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Probing quantum criticality in ferromagnetic CeRhsGe,
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CeRh¢Ge, is unusual in that its ferromagnetic transition can be suppressed continuously to zero temperature,
i.e., to a ferromagnetic quantum-critical point (QCP), through the application of modest hydrostatic pressure.
This discovery has raised the possibility that the ferromagnetic QCP may be of the Kondo-breakdown type
characterized by a jump in Fermi volume, to which thermopower S measurements should be sensitive. Though
S/T changes both sign and magnitude around the critical pressure P, =~ 0.8 GPa, these changes are not abrupt
but extend over a pressure interval from within the ferromagnetic state up to P.. Together with temperature and
pressure variations in electrical resistivity and previously reported heat capacity, thermopower results point to
the near coincidence of two sequential effects near P., delocalization of 4f degrees of freedom through orbital-
selective hybridization followed by quantum criticality of itinerant ferromagnetism.
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Clean ferromagnetic (FM) materials typically avoid a
quantum-critical point (QCP) by triggering either a transition
to a different phase at finite temperature or by undergoing a
first-order transition [1,2]. Nevertheless, quantum criticality
in a system of ferromagnetic itinerant electrons is possi-
ble theoretically if the material is noncentrosymmetric with
strong spin-orbit coupling, is quasi-one-dimensional, or is suf-
ficiently dirty, i.e., has a short electronic mean-free path [3].
Alternatively, if the magnetic electrons are localized, a con-
tinuous FM quantum-phase transition can be foreseen within
the framework of local, Kondo-breakdown criticality. In this
scenario Kondo coupling of localized and conduction-electron
moments above P, is suppressed concurrently with the de-
velopment of ferromagnetic order and produces a jump in
the Fermi volume from “large” above P. to “small” below
P, [4,5]. This is the scenario proposed for CeRhsGey, a rare
example of ferromagnetic quantum criticality in which its
Curie temperature can be suppressed continuously from 2.5 K
at atmospheric pressure to zero temperature via hydrostatic
pressure without the emergence of an intervening phase tran-
sition below the critical pressure P, ~ 0.8 GPa [4,6]. Support
for Kondo-breakdown criticality has come primarily from a
comparison of de Haas—van Alphen (dHvVA) measurements
at atmospheric pressure with spin-polarized density-function
calculations that include spin-orbit coupling and that assume
the magnetic 4f electrons of Ce are either localized or itin-
erant, a comparison that is argued to be consistent with the
4f electrons in CeRhgGey being localized at atmospheric
pressure [7]. Further, the temperature dependence of dHvA
oscillations show that krl;, > 300, where kr is the Fermi
momentum and l;, is the electronic mean free path. Such a
large krl;, implies that the crystal is solidly in the clean limit,
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i.e., quench disorder is irrelevant to the observation of FM
criticality.

Other experiments, however, raise questions about the lo-
calized nature of the 4f electrons. At atmospheric pressure,
the specific heat divided by temperature (C/T) remains quite
large at milliKelvin temperatures deep in the ordered state
(2400 mJ mol~! K~?2), entropy recovered up to T is only
0.19 RIn2, and the ordered moment is 0.28 pp /., which
is well below that expected (1.28 pg,c.) for localized 4f
electrons in a I'; crystal-electric field (CEF) doublet ground
state [4,8]. Each of these is consistent with Kondo hybridiza-
tion in which the spin of the local moment becomes part of
the Fermi volume, creating a “large” Fermi surface. Though
zero-point fluctuations of local moments could play a role
by mimicking expectations of Kondo hybridization in ther-
modynamic measurements [4], angle-resolved photoemission
spectroscopy (ARPES) reveals considerable anisotropic hy-
bridization between 4f and conduction (c) electrons [8],
which also is implied by optical spectroscopy [9].

Real-space electron densities are consistent with
anisotropic hybridization observed in ARPES [8]. Wave
functions of both the CEF ground-state doublet and the T’y
first-excited doublet at 5.8 meV display electron density
primarily out of the hexagonal basal plane, in agreement
with strong c-axis hybridization and easy-plane magnetic
anisotropy in CeRhgGes. The I'y doublet, whose wave
function has greater spatial extent perpendicular to the
¢ axis, is argued to hybridize even more strongly with
conduction-band states, an indication of a stronger Kondo
coupling compared to the ground state. Such CEF properties
may explain the discrepancy between the observation of
anisotropic Kondo hybridization and the localized 4f
character inferred from quantum oscillations at atmospheric
pressure [10]. Recent dHVA measurements as a function
of pressure, however, find that cyclotron frequencies, a
measure of extremal orbits on the Fermi surface, are
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unchanged from below to above P. [11] and may further
question a Kondo-breakdown scenario. Nevertheless, these
measurements, performed in high magnetic fields, so far only
detect electron masses m* of less than 10 times the mass of
free electrons (m,), which would seem not to account for the
large C/T in this material and leaves open the possibility of
changes in cyclotron frequencies of higher mass orbits at P,.

With a noncentrosymmetric crystal structure and a chain
structure of Ce atoms along the hexagonal ¢ axis of
CeRheGey, existing results are enigmatic—some pointing to
the possibility of itinerant-type ferromagnetic criticality and
others to a local-moment (Kondo-breakdown) scenario. Ther-
modynamic and electrical transport measurements, though
clearly signaling non-Fermi-liquid characteristics of quan-
tum criticality around the critical pressure of CeRhgGey, are
unable to distinguish between these two possibilities. Exper-
iments that directly probe the Fermi surface as a function of
pressure without the need for large applied magnetic fields
could be beneficial in helping resolve the conundrum. Indeed,
thermopower measurements have been effective in revealing
the nature of field-tuned quantum criticality in YbRh,Si, and
pressure-tuned criticality in CeRhg sglrg 4oIns [12,13].

Here, we report measurements of the pressure-dependent
thermopower S and electrical resistivity p of CeRhgGey. At
low pressure, the magnitude of S/7 in the low-temperature
limit remains nearly constant, which suggests that any FS
changes there are minor. At ~0.7 GPa, however, S/T changes
sign and increases smoothly through the magnetic QCP at
P, ~ 0.8 GPa before saturating to a larger value at higher
pressures. Field-dependent measurements of S/7T argue for
the increase at high pressures being an intrinsic response to
a change in Fermi surface and not to the loss of an internal
magnetic field accompanying ferromagnetic order.

Single crystals of CeRhgGe4 were grown using the Bi-flux
technique [14]. X-ray diffraction confirmed the P6m2 hexag-
onal structure in which chains of Ce atoms form along the ¢
axis with a Ce-Ce spacing about half that in the perpendicular
direction. Thermopower measurements were performed using
a steady-state technique [15]. One end of the sample was
attached to a heater and the other end was thermally anchored.
A pair of Chromel-Augg 93¢, Feg 974 thermocouples was cali-
brated as a function of magnetic field and temperature [16]
and used to measure the temperature gradient AT. A pair
of spot-welded voltage contacts in line with the thermocou-
ples was used to measure the voltage E,. The same contacts
were used with additional current leads to measure electrical
resistivity o, in a standard four-point configuration. Heat
and electrical current were applied parallel to the ¢ axis. In
thermopower measurements, the average temperature of the
sample was determined by adding an offset to the temperature
measured by a primary thermometer attached to the pressure
cell. This offset was determined by measuring the change in
resistivity of the sample before and after applying heat using
the same thermal profile as during the thermopower measure-
ment. Using this approach, the average sample temperature
was determined to be approximately Ty + 3AT, where Ty
is the base temperature and AT (typically 20-30 mK) was
the temperature gradient measured by the thermocouple. The
thermopower is defined as Sy, = —E, /AT . All measurements
were performed in a piston-clamp pressure cell using Daphne
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FIG. 1. (a) Low-temperature resistivity versus temperature at a
number of different pressures. The data is offset for clarity. The
inset shows the same data without an offset. (b) Pressure-temperature
phase diagram obtained in this study compared with other published
studies. Solid squares are determined from resistivity, whereas open
squares are determined from thermopower. The inset shows 7¢- de-
termined by a change in slope of the electrical resistivity (marked by
an arrow) at 0.72 GPa. (c) Residual resistivity from a fit to p(T) =
AT? + py (closed symbols) or p(T) = A'T + py (open symbols).
Uncertainty in the fitted value of py is smaller than the size of the
data markers.

oil as a hydrostatic pressure medium. A lead manometer was
used to determine the pressure.

Figure 1(a) shows the temperature-dependent electrical
resistivity as a function of pressure. For clarity, an offset
0.1 p€2 cm is added to each curve. In the nonoffset data,
shown in the inset of Fig. 1(a), the residual resistivity extrap-
olates to 0.62 n2 cm at 0.05 GPa giving a residual resistivity
ratio (RRR = p300x/p0) of 48. The residual resistivity ratio
here is similar to the value of 45 reported by Shen et al. [4]
and larger than the value of 30 reported in Kotegawa et al. [6].
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FIG. 2. (a) Thermopower divided by temperature versus temperature for pressures less than P,.. The arrows indicate 7¢. (b) Thermopower
divided by temperature versus temperature for pressures greater than P,. (c) Thermopower divided by temperature at 200 mK versus pressure.

The dashed blue line corresponds to a value of zero.

A kink in p (7,P) indicates the onset of FM order (7¢, marked
with arrows) at low pressures. This anomaly is still clearly
observed at 0.72 GPa [see inset of Fig. 1(b)], which is consis-
tent with prior specific heat results [4]. From these data, we
determine the 7¢-P phase diagram in Fig. 1(b). A linear fit of
the last three points in the diagram extrapolates to a critical
pressure of P. ~ 0.8 GPa that is between values obtained in
prior reports [4,6]. At this pressure, the extrapolated residual
resistivity diverges [Fig. 1(c)] as expected due to a renormal-
ization of the impurity-scattering potential at a ferromagnetic
QCP [17].

We turn to thermopower measurements under pressure.
Figure 2(a) shows S/T for pressures less than P., whereas
data for pressures greater than P, are shown in Fig. 2(b). As
denoted by arrows in Fig. 2(a), /T is sensitive to the onset of
magnetic order, increasing below 7¢. These temperatures are
included as gray open squares in Fig. 1(b). Though clear in
resistivity measurements, there is not an obvious signature for
magnetic order in S/7 above 200 mK at 0.72 GPa, but T¢ at
this pressure is close to the lowest temperature at which S/T
is measured, which could make detecting 7¢ difficult. Nev-
ertheless, a comparison of data in Figs. 2(a) and 2(b) shows
that there is a pronounced increase in the magnitude of S/T
at lowest temperatures as pressure increases above 0.62 GPa.
This is obvious in Fig. 2(c) where we plot S/T at 200 mK as
a function of pressure. Within error bars, S/T is essentially
constant up to 0.62 GPa, above which it begins to increase
and changes sign inside the magnetically ordered phase before
plateauing at higher pressures. The marked increase in S/T
that extends from below to P. is not due to a loss of internal
magnetic field arising from ferromagnetic order, which termi-
nates at P.. Substantiation of this conclusion is demonstrated
in Fig. 3(a) where we see in the paramagnetic state at low
temperatures that S/7T is suppressed by an externally applied
field, contrary to the increase in S/7 when the system orders
[Fig. 2(a)] and produces a net internal magnetic field.

Thermopower is highly sensitive to Fermi-surface
changes [18], and the pronounced pressure variation of S/T
around P, strongly suggests changes in the Fermi surface,

which might support a Kondo-breakdown scenario of the
quantum criticality. In a generalization of this scenario [19],
theory predicts that, independent of the nature of the magnetic
order and at sufficiently low temperature, there should be
a sharp feature in the magnitude of S/T at the QCP below
an energy scale E* =~ 0.1(¢* /kfp)3T0 [20]. Here, g* is the
difference in wave vector between conduction and spinon
Fermi surfaces, k. is the Fermi wave vector of the conduction
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FIG. 3. (a) Thermopower divided by temperature versus temper-
ature at 1.03 GPa for the indicated magnetic fields. Field was applied
parallel to the ¢ axis. (b) Thermopower divided by temperature at
the indicated temperatures versus pressure. The dashed blue line
corresponds to a value of zero.
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electrons, and 7y is the temperature scale at which RIn2
entropy is recovered. Up to 5 K, CeRhsGey only recovers
approximately 0.3 of RIn2, but an extrapolation of the
low-temperature specific heat to higher temperatures suggests
that 7y is on the order of 20 K, estimated by assuming
a spin-1/2 Kondo model [21]. Because the ratio g*/kj.
is at most unity and likely much smaller, E* may be at an
inaccessibly low temperature. The absence of the theoretically
predicted feature in S/7T at temperatures above 200 mK does
not support, but also does not rule out, a Kondo-breakdown
scenario of criticality.

In a simple free-electron model, thermopower probes the
specific heat per electron, which allows the definition of a
dimensionless quantity g that is equal to the number of carriers
per formula unit [18]:

S NA\/E

1= Tl y

ey

where y is the Sommerfeld coefficient, N4y is Avogadro’s
number, and e is the elementary charge. Because both spe-
cific heat and thermopower are dominated by bands with the
heaviest masses at low temperature [22], ¢ is of order unity
in several heavy-fermion Ce compounds [18]. A significant
departure from unity may indicate either a carrier density of
less than one per formula unit, compensation between electron
and hole bands with similar effective mass, or an enhanced y
from zero-point fluctuations.

Using a value of y of approximately 0.4 J mol~! K=2 [4]
and S/T of —0.25 uv K2, g at P =~ 0 is only —0.06, which
is in stark contrast to the expected value of order unity. At
the highest pressure (1.12 GPa) for which heat capacity data
are available [4] for a comparison to S/T, g changes sign and
rises to 4+0.18, still far from unity. Quantum-oscillation exper-
iments indicate the presence of both hole and electron pockets,
in agreement with density-functional theory calculations [7].
This is likely the primary contributor to the reduced value of ¢,
but we cannot rule out less likely possibilities of a low carrier
density or zero-point fluctuations. Considering the existence
of both electron and hole pockets, the positive sign of S/T
at pressures above 0.7 GPa indicates that a contribution from
the hole pocket becomes more pronounced at high pressures.
This, however, is seemingly inconsistent with a report of the
Hall coefficient (Ry) that becomes more negative, i.e., in a
simple picture, either a higher density of electrons or a smaller
density of holes at pressures above P, than at P = 0 [11]. It
is not immediately obvious how to reconcile different con-
clusions from thermopower and Hall measurements, though
thermopower above 0.7 GPa is weighted by massive charge
(hole) carriers and lighter, more mobile electron carriers could
increasingly dominate Ry. Nevertheless, Hall measurements
find that d(—Ryp)/dP increases near 0.6 GPa which, like the
initial increase in S/T [Fig. 2(c)], is within the ordered phase.
In spite of lacking a definitive explanation for the origin of
a reduced value of ¢, changes in the sign and magnitude
of S/T are unambiguous. The important observation is that
these changes occur within the magnetically ordered state at
~0.7 GPa and strongly suggest a Fermi-surface change in that
regime.

The results of Fig. 2(c) suggest two sequential effects: a
change in Fermi surface followed at higher pressures by a

quantum-critical point at P.. One possible interpretation of
these observations is provided by the multipolar Bose-Fermi
Kondo model in which two sequential QCPs are expected, one
in spin degrees of freedom and the other in the orbital channel,
even though both degrees of freedom are coupled by the spin-
orbit interaction [23]. Both are Kondo-breakdown-type QCPs
with an associated increase in Fermi volume from small to
large. This model has been used successfully to account for
sequential QCPs in Ce;PdySi¢ [24]. A condition for the ap-
plicability of this model is that the orbital channel is relevant.

As mentioned in the introduction, inelastic neutron scat-
tering and ARPES find that hybridization is strong and
anisotropic. Significantly, there are no well-defined crystal-
field excitations in the neutron spectrum at energy transfers to
80 meV; instead, there is broad magnetic scattering from less
than 1.5 meV to at least 60 meV. Nevertheless, it is possible to
account for this magnetic scattering by assuming quasielastic
scattering in the CEF ground state with a full width at half
maximum (FWHM) of about 3.3 meV and a much broader
inelastic excitation with FWHM of about 30 meV [10]. With
ground- and first-excited CEF doublets separated by about
5.8 meV, estimated from a CEF analysis of anisotropic mag-
netic susceptibility, these neutron scattering results clearly
imply a mixing of ground- and first-excited CEF wave func-
tions to create an effective fourfold degenerate ground state.
This conclusion is supported both by the strong f-c hybridiza-
tion detected in ARPES [8] and by a Kadowaki-Woods ratio
that corresponds to a ground-state degeneracy of 4 [4,8]. Con-
sequently, orbital degrees of freedom are relevant, and the
multiorbital Bose-Fermi Kondo model might account for two
nearby QCPs that involve a change of Fermi surface implied
by our thermopower results. We would expect, however, to
find evidence for two sequential jumps in Fermi volume in the
pressure range =~ (0.7 GPa to P. and for evidence of orbital
order. These expectations are not obvious in our data, but the
close proximity of two QCPs might create just a broadened
response to pressures where the Fermi surface sequentially
reconstructs. This possibility is questioned by isothermal plots
of S/T versus pressure shown in Fig. 3(b) where we see that
the response does not change noticeably when temperature is
reduced from 400 to 200 mK, a 50% change.

Taking orbital degrees of freedom to be relevant, there
is an alternative interpretation, namely pressure-dependent
orbital-selective hybridization, that is suggested by ARPES
which finds two symmetry-inequivalent 4f bands with dif-
ferent orbital characters at the Fermi energy [8]. One band
has notably weaker spectral weight which implies weaker f-c
hybridization. Spectral weight in this band decreases more
rapidly with increasing temperature than that in the more
strongly hybridized band, and we associate it with the CEF
ground-state doublet that also has some orbital character of
the I'g-excited CEF doublet. Applied pressure increases f-c
hybridization in Ce-based compounds in which the relative
rate of increase in hybridization is larger for states with the
lower characteristic (Kondo) energy scale [25]. From neutron
scattering, this energy scale in CeRhgGey is roughly an order
of magnitude smaller in the CEF ground state (with primarily
I'; character) than in the first excited CEF state (with primarily
I'y character) [10]. We, therefore, expect pressure to pref-
erentially increase hybridization of states with primarily I';
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character relative to those of primarily I'g character. This will
mix even more of the excited CEF into the ground state and,
with the I'g wave function tending to hybridize more readily
with c states, will increase the Fermi volume already enlarged
relative to the limit that the 4 f electrons are completely lo-
calized. Data in Fig. 2(c) show this change in Fermi surface
begins somewhat below 0.7 GPa. We note that the 4 f band
with more spectral weight at Er, which we identify as having
primarily I'g character, develops from 4 f hybridization with
a hole band. It is not surprising then that S/T changes from
negative to positive with increasing pressure.

At pressures below 0.6 GPa, the pressure-induced increase
in orbital-selective hybridization is insufficient to produce
a notable response in thermopower, but a clear indication
for a Fermi-surface change begins in the pressure range
0.6 — 0.7 GPa as 4f degrees of freedom become more de-
localized and further entangled with ¢ states. The continued
increase in f-c mixing with increasing pressure terminates
long-range order at P, where there is quantum criticality of
itinerant ferromagnetism allowed by strong spin-orbit cou-
pling and noncentrosymmetry of CeRhgGe, [3]. A key point
is whether the spin-orbit coupling is sufficient, i.e., whether
the ratio Eso/kgTy is of order one or larger [3], where Ego
is the spin-orbit splitting and 7r is the Fermi temperature
of the renormalized heavy-mass bands. At ambient pressure,
the spin-orbit splitting in CeRhgGey4 is estimated to be of
order 50 meV from a combination of de Haas—van Alphen
oscillations and DFT calculations [7]. Assuming that 7 is
given approximately by the neutron quasielastic linewidth
(3.3 meV) or by the Kondo scale (about 4.5 meV) estimated
from the Sommerfeld coefficient of CeRhsGe4 with an effec-
tively fourfold degenerate ground state [26], then Eso/kpTF is
on the order of 10, and this condition for quantum criticality
of itinerant ferromagnetism is satisfied.

The picture of criticality that comes from thermopower
measurements is that there are two sequential effects: the
first just below 0.7 GPa is driven by orbital-selective hy-
bridization that produces a change in the Fermi surface within

the ferromagnetically ordered state and this is followed by
a quantum-critical point near P, that is allowed by strong
spin-orbit coupling and a noncentrosymmetric crystal struc-
ture. This picture is at odds with the initially proposed
Kondo-breakdown scenario of quantum criticality [4] but is
consistent with experimental observations reported there. Re-
examination of the relationship between quantum-oscillation
measurements and more realistic band calculations that espe-
cially include the consequences of strong hybridization would
be worthwhile. The pressure variation of S/7 does not fol-
low that of C/T which peaks sharply at P. and is expected
at a QCP. This is not surprising given that the value of g
from Eq. (1) deviates strongly from unity below and above
P,. As discussed, there are several possible reasons for this.
In the Boltzmann model, the thermopower is determined by
dIno(e)/de, where o(¢€) is the energy-dependent electrical
conductivity at the Fermi energy. The extreme sensitivity
of S to details of the Fermi surface is a strength of ther-
mopower measurements but also its downfall in being able to
interpret straightforwardly. The simple relationship between
S and C reflected in Eq. (1), though instructive, is valid only
if the system can be considered a free-electron gas, which
is not the case in the vicinity of a QCP. It, therefore, is
reasonable that S/T and C/T do not show the same func-
tional dependence on pressure as the QCP is approached
in CeRheGey.
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