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We propose an explanation for the recently observed non-Fermi-liquid behavior of metallic alloys
CeCuy_,Au,: Nearx = 0.1, the specific heatC is proportional toT In(T,/T), and the resistivity
increases linearly with temperatufeover a wide range of'. These features follow from a model in
which three-dimensional conduction electrons are coupletiviedimensional criticalferromagnetic
fluctuations near the quantum critical poimt = 0.1. This picture is motivated by the neutron
scattering data in the ordered phase={ 0.2) and is consistent with the observed phase diagram.
[S0031-9007(97)03504-7]
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Fermi-liquid (FL) theory has traditionally led to an tibility y « 1 — a+/T and the resistivity =~ po + A'T
accurate description of the low temperature properties ahow a remarkable NFL behavior over a substarifial
metals. Even in the heavy-fermion compounds, whereange [5].
the bare electron parameters are renormalized by up to Up to now [5,7,14] it was assumed that the critical
3 orders of magnitude by the interaction, FL behavior isfluctuations of the QPT are dominated by incommensu-
observed at low temperaturgsvith a specificheaf « 7T,  rate three-dimensional correlations. This would strongly
a magnetic susceptibility = const, and aresistivity =  suggest a description by a quantum-critical theory with
po + AT?. However, in several heavy-fermion systemsd = 3,z = 2 as investigated in [10,11,14]. However,
[1L-7], pronounced deviations from FL behavior have beerthis well-established theory is in contradiction to the ther-
found in a number of physical properties. modynamic properties which are observed in the experi-

Three main theoretical scenarios have been proposedent, as it would suggest/T « 1 — BJ/T and p =
to explain the occurrence of the non-Fermi-liquid (NFL) po + A”T3/? at low temperatures [11,14]. One could,
behavior: In the first one [4,8,9] it is assumed thathowever, argue that in the experiments only a crossover
disorder introduces a distribution of (one-channel) Kondaegion is accessible [14]. In our opinion this is not fully
temperaturesx in the system; this distribution can be convincing, and it appears not to be possible to fit both
directly related to an anomalous low temperature behavioresistivity and specific heat over the obserZedange by
The second model proposes a single-impurity origin of thesuch a theory [7,15].

NFL, e.g., associated with the quadrupolar (two-channel) Below we will focus on a novel feature of the mag-
Kondo effect [1,3]. netic fluctuations observed by elastic neutron scattering

In CeCuy-_,Au,, there is clear experimental evidence
[5-7] for a third mechanism based on the proximity to
a quantum phase transition (QPT) [10—13] near=
0.1. Forx > x. the system orders magnetically with a
Néel temperaturdy « (x — x.)* with 4 = 1 as shown
in Fig. 1. The QPT can be interpreted as the result of 1.0
the competition between the Kondo effect, which tends__
to screen the magnetic moments, and the Rudermart
Kittel-Kasuya-Yosida (RKKY) interaction, which favors a F
magnetically ordered state. The Kondo effect is weakened 0.5
by increasing doping which, as suggested experimentally,
mainly leads to a volume increase with no apparent change
in the number of carriers.

CeCy-.Au, remains metallic for allx with typical
FL properties at low temperatures bothxat= 0 and for
x > x.. However, att = x., Ty vanishes and NFL be-
havior is observed in all accessible quantities down to th :

emperatures [7] (open and closed symbols for single and

lowest temperature§; < Tx =~ 6 K. As an example, we polycrystals, respectively), the solid line denotes the phase

show in Fig. 2 the specific heat with/T o« In(T/T) over  transition, the dashed lines are theoretical crossover lines. The
nearly two decades. Atthe same doping, the static suscepegions are described in the text.

0.0

IG. 1. Phase diagram of CegCyAu,. The points are Néel
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The second feature is a broagdependent signal
ranging from 500 to 700 countg'25 min, which has a
factor of 3—4 higher integrated weight. It is important
to stress that both features are sharp in #fiedirection
with a width of order20 unit cells as can be seen
from scans alonghy, k,0) for different iy (Fig. 3). The
intensity of both structures decreases strongly towards
Tn. However, some of the anisotropic signal remains up
to 1 K, possibly due to quasielastic contributions in the
experimental energy window @15 meV.

In this Letter, we propose that the magnetic fluctuations
associated with the second broad structure in the neutron
scattering cross section dominate the critical fluctuations
at the QPT in the observed range. Starting from this
assumption we will show that the logarithmic increase
of C/T for decreasingdl’, the linear resistivity, and the

- 1 phase diagram can easily be derived. We interpret this
O b 0 e N structure as arising from ferromagnetically ordered planes

C/T (J/mol K?)
N

0.04 0.1 1.0 4  perpendicular to thex direction. A sine modulation
T (K) as drawn in Fig. 3 would suggest that effectively two
of these ferromagnetic planes with distanc& couple

Zlgggﬁthﬂi‘g sg;g"ﬂc heat’/T of CeCu-.Au, (from [7]) on antiferromagnetically in the direction, but different pairs

of planes are incoherent. While it is possible to identify

slightly corrugated planes of Ce atoms in the crystal
experiments near the quantum critical point (QCP), perstructure, we do not see an obvious reason for a strongly
formed at the triple axis spectrometer TAS7 at Risg. Th@symmetric coupling, which could directly explain the
data taken in the ordered phase= 0.2) are displayed in observed two-dimensional structure. For the following,
Fig. 3. A scan alongdh, 0,0) reveals besides the nuclear the details of the magnetic order are irrelevant—e.g.,
reflections two magnetic features. The satellite peaks ane could also fit the broadg dependence in the*
(+0.79,0,0) describe a three-dimensional incommensu-direction with an incommensurate double structure. We
rate magnetic order. The magnitude of the ordered magwill assume only that some critical two-dimensional
netic moment is extremely small and is estimated to be ofluctuations exist.
the order of0.02up. The correlation length determined  To derive an effective action near the phase transition
from the peak width is approximateB0 lattice constants in a Ginzburg-Landau-Wilson approach [10] we have to
a (orthorhombic notation), with Ce atoms per unit cell. account for the damping of the critical fluctuations. To
describe the critical modes, we introduce a scalar field
d,,; the experiments suggest a preferred direction of the
magnetic moments along theaxis [7,16]. q| is a two-
dimensional vector in thec plane. Ordering will occur at
q = 0. The primary damping mechanism is the coupling
to particle-hole pairs. The dynamics of the quasiparticles
is three dimensional; this can be inferred from the
transport properties which vary at most by a factor of 2

1000

1400 |-

1200

counts/25min

Neutron intensity (counts/25min)

1000
in different directions [15]. We assume a coupling of
the critical fluctuations to the heavy quasiparticles (with
800 creation operators;) by the following Hamiltonian:
T z
600 He=1g D (CaxrqOipcpr)®Pqhlq). ()
k.q.c.8
400 '0'5' L 1' L '1'5' Lt é e '2'5' = q = q) + q_ is the transferred momentum split up in
' (h00) ' two components parallel and perpendicular to the planes.

o' are the Pauli matrices angis the coupling constant.
a™ axis (reciprocal lattice direction) 80 mK. The inset shows h(q.) is some smooth function describing the magnetic

that all magnetic features are equally sharp in sheirection. structure perpendicular to t_he planes.
The g resolution af1,0,0) is Ak = 0.04 reciprocal lattice units Integrating out the fermions (cf. [10] for a thorough
(rlu)y and Ak = 0.01 rlu (FWHM). discussion) induces damping of and interaction between

160

FIG. 3. Elastic neutron scattering of Ceghu,, along the
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the critical modesb, . To quadratic order, we obtain the structure of the order parameter, e.g., whether the or-
the following contribution to the effective action in dering is of Ising type or how it is stabilized by three-

imaginary time B = 1/(kgT)]: dimensional coherence. The Ginzburg criterion for our
2 model in Eq. (2) predicts [11] thaly is proportional to
Se =% > [f Ih(qi)lz/\/o(q,iwn)dqd@q,,-a,ﬂlz. the distance from the critical poiffly « x — x.. This re-
B o lation is fulfilled by the experiment over an astonishingly

w, = 27n/B are bosonic Matsubara frequencies. TheIarge range. The other crossover lines are hard to analyze

damping is described by the imaginary part of the IC)‘,irticle_quantitatively with the existing experimental data; there-
hole bubble x°, Im [dg.lh(g)2x%q, @ + i0) = fore we do not attempt to fit them. The qualitative trend is,

however, consistent with the phase diagram. In Fig. 1 we
include the theoretical curves of [11]. Region Il is domi-
nated by the fluctuations of the finite-temperature phase

Yo + O(a)qﬁ). Near the QCP, after a proper rescaling,
the effective action takes the following form:

§=58+ Sint transition; in region Il true quantum-critical behavior with
{ (2) v =In(Ty/T) and, as we shall seg, = py + A'T can

S, =— Z/ q);”,iw, (6 + qﬁ + |wn|)q)q||,iwnd2QI|- be observed. In this quantum-critical regime—in [11] it
B ' is called “classical Gaussian regime”—the temperature is

S.. describes the interaction between the Criti-the most important energy scale. The correlation leggth

cal modes; the leading term is given b, ~ depends on temperature &s* o« T with logarithmic cor-
U f{fdr fdzll‘lq)(l‘,T)|4 [10]. The distance fromn; the rections. In region IV, a pure crossover regime .which is
QCP is measured by. At a critical values,., determined probably hard to observé, is determined by the distance

" =23 = : )
by the strength of interaction, the system is at the QCPfron.1 the critical pointf™* e x, — x, while energy fluc

. : . tuations and therefore the specific heat are governed by
i.e., 8 — 6, «x x. — x. The effective action corresponds

o 5 quanum-crical heary i = 2 wih @ dynamic 1S ISTOSTELEE Wiy SInT ). T g € P
exponentz = 2. This dynamic exponent describes the P P

_ _ . . . 72 _
fact that if one scales momenta lky— Ak one has to In(x. — x) and afinite correlation lengi™= = x. — x

scale frequencies (or the temperature)dyy— A*w as in region IV.
This theory has been widely investigated by many The whole scenario is in qualitative agreement with the

authors (e.g., [10—12,17]), mainly in the context of theexperiments [5=7]. In particular, the logarithmic increase

antiferromagnetic spin-fluctuation picture of high-com- of t'he. §peC|f|p-heat cqefﬁc:lent In region i, tlﬂellnear
pounds. We will primarily employ the results of Millis resistivity V.Vh'Ch we will ca.lculate in the followmg, and
[11], who did a careful renormalization-group study of the linear increase ofy with x are confirmed by the

X . . . ; experiments.
Eq. (2). The effective dimension of this theoryfat= 0 is . L
d + z = 4 the scaling dimension of the interactisp, is For the calculation of the resistivity we closely follow

4 — (d + ) = 0, therefore it is marginal. Nevertheless, Hlubina and Rice [18], who have calculated the resistivity

the leading behavior of the specific heat in the disordere8]c electrons in two dimensions coupled to quantum-

phase can be directy caleulated flom the Gaussian paip el B STCRTrE PO LR R0l i D
$2. Of the action of Eq. (2). The free energy per VOlumementi{)ned above gur s?artin oint is Eq. (1) and the
corresponding te, is ' gp g.

corresponding collision term in a Boltzmann equation:

F = ]Ak = wa d_ECOIhi arctan———— 9k 2¢ - 0 0
o Qw2 )y T 2T 5 + qﬁ Py coll: TZ]mdwn(w)fk/(l — i) (exr — @k)
T w? K
0 "TTE 6o @ X den = ew = @) IMpg (@), (@)

Here we have already linearized the collision term; the

Note that§. = 0 in this approximation;w. is a typi- ; . C o
cal cutoff energy of the order of the Kondo temperatureocculoatIOn of a state with momentknis given byfy =

0 0 0 _ 0 : :
in the system. Consequently, the coefficient of the spefk + ‘D'ﬁ(afk/.ae)' wherefi = f (ex) is the usuaI.Ferm|
cific heaty = C/T = —d2F/dT? diverges logarithmi- function; n(e) is the Bose function. We have omitted the

cally with decreasing temperature at the QCP, as observéaCtor |h.(‘“)|2' the qualitgtive behavior Of. the resistivity
in the experiment. Fob > &, i.e.,x < x., y stays fi- > not influenced by this smooth functiony,(w) =
nite. Note that the logarithmic terms do not arise from<q)qﬂw(.1)‘1""> is the order—pgrameter susceptibility. In the
some marginal operators. They are due to a pure phaégllowmg we use for the dlsordgred phase
space effect, which typically happensdatr z = 2z [11]. Xq (@) = — Y, (5)

By a solution [11] of the scaling equations for the model "+l + qj ~ iw
of Eq. (2) a phase diagram emerges as displayed in Fig. With temperature-independent constamsc, and T*.
Region |, the low temperature phase for> x., is the  This phenomenological form corresponds to the behav-

ordered phase. The behavior ne&y will depend on ior of the correlation length described above,” = T in
161
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the quantum-critical region up to logarithmic corrections. The NFL character is also manifest in an anomalous
T « § — 8. measures the distance from the QCP. Equaself-energy of the electrons. Calculation of the lifetime in
tion (5) is valid in regions IlI-V; we are primarily in- Born approximation al' = 0 using Egs. (1) and (5) gives
terested in the quantum-critical regime Il witfi’ < T. 1/7k o ex In1/ey for directions parallel to the planes and
Following [18], the resistivity can be determined within 1/7 « € in the a direction. Averaging over the Fermi
Boltzmann theory from the minimization of a functional surface results ifl/7y ) « € In1/€y, in sharp contrast to

of ¢k the usuall /7 = ep in a Fermi liquid.
) — ou)2 In [5,7] the static susceptibility far = x. was fitted by
pr _ min|: 2 ki Wik (AQDk f“) 2] (6) x =1 — a+/T from the lowest measuring temperature of
po o [ D evi - A(=0fi/ae)} 80 mK up to3 K. However, the data can also be reason-
whereii is the direction of the applied electric fieldy, ~ ably well described by =~ ay + 1/(a; + a,T) for tem-
the velocity of the electrong, = 7i/e¢?, and peratures up td.4 K. One would expect a susceptibility
28 0 of the latter form for two antiferromagnetically coupled
Wik = Tfk(l — fi)nlew — €x) IMxi -k, (éw — €). planes with an order-parameter susceptibility as given by

Note that a second contribution due to impurity scatterin
has to be added, which is not given here. For simplicit

iq. (5). Further theoretical and experimental studies are
we assume a spherical Fermi surface. The radial pa’_%yi

eeded to clarify this point. It will also be important to
vestigate further the interplay of the two- and three-
mensional order which could finally lead to a change in
he observed properties at some lower temperature. We
think that the explanation of the phase diagram, of the lin-
ear increase of the resistivity with temperature, and of the
anomalous specific heat in CefCyAu, by a quantum-
772/3x(x, +27/3) [18] we can perform the energy phase transitirz)n withl = 2,z =2 is aIreaydy r?romising.
!ntegrgtlon. AS. long as _the re_S|st|V|ty is dominated byTo our knowledge, this would establish the first clear ex-
impurity scattering—this is true in the whole range where, i anta) realization of such a theoretical scenario.

a linear temperature dependence has been observed—Werpe 5,thors wish to thank A. Ruckenstein, P. Wolfle,

can assume [18pk = vi - fi and arrive at and T. Pietrus for many stimulating discussions. This
Ap o Tzf T g(a) work was supported by the DFG and LIP.
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