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The heavy-fermion compound CeCu6−xAux has become a model system for unconventional magnetic
quantum criticality. For small Au concentrations 0 ≤ x < 0.16, the compound undergoes a structural
transition from orthorhombic to monoclinic crystal symmetry at a temperature Ts with Ts → 0 for x ≈ 0.15.
Antiferromagnetic order sets in close to x ≈ 0.1. To shed light on the interplay between quantum-critical
magnetic and structural fluctuations we performed neutron-scattering and thermodynamic measurements
on samples with 0 ≤ x ≤ 0.3. The resulting phase diagram shows that the antiferromagnetic and
monoclinic phase coexist in a tiny Au concentration range between x ≈ 0.1 and 0.15. The application
of hydrostatic and chemical pressure allows us to clearly separate the transitions from each other and to
explore a possible effect of the structural transition on the magnetic quantum-critical behavior. Our
measurements demonstrate that at low temperatures the unconventional quantum criticality exclusively
arises from magnetic fluctuations and is not affected by the monoclinic distortion.
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Competing interactions often lead to magnetic quantum-
critical points (QCPs), where quantum fluctuations govern
how a system develops long-range magnetic order. In
metals, these fluctuations have a crucial impact on the
electronic properties and usually lead to strong deviations
from Fermi-liquid behavior. Heavy-fermion (HF) com-
pounds, i.e., intermetallic compounds containing a sub-
lattice of 4f or 5f elements, have become model systems to
study QCPs because small pressures suffice to shift the
delicate balance between the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction promoting long-range mag-
netic order and the Kondo effect suppressing ordering
by locally screening the magnetic moments [1]. Many
antiferromagnetic quantum-critical HF systems can be
described within the Hertz-Millis-Moriya theory of
QCPs, but there is a growing number of compounds that
fall outside this classification [2], notably the HF com-
pounds CeCu6−xAux [3] and YbRh2Si2 [4]. In the model of
local quantum criticality of HF systems, it was suggested
that this unconventional behavior arises from the coinci-
dence of different zero-temperature transitions: the onset of
long-range antiferromagnetic order and the breakdown of
the Kondo screening [5]. More detailed studies revealed
that in CeCu6−xAux the unconventional magnetic QCP is
close to a structural transition from an orthorhombic
(Pnma) to a monoclinic crystal symmetry (P21=c)
[6,7]. Recently, continuous structural transitions at zero
temperature started to attract interest as they can induce

quantum-critical lattice fluctuations [8]. Indeed, experimen-
tal studies of the nonmagnetic analog LaCu6−xAux sug-
gested the possibility of an elastic quantum-critical point of a
monoclinic-orthorhombic transition without any magnetic
transition [9]. Moreover, the structural and magnetic
transitions in the rare-earth homologs CeCu6−xAgx and
CeCu6−xPdx have been studied in detail [10]. While the
magnetic QCP in CeCu6−xAgx occurs in the orthorhombic
phase and is well separated from the structural phase
transition, in CeCu6−xPdx, the magnetic QCP occurs well
within the monoclinic phase. Thus, CeCu6−xAux provides
the unique setting to study the interplay between magnetic
and elastic quantum-critical fluctuations.
In CeCu6 the strong Kondo effect inhibits long-range

antiferromagnetic order which, however, can be induced by
applying negative chemical pressure. This is accomplished
by replacing Cu by larger transition-metal ions, e.g., M ¼
Au [11], Ag [12], Pd, or Pt [13]. Here, we determine the
critical Au concentrations of the magnetic and elastic zero-
temperature transitions by tracking the antiferromagnetic
and monoclinic phase boundaries down to T ≈ 30 mK
as a function of both chemical and hydrostatic pressure.
Employing neutron-diffraction, thermal-expansion, spe-
cific-heat, and magnetization measurements allows us to
compare the critical behavior of samples with varying
distance to the possible elastic QCP and thereby to extract
the impact of the elastic fluctuations on the magnetic
behavior and vice versa.
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Single crystals of CeCu6−xAux with varying Au concen-
trations were grown by the Czochralski method under high-
purity argon atmosphere. The gold content and occupancy
of the Cu(2) site were determined by atomic absorption
spectroscopy and single-crystal four-circle x-ray diffraction
analysis, respectively. We studied the structural phase tran-
sition of CeCu6−xAux samples with x ¼ 0.0, 0.101(1),
0.134(4), 0.150(1), and 0.155(3) by single-crystal elastic
neutron scattering on the thermal triple-axis spectrometer 1T
instrument at the Laboratoire Léon Brillouin, CEA Saclay,
France. Measurements were performed using pyrolythic
graphite as bothmonochromator and analyzerwith an energy
of ki ¼ kf ¼ 14.7 meV. The samples were mounted in a
closed-cycle refrigerator with 2 K ≤ T ≤ 300 K. The ther-
mal expansion was measured with a homemade capacitance
dilatometer and the heat capacity by using the semiadiabatic
heat-pulse technique.Themagnetizationmeasurementswere
performed in a commercial SQUIDmagnetometer (Quantum
Design, San Diego, CA).
At room temperature, CeCu6−xMx crystallizes in the

orthorhombic CeCu6-type structure. In this structure, five
of the six Cu sites of the primitive unit cell are nonequivalent
and, consequently, surrounded by different coordination
polyhedra. The Cu(2) site has the largest volume and is
occupied initially when Cu is being replaced by larger metal
ions M [14]. A small monoclinic distortion reduces the
excess volume of the Cu(2) site ΔVCuð2Þ although the unit-
cell volume of the monoclinic phase is larger than that of the
orthorhombic phase. To distinguish between monoclinic
and orthorhombic notations, which differ by a permutation
of the axes, we use in the following the subscriptsm for the
monoclinic notation [see inset of Fig. 1(a)]. The correspond-
ing structural phase transition, which can be viewed as a
small shear strain of the orthorhombic ab planes, emerges
from a softening of transverse acoustic phonons. Neutron-
scattering experiments [15], thermal-expansion [6], ultra-
sound-velocity [16,17], and resistivity measurements [18]
unambiguously reveal a continuous, second-order transi-
tion. Measurements under pressure indicate that this tran-
sition is extremely sensitive to volume changes and can
easily be suppressed by reducingΔVCuð2Þ, either by external
hydrostatic pressure [6,19], by replacing Ce by smaller rare-
earth ions R [20–22], or by substituting larger metal ions for
Cu(2) [6]. The CeCu6 structure is homogeneously main-
tained in CeCu6−xAux for x ≤ 1 [23].
Below the structural transition temperature Ts the

monoclinic distortion leads to a twinning with f100gm
as common twin plane. The order parameter Q is given by
the monoclinic strain amcm cos β. Using elastic neutron
scattering, we determined the temperature dependence ofQ
by measuring the lattice parameters and the splitting angle
of the Bragg peak ð200Þm, which is twice the deviation
angle from 90°. In Fig. 1(a),Q2 is plotted as a function of T.
In accordance with the expected mean-field behavior
Q ∝ ðTs − TÞ1=2, Q2 shows a roughly linear T dependence

over a wide temperature range as previously observed for
CeCu6 [22]. Linear extrapolations of Q2ðTÞ to Q2 ¼ 0 are
used to determine Ts. A detailed calculation of the prefactor
ofQwould entail a microscopic theory which is beyond the
scope of our Letter. With increasing x, Ts shifts to lower T.
For x ≥ 0.150 no long-range monoclinic distortion could
be detected.
Towards low temperatures in the monoclinic phase, the

measurements of Q2 exhibit a maximum and an unusual
downturn. A similar, albeit stronger, behavior has been
reported for SmCu6 where it was attributed to a negative
valence change of the Sm ion [22]. The maximum ofQ2ðTÞ
in CeCu6−xAux occurring around 10 K may be attributed to
the Kondo effect which entails virtual transitions of the 4f
electron to the Fermi level, thus minimally decreasing the
effective 4f occupancy of Ce and thereby leading to an
effective reduction of the Ce-ion size. In line with this
argument, the temperature of theQ2 maximum corresponds

FIG. 1. (a) Monoclinic order parameter Q of CeCu6−xAux for
several x, 0 ≤ x ≤ 0.15 as a function of temperature T. The inset
shows the crystal structure. (b) Precursor of the monoclinic
transition observed in Q. (c) Volume change ΔVm=V due to the
monoclinic distortion.
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to the (single-ion) Kondo temperature of TK ≈ 6 K [24]. By
employing measurements of the thermal expansion and the
monoclinic distortion angle β we estimate the volume
change generated by the monoclinic distortion ΔVm ≈
VðxÞ − Vðx ¼ 0.15Þ with the volume above Ts subtracted
[see Fig. 1(c)]. The temperature dependence of ΔVm

closely resembles that of Q2 with an even more significant
reduction below TK.
Above Ts, the structural transitions are accompanied by

precursors extending to ≈ 2Ts [see Fig. 1(b)]. As the
precursors appear in both Au-alloyed and stoichiometric
CeCu6, they are unlikely to arise from sample inhomoge-
neities but rather point to critical fluctuations of the order
parameter, as expected for continuous phase transitions.
The crossover from a finite Q for T < Ts to fluctuations
occurs at the same Qexp, independent of x [horizontal
dashed line in Fig. 1(b)]. Below Qexp, the monoclinic
splitting of the ð200Þm peak can no longer be resolved as
two separate peaks because of the finite experimental
energy resolution. Here, Q2 is inferred from the observed
broadening beyond the experimental resolution due to
fluctuations within the time window of our neutron-scatter-
ing measurements (≈ 10−12 sec). The independence of
Qexp on x underlines that this broadening of the ð200Þm
peak does not arise from sample inhomogeneities. The
observation that the data of Q2 for x ¼ 0.150 fall short of
Qexp by a factor of 10 at the lowest temperature suggests
that x ¼ 0.150 is a little larger than the critical concen-
tration for Ts ¼ 0.
We now turn to the magnetic phase transition. As a

consequence of its second-order nature, the transition
anomaly observed in the specific heat C disappears when
TN approaches zero [25]. At a pressure-induced QCP, on
the other hand, the anomalies of the linear thermal-
expansion coefficients αi along the i ¼ a, b, c axes remain
very large. This results from the Ehrenfest relation between
the changes of αi and C at TN and the uniaxial pressure
dependence of TN : Δαi ¼ ΔCðVTNÞ−1ð∂TN=∂σiÞ. The
normalized ratio T−1

N ∂TN=∂σi is synonymous with the
Grüneisen ratio Γi of the antiferromagnetic phase with
the ordering temperature as characteristic energy scale E�.
As a hallmark of QCPs, the Grüneisen ratio diverges by
approaching the QCP because E� → 0 [26]. This leads to
an anomaly of αi enhanced by Γi compared to that of C. To
resolve the magnetic transition at very low temperatures we
therefore recorded αi as a function of T along the principal
orthorhombic crystallographic axes i ¼ a, b, c, neglecting
the small monoclinic distortion. The specific-heat and
thermal-expansion results are displayed as C=T and
αc=T in Fig. 2(a) and 2(b), respectively. For x ≥ 0.134
the transitions are clearly visible in αi and exhibit the
expected increase of TN towards higher gold concentrations
x. αcðTÞ of the x ¼ 0.134 single crystal reveals at very low
temperatures a downturn, indicative of a phase-transition
onset. The base temperature of our experiment of

≈ 30 mK, however, prevents us from observing a full
transition. The positive deviation from the C=T ∼ lnT
dependence for x ¼ 0.134 below ≈ 100 mK supports
the existence of a finite-T magnetic transition (cf. C=T
vs T for x ¼ 0.150).
We show in Fig. 3(a) the results of TNðxÞ and TsðxÞ

together with literature data [6,17,27,28]. TN was taken as
the temperature of the midpoint of the transition in αcðTÞ
shown in Fig. 2(b). For x≲ 0.3, TN roughly follows the
linear x dependence observed for higher x. In particular, the
data do not exhibit a sublinear decrease towards TN → 0
expected for the crossover to a three-dimensional antifer-
romagnetic quantum criticality [29]. The data, therefore,
confirm the two-dimensional character of the fluctuations
in the investigated T range.
We note a tiny overlap between the two different types of

order. This is experimentally substantiated for the sample
x ¼ 0.134 which shows a clear onset of a magnetic
transition at ≈ 0.04 K [see Fig. 2(b)] and a clear signature
of the structural transition at Ts ¼ 27.5 K. This is a very
strong hint that the two transitions are separate and do not
meet at a quantum (multicritical) point at T ¼ 0 as
suggested by Robinson et al. [7]. Looking at the ensemble
of samples, TN vanishes at 0.1 ≤ x < 0.134, and Ts

FIG. 2. (a) The specific-heat coefficient C=T and (b) the linear
thermal-expansion coefficient αc divided by temperature T as a
function of T. The data of the x ¼ 0.150 sample were measured
along the a axis and for comparison multiplied by a constant
factor of −3.5.
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vanishes for x > 0.150. The fact that the magnetic and
monoclinic phases in CeCu6−xAux coexist in a tiny con-
centration overlap is independent of the exact x

dependencies of TNðxÞ and TsðxÞ. This behavior is to be
contrasted with that of two extreme cases: CeCu6−xAgx
where the monoclinic distortion ends for Ag concentrations
well below the onset of magnetic order, and CeCu6−xPdx
where Ts does not depend at all on the Pd content [10].
The proximity of the magnetic and elastic QCP in

CeCu6−xAux is accidental. This is underpinned by a
comparison of the reported pressure dependences of the
magnetic and monoclinic transitions at various Au con-
centrations shown in Fig. 3(b): the hydrostatic pressure
dependences of Ts and TN are both negative [6,19,30,31],
thus separating the two QCPs with increasing pressure. On
the other hand, the character of the magnetic quantum
phase transition is preserved. Figure 3(c) shows the specific
heat C=T on a logarithmic T scale for x ¼ 0.1 at p ¼ 0
[11], x ¼ 0.2 at p ¼ 4.1 kbar [30], and x ¼ 0.3 for p ¼
8.2 kbar [31]. Not only is the scaling behavior C=T ∝
lnðT0=TÞ identical, but also the characteristic temperature
T0 governing the slope of the logarithmic divergence is
preserved. T0 is analogous to the amplitude of the diver-
gence for T > Tc and T < Tc in classical second-order
phase transitions at finite Tc. Moreover, even the absolute
values of the anomaly of the specific heat and hence the
entropy at any temperature are identical, indicating that
along the boundary of magnetic vs nonmagnetic ground
states always the same number of degrees of freedom is
released. Thus an accidental degeneracy of Ts and TN at a
concentration at x ¼ 0.14 is not expected to induce a
change in the unusual magnetic quantum-critical behavior.
The insensitivity of the magnetic QCP to the monoclinic

distortion might arise from the fact that the critical elastic
and magnetic fluctuations evolve in two different crystallo-
graphic planes. The structural (monoclinic) fluctuations
arise in the plane of the monoclinic distortion, i.e., the ab
plane. This plane is orthogonal to the plane of two-
dimensional magnetic quantum-critical fluctuations deter-
mined by inelastic neutron scattering [32,33]. On more
general grounds, the coupling of elastic degrees of freedom
and order parameters that couple bilinearly to strain
fluctuations was analyzed theoretically [34,35] with the
result that long-range strain fields cause such mean-field-
like transitions. This is clearly not what is seen in the case
of the magnetic transition, demonstrating that the uncon-
ventional quantum criticality couples only weakly to strain
fluctuations. This is further corroborated by our magneti-
zation measurements (not shown) that do not reveal any
change in the magnetization across the structural transition,
confirming that the relevant magnetic fluctuations do not
couple to the structural transition.
We have shown that the combination of chemical

substitution and hydrostatic pressure allows us to separate
the magnetic from the structural transition in CeCu6−xAux.
The comparison between crystals with different x that are
driven by hydrostatic pressure to the magnetic QCP and
have different distances to the structural instability,

FIG. 3. (a) (x, T)-phase diagram of CeCuAu6−xAux. The inset
shows the decrease of the order parameterQwith x. (b) The phase
diagram extended by the hydrostatic pressure p as additional
control parameter. The Tsðx ¼ 0Þ value under pressure is
estimated by using the p dependence of Ts from Ref. [19].
(c) The specific heat coefficient C=T of crystals that have been
tuned to the magnetic quantum-critical phase boundary by
varying x and p. The identical scaling behavior has been reported
for CeCu5.95Pd0.05 [13] and CeCu5.8Ag0.2 [12].
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demonstrates convincingly that the sensitive balance of
Kondo effect and RKKY interaction is hardly affected by
the monoclinic distortion and that the structural fluctuations
do not relate to the unconventional quantum-critical behav-
ior. In view of the strong electron-lattice coupling of heavy-
fermion systems in general [36], this finding at first sight
might seem surprising but finds its explanation in the
orthogonality of the underlying fluctuations. On more
general grounds, our results illustrate the importance of
anisotropies in quantum-critical systems reaching far
beyond the particular case of CeCu6−xAux which should
be taken into consideration in further work. As an impor-
tant side effect, we establish the mean-field nature of the
monoclinic transition and were able to determine the
critical fluctuations well above the structural transition.
Furthermore, the varying degree of chemical site disorder
introduced by replacing Cu by Au with different x has no
measurable effect as demonstrated by the universal behav-
ior of the magnetic quantum criticality.
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