to-
large Fermi-surface crossover as indicated by the B* line.

Though the metamagnetic transitions cannot be identified
due to the low signal-to-noise ratio, the S(B) curves can pro-
vide a strong evidence for the Fermi-surface change. Compar-
ing the weakly field-dependent S(B) at B < 2 T in the AFM
phase and the nearly constant S(B) at B > Bpp, in the heavy
Fermi-liquid phase, one immediately recognizes a change of
their absolute values that is attributable to the Fermi-surface
change across the Mott-type (Kondo-breakdown) line B*. This
feature becomes actually more apparent at higher temperatures
simply because the absolute value of thermoelectric power in-
creases substantially with temperature, see Fig. 3 main panel
and inset. To lend further support to this inference, in Fig. 4
we compare the isothermal S(B) and the Hall resistivity py(B)
measured at 0.3 K (Ref. [8]). Significantly, the different S(B)
behaviors at low and high fields, as mentioned above, match
well with the B-linear py(B) of slightly different slope in the
two field intervals; see the two dashed lines on top of the
pu(B) data. As has been discussed previously, the large-to-
small slope change of py(B) is a distinct feature of the small-
to-large Fermi-surface change across the Mott-type crossover
line B* (Ref. [8]). Likewise, the afore-mentioned change of
S(B) between low and high field is believed to be a hallmark
of the Fermi-surface change, too. The feature that the low-
field S(B) in the AFM phase with a small Fermi-surface is
more susceptible to B in comparison to its high-field coun-
terpart shares strong similarities with the field dependence of
p(B) (Ref. [8]), and can be ascribed to the enhanced electron
scattering from spin fluctuations in the ordered phase.
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Fig. 3. Isothermal thermoelectric coefficient S(B) measured at various
temperatures is shown with proper offset for clarify. Inset: temperature-
dependent thermoelectric coefficient S(7') measured in zero field. For these
measurements, the temperature gradient is applied within the ab plane and
the magnetic field along the ¢ axis. The downward arrows mark the max-
imums of the S(B) curves, which trace roughly the metamagnetic B, line
(Fig. 1(a)). The upward arrows indicate the characteristic field Bpy, above
which S(B) tends to be constant, signalling onset of the heavy Fermi-liquid
phase.
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Fig. 4. The thermoelectric coefficient as a function of field is compared to the
Hall resistivity 8] measured at the same temperature, T = 0.3 K. The shaded
region indicates the field window where the sequence of metamagentic tran-
sitions and the p phase take place. The dashed lines on top of the py(B) data
indicate the linear variation expected for Fermi liquid, and those for S(B) data
are guides to the eyes.

4. Conclusion

To conclude, we have shown that the metamagnetic tran-
sitions, the quantum critical phase and the Fermi-surface

change across a Mott-type transition/crossover in CePdAl can
be probed by ultrasonic and thermoelectric measurements at

very low temperatures. In particular, the quantum critical

phase can be captured by the in-plane elastic constant Cyj
rather than the out-of-plane C33 mode, offering a strong evi-
dence for its existence as well as a strong implication on its
origin that is most likely related to the in-plane frustration;
the thermoelectric effect can probe the Fermi-surface change,
complementary to the Hall-effect measurement. Though much
less attention has been paid to these measurements so far, their
capability to reveal distinct features on frustration-related fluc-
tuations and Fermi-surface change promises an important role
for them in characterizing complicated quantum phases.
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