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The easily tuned balance among competing interactions in Kondo-
lattice metals allows access to a zero-temperature, continuous
transition between magnetically ordered and disordered phases, a
quantum-critical point (QCP). Indeed, these highly correlated electron
materials are prototypes for discovering and exploring quantum-
critical states. Theoretical models proposed to account for the strange
thermodynamic and electrical transport properties that emerge
around the QCP of a Kondo lattice assume the presence of an
indefinitely large number of itinerant charge carriers. Here, we
report a systematic transport and thermodynamic investigation of the
Kondo-lattice system CeNi,_sAs, (6 ~0.28) as its antiferromagnetic
order is tuned by pressure and magnetic field to zero-temperature
boundaries. These experiments show that the very small but finite
carrier density of ~0.032 e~/formular unit in CeNi,_sAs, leads to un-
expected transport signatures of quantum criticality and the delayed
development of a fully coherent Kondo-lattice state with decreas-
ing temperature. The small carrier density and associated semime-
tallicity of this Kondo-lattice material favor an unconventional, local-
moment type of quantum criticality and raises the specter of the
Noziéres exhaustion idea that an insufficient number of conduc-
tion-electron spins to separately screen local moments requires col-
lective Kondo screening.

Kondo effect | quantum criticality | heavy Fermion | Noziéres exhaustion |
anomalous Hall effect

uring the past decade or so, particular interest in Kondo-

lattice systems has focused on those in which a moderate
hybridization (Jr) between magnetic f electrons and a sea of
itinerant charge carriers allows their tuning by a nonthermal
control parameter to a quantum-critical point (QCP) where non-
Fermi-liquid (NFL) signatures appear in transport and thermodynamic
properties (1). Although several models of quantum criticality
have been proposed to account for various NFL properties (2, 3),
a common assumption of these models is that the material is
metallic. In these metals, the magnetic order that is tuned toward
zero temperature is either of a local-moment type derived from
Ruderman-Kittel-Kasuya—Yosida (RKKY) interactions when Jy,
is relatively weak or a spin-density-wave (SDW) instability of a
large Fermi surface to which the delocalized 4f state contributes
when J, is stronger. An interesting question is what might be
expected in a system with a very low carrier density and, addi-
tionally, how the low carrier density might influence the signatures
of quantum criticality. A related issue is the nature of the magnetism
that is being tuned in such a system. A low carrier density implies
a dearth of conduction electrons and, consequently, a small
Fermi wave vector. Under these circumstances SDW order is
unlikely (but not impossible in principle); however, because the
RKKY interaction depends on electrons near as well as deeper
inside the Fermi sea (4), RKKY-mediated order is more favorable.
Additionally, the cross-over from a low-temperature Fermi-liquid
(FL) state to high-temperature local-moment state in a Kondo
lattice can be slowed in the low carrier density limit, i.e., so-called
protracted Kondo screening (5-7). New materials with tunable
long-range magnetism and low carrier density are, therefore, of
some interest.
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At room temperature, CeNi,_sAs, (6~ 0.28) crystallizes in the
well-known ThCr,Si,-type structure (I4/mmm, no. 139) but may
undergo a very weak orthorhombic distortion at low temperature
(8). Well below this possible orthorhombic distortion, Ce moments
order antiferromagnetically at Ty =~ 5 K (Fig. S14) (8, 9), with the ¢
axis being the magnetic easy axis. In the presence of an external
magnetic field B || c, the ordered Ce moments undergo a weakly
first-order spin—flop transition from an antiferromagnetic (AFM)
ground state to a polarized paramagnetic state. A magnetic structure
was proposed in ref. 8 but remains to be confirmed; neverthe-
less, the existence of a spin—flop transition below Ty suggests
that the order is of a local-moment type, which is also consistent
with a modest zero-temperature Sommerfeld coefficient of
65 mJ/mol -K? estimated by extrapolating the specific heat di-
vided by temperature from above Ty (8). The magnetic entropy
below Ty of ~0.6RIn2 indicates magnetic order in a crystalline
electric field (CEF) doublet ground state and some f-c hybrid-
ization. Herein, we report the effects of hydrostatic pressure and
applied magnetic field on the transport and thermodynamic
properties of CeNi,_sAs,. At atmospheric pressure, a pronounced
anomalous Hall effect (AHE) scales well to a magnetization
anomaly at the spin—flop, and it provides a useful means to track
the pressure dependence of magnetic order at low temperatures,
whereas the normal Hall coefficient confirms a low carrier
density in CeNi,_sAs,. The AFM order is suppressed gradually
under pressure and vanishes at p. = 2.7 GPa, above which an FL-
like 77 resistivity develops. We discuss the possibility of a pres-
sure-driven QCP in this low carrier density Kondo lattice and
its relation to a field-induced T = 0 boundary at B, = 2.8 T under
atmospheric pressure.

Significance

An unconventional quantum-critical point involves a critical de-
struction of the Kondo entanglement and a reconstruction of
Fermi surface topology. A description of such quantum criticality
requires a broader experimental basis and a theoretical model
that includes critical fermionic degrees of freedom. We provide a
rare example of peculiar quantum-critical behavior in the low
carrier density limit. Most significantly, the similarity between
our CeNi,_sAs, and the well-known quantum-critical Kondo-
lattice system CeCug_,Au, indicates that a condition favorable
for the unconventional quantum criticality is a “small” Fermi
volume which disfavors the conventional Hertz-Millis-type spin-
density-wave criticality. This insight provides new guidance for
where new examples of unconventional quantum criticality
could be found.

Author contributions: Y.L. and J.D.T. designed research; Y.L, F.R., and N.W. performed
research; Y.L, X.L., T.P., and Z.-A.X. contributed new reagents/analytic tools; Y.L., F.R., and
J.D.T. analyzed data; and Y.L., F.R., and J.D.T. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
To whom correspondence should be addressed. Email: mpzslyk@gmail.com.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1509581112/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1509581112


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509581112/-/DCSupplemental/pnas.201509581SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1509581112&domain=pdf
mailto:mpzslyk@gmail.com
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509581112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1509581112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1509581112

L T

/

1\

BN AS PN AN D

| p=137GPa Fig. 1. Temperature dependence of the in-plane

resistivity of CeNi,_sAs, under various pressures.

Results

The temperature-dependent resistivity p,,(7) of CeNi_sAs,
under various pressures is plotted in Fig. 14. At ambient pressure,
the large p, (T) increases slowly with decreasing 7, typical of
semimetallic behavior, and there is a broad hump centered around
110 K. Such a broad hump in resistivity is ascribed to Kondo
scattering on excited CEF levels. Below 50 K, p,.(T) increases
approximately logarithmically with decreasing 7, characteristic of
Kondo scattering in the CEF doublet ground state. p,,.(T") develops
a sharp peak at Ty =5.1 K, indicative of the reduction of spin
scattering due to the formation of long-range order of Ce mo-
ments. As a function of pressure, five prominent tendencies are
apparent. (i) Overall, the magnitude of resistivity increases with
pressure, except for a narrow pressure range around 3 GPa and at
very low temperatures, isobaric curves do not cross. This is not
typical of the pressure response of Ce-based Kondo-lattice metals.
(i) The hump due to CEF splitting tends to be smeared but its
position changes only slightly. (i) The sharp peak at Ty is sup-
pressed by pressure and is hardly observable when p exceeds 1.1 GPa
(Fig. 1B). (iv) With further increasing pressure, an “inflection”
appears below 2 K and p,.(T) turns up (Fig. 1C), signaling a further
decrease in carrier concentration and/or an increase in scattering
rate. Note that the evolution from peak to upturn seems continu-
ous. Hall effect and ac heat capacity measurements, discussed
below, indicate that in this pressure region Ce moments still order
antiferromagnetically at low temperature. (v) For even higher pres-
sure, the upturn in p,,(7) is absent and FL-like behavior with p,, (T') =
po+Ap = py + AT~ is observed below a resistivity maximum at 7,

B(T)

(A) Data over the full temperature range. (B and C)
Enlarged plots of p,, (T) below 8 K.

and typical of coherence in a Kondo lattice (data shown in Fig. 2B,
Inset and Fig. S2). The fitted A coefficient for P = 3.80 GPa is 0.302
4Q - cm/K2. From the Kadowaki-Woods ratio for a Kramers doublet
ground state (10, 11), this 4 coefficient implies a Sommerfeld co-
efficient y = 170 mJ/(mol - K?), a value nearly three times that at
ambient pressure [~ 65 mJ/(mol - K?)] (8). We also point out that
the smaller cell volume, isostructural analog CeNi, Py, is an in-
termediate valence compound (9). Our hydrostatic pressure ex-
periment on CeNi,_sAs, is qualitatively consistent with a
chemical pressure effect induced by P/As doping (12).

Fig. 2 A and B summarizes the effect of pressure on the field-
dependent Hall resistivity p,,(B) at T = 0.3 K. The exchange
interaction among Ce moments serves as an “effective internal
field” that produces an AHE in addition to the normal Hall
effect induced by a Lorentz force. For example, in Fig. 2C we
show p,,(B) at T = 2 K under ambient pressure. The step-like
increase in p,,(B) near B = 2.55 T is reminiscent of the spin—flop
transition (8) observed in isothermal magnetization M. (B) plotted
in Fig. 2C, Inset. Indeed, the p,,(B) curve can be well fit to the
relation (13, 14)

pyx(B) =RyB +RSﬂOMC(B)> [1]

in which Ry is the normal Hall coefficient and the second term
characterizes the AHE contribution. The best fit leads to Ry =
—1.58 x 107 m*/C, and Rs = 2.8 x 10™° m*/C. The critical field
B, for the spin—flop transition can therefore be defined from the
peak in dp,,/dB as depicted in Fig. 2D. Obviously, B. moves to
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Fig. 2. Pressure-dependent Hall effect measure-
ments on CeNi,_sAs;. (A and B) Hall resistivity p, as a
function of magnetic field at 7 = 0.3 K. (C) Fit of
Pyx(B) to Eq. 1. (Inset) Plot of isothermal magneti-
zation at T = 2 K with B|/c. (D) The derivative of
Pyx(B). The peak in dp,,/dB defines the critical field
of a spin—flop transition. (B, Inset) Local exponent n
=d(InAp)/d(InT) (Left) and p,, (Right) as functions of
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T for P = 3.8 GPa; Tr, and T, are defined as the
temperatures where n = 1.8 and 0, respectively.
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Fig. 3. B-p-T phase diagram of CeNi,_sAs,. For clarity, we plot B.(p) in
the T =0 plane instead of the T = 0.3 K plane where measurements were made.

lower fields as p increases and terminates near 2.7 GPa as shown
in Fig. 3. Taking a single band approximation for simplicity (which
is also the upper bound of a multiband interpretation), the large mag-
nitude of Ry corresponds to a low carrier density n,=3.94 x
10%° em™3, i.e., there are only ~ 0.032 conduction electrons per
formula unit, which corroborates the semimetallicity of CeNi,_sAs;.
The reason for such a low carrier density in CeNi,_sAs; is still
unclear, but it is possible that Ni deficiency (8, 9) has shifted the
Fermi level, leaving only a few carriers in the bottom of the re-
normalized conduction band. At pressures close to and well above
2.7 GPa, the transverse Hall resistivity remains nonlinear in field,
reflecting the sum of skew scattering due to strong paramagnetism
of Ce moments and a contribution from the normal Hall effect.

A global B-p-T phase diagram is plotted in Fig. 3. The field
dependence of Ty at ambient pressure (on the B-T plane) is de-
rived from combinations of p,.(7T) at fixed B and p;(B) at fixed T,
whereas Ty(p) is determined from p, (7) and ac heat capacity
measurements discussed below. The B-p boundary is defined from
the pressure dependence of dp,,/dB. At the zero-pressure critical
field, B.(0) = 2.8 T, the T-linear specific heat is a maximum [y, =
657 mJ/(mol - K?), as shown in Fig. 44] and p,(T) increases as
T'33  indicative of a state similar to that found at field-tuned
quantum criticality in metamagnetic systems (15-18). Fig. S3
provides more details. The B.(p) line at 0.3 K is continuous and
terminates in zero field at p. = 2.7 GPa, at which point T, (p)
and Tg (p), defined by data such as plotted in Fig. 2B, Inset,
approach the 7' = 0 (0.3 K) plane. Combined with the recovery of
FL-like behavior and the enhancement of quasi-particle effective
mass, p. defines a zero-field magnetic QCP. The question is,
however, what is the nature of the two quantum criticalities, one
in zero pressure at 2.8 T and the other in zero field at 2.7 GPa?

The presence of a spin—flop transition and the high magnetic
anisotropy (8) at atmospheric pressure suggest that the magnetic
order is of a local-moment type. On the other hand, this spin—flop
transition, driven by a magnetic field, lacks spontaneous time-
reversal symmetry breaking at the critical field: before the system
reaches an intrinsic paramagnetic state, the moments already
have been polarized (Fig. 44). And, moreover, considering the
weakly first-order nature of this field-induced spin—flop transition
even at the low temperature of 0.3 K (Fig. S1C), B, = 28 T is
probably very close to a QCP.

In the absence of magnetic field, the pressure-induced quantum-
phase transition at p. = 2.7 GPa should be a second-order QCP. To
further address this, we show ac heat capacity data (C,./T) in Fig.
4B. 1t is clearly seen that the A-shaped peak corresponding to the
AFM transition is gradually suppressed by pressure, and becomes

13522 | www.pnas.org/cgi/doi/10.1073/pnas.1509581112

undetectable at 2.72 GPa. We also note that C,. /T at this pressure
roughly obeys a —log T law at low temperature, strongly demon-
strating an NFL behavior with divergent Sommerfeld coefficient
that is in contrast with the one induced by field at B, = 2.8 T (Fig.
44 and Fig. S4).

Discussion

The disparity between B- and p-induced quantum criticalities is
reminiscent of CeCug_,Au, in which Au doping induces local-
moment-like antiferromagnetism for x> 0.1 and non-SDW criti-
cality, yet the field-induced critical behavior is characteristic of a 3D
SDW QCP (19). In this regard, it is interesting that the nominally
isoelectronic Au substitution for Cu results in a large reduction in
carrier concentration, with n, = — 0.73/formular unit (fu.) for x =
0 and + 0.061/fu. for x = 0.2, which is accompanied by a nearly
fivefold increase in the low-temperature resistivity (20, 21). This
change is not due to the emergence of AFM (20). An apparent
dichotomy in the nature of the 7 = 0 boundaries as a function of
doping (or pressure) versus that of field in CeCug_,Au, is found as
well in CeNiy_sAS,.

On the B.(p) line connecting B, and p,, there is a slight bump
beginning at 1.37 GPa where a bump also appears on the line of
Tn(p). This pressure also coincides with a change in the resistive sig-
nature for magnetic order (Fig. 1 B and C) where at 1.37 GPa p,.(T)
turns up through an inflection at T, as it does in CeCussAuy, (19).
In the case of CeCusgAug,, an upturn in resistivity at the AFM
transition was attributed to current flow with a component along
the ordering wave vector Q, whereas the resistivity turns down
below T when current flow is perpendicular to Q (21, 22). This
provides a possible explanation for the pressure-induced evolution
of the resistive signature for AFM in CeNi,_sAs,, namely that
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magnetic fields, with B || c. (B) Temperature-dependent ac heat capacity
under pressure; the arrows mark the positions of the AFM transitions.
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a modest pressure induces a change in ordering wave vector for
p > 1.37 GPa. By measuring magnetoresistivity in the configurations
of B || cand B || ab (Fig. S5), we indeed find evidence for a magnetic
order change from the ¢ axis being the easy axis at low pressures to
the ab plane being an easy plane at moderate pressures. Whether Q
also changes simultaneously with pressure needs to be clarified in
the future by microscopic techniques. This signature for AFM order
persists to 2.02 GPa, above which p, (T') evolves smoothly from
above to below T, (Fig. 1C). Fig. S24 provides a closer look of
resistivity upturn in this pressure region. An extrapolation of 7,,,(p)
for p <2.02 GPa to T = 0 intersects the pressure axis at p. (Fig. 3),
providing additional evidence for a pressure-tuned QCP at p..
Nevertheless, above 2.02 GPa, T,,(p) deviates from this extrapo-
lation and forms an extra dome ranging from 2.02 to 3.51 GPa that
we interpret to be a consequence of the low carrier concentration
(see below). In this pressure range 7,,(p) is not a thermodynamic
phase boundary.

Pressure, in general, promotes f-c hybridization in Ce-Kondo
lattices and eventually suppresses AFM order as Kondo com-
pensation of Ce moments begins to dominate. In CeNi,_sAs,,
pressure also appears to reduce the low carrier density even
further, as witnessed by an overall increase in p, (T,p) and the
variation in p,,(B, p), and this counters the tendency for stronger
hybridization by decreasing the Kondo-impurity temperature
scale and, even more dramatically, the Kondo-lattice temperature
scale below which a heavy Fermi liquid develops (23). A result
of this protracted Kondo screening, which is related to the
Noziéres exhaustion idea that insufficient conduction states are
available to screen all of the moments in a Kondo lattice (24), is
the stabilization of RKKY-driven AFM order (23), which could
include a change in ordering wave vector and provide a rea-
sonable interpretation of the origin of a bump in Ty (p) and B, (p)
lines near 1.37 GPa. This concept of protracted screening also
provides an appropriate explanation for the deviation of T,,(p)
from an extrapolation above 2.02 GPa. In this pressure regime,
T,p(p) reflects the temperature below which already strong
scattering in the incoherent Kondo lattice is enhanced by the
proliferation of magnetic fluctuations emerging from the projected
QCP at p, established by specific heat measurements. The evo-
lution of conventional resistive signatures of quantum criticality
is masked by this scattering. At pressures sufficiently above p,
signatures of a coherent Kondo lattice (T,,, and Trz) begin to
appear, signaling that Kondo hybridization finally has overcome
the counter tendency due to a reduced carrier density.

We cannot discount the possible role of Ni deficiencies and
the associated disorder-induced Griffiths-phase singularities, but
clearly Kondo physics in a low carrier system is primarily re-
sponsible for the B-p-T phase diagram of CeNi,_sAs,. We note that
the specific heat anomaly at Ty is quite sharp (Fig. 44), demon-
strating a well-defined second-order phase transition, and that the
deficiencies reside in the Ni-As conduction layer whereas the Ce
sublattice is free of deficiency. Assuming a spherical Fermi surface
topology for simplicity and using the carrier density n. = 3.94 x
10 em™>, residual resistivity p, = 125 4 cm, and Sommerfeld
coefficient y=65 mJ/mol-K> at atmospheric pressure, we es-
timate a Fermi wave vector kr = 0.227 A~!, effective mass m* =
55 my, and mean-free path / = 189 A. Although this mean-free
path is shorter than in very clean heavy-Fermion compounds, it is
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much longer than the average separation between Ni-site vacancies
(2a ~ 8 A), suggesting that potential scattering by Ni defi-
ciencies does not dominate the magnitude of the resistivity. In
CeNi,_sAs,, the RKKY-driven AFM order of Ce moments, par-
tially compensated by protracted Kondo screening, can be tuned
by field or pressure to zero-temperature boundaries. Complica-
tions of competing pressure-enhanced hybridization and reduced
carrier concentration prevent identification of the precise nature
of criticality at p.. Nonetheless, the emergence of a signature for
Kondo coherence from p, and a —log T dependence of C,./T at p.
suggest a condition unfavorable to SDW criticality but consistent
with a local-moment type of criticality (2, 3, 12). A measure of the
Fermi surface evolution around p. would be instructive.

Conclusion

To summarize, we have mapped out the global B-p-T phase diagram
of the low carrier density AFM Kondo semimetal CeNi,_sAs, by
transport and thermodynamic measurements. There are two 7= 0
boundaries on this phase diagram, one induced by magnetic
field and the other by pressure. The field-tuned boundary at
B, = 2.8 T, of weakly first-order nature, is probably very close to
a T = 0 QCP of some type, whereas the pressure-tuned QCP at
pe = 2.7 GPa is accompanied by the development of Kondo
coherence and divergent quasi-particle effective mass, and thus
points to an unconventional QCP. The competition between low
carrier density and pressure-enhanced Kondo hybridization plays
an important role in the evolution of Néel order and signatures
of criticality. CeNi,_sAs, provides an interesting paradigm of
quantum criticality in the limit of low carrier density, evoking the
need for a reexamination of the Nozi¢res exhaustion problem
and its possible consequences for quantum criticality.

Materials and Methods

Millimeter-sized single crystals of ThCr,Si,-type CeNi,_s;As, were synthesized by
a NaAs-flux method as described elsewhere (8). Rietveld analysis of X-ray
spectra obtained on powdered single crystals confirms the 14/mmm structure
and indicates that the Ni site occupancy is 0.856, close to the result of 0.86
obtained from energy-dispersive X-ray microanalysis measurements. Electrical
transport measurements were made on two samples (denoted by S1 and S2) as
functions of pressure and field. S1 was pressurized in an indenter-type cell up to
3.80 GPa in the configuration B || ¢, whereas measurements on S2 were per-
formed in a piston-clamp cell up to 2.65 GPa with B perpendicular to c. Data on
both samples agree quantitatively. Ohmic contacts were made in a Hall-bar
geometry, and in-plane electrical resistivity (p,,) and Hall resistivity (p,,, S1 only)
down to 0.3 K were measured by an LR-700 ac resistance bridge. Heat capacity
of CeNi,_sAs, under pressure (up to 2.72 GPa) was measured by an ac calori-
metric method. For all these measurements, Daphne oil 7474 was used as a
pressure-transmitting medium, and the pressure was determined by measuring
the superconducting transition of Pb.
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