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We use inelastic neutron scattering to measure the magnetic fluctuations in a single crysta
the heavy fermion alloy CeCu5.9Au0.1 close to the antiferromagnetic quantum critical point. The
energy (E), wave vector (Q), and temperature (T ) dependent spectra obeyEyT scaling at Q
near (1,0,0). The neutron data and earlier bulk susceptibility are consistent with the formx21 ,
fsQd 1 s2iE 1 aTda , with an anomalous exponenta ø 0.8 fi 1. We confirm the earlier observation
of quasilow dimensionality and show how both the magnetic fluctuations and the thermodynamics
be understood in terms of a quantum Lifshitz point. [S0031-9007(98)06406-0]

PACS numbers: 71.27.+a, 75.20.Hr, 75.40.Gb
-

n

-

Quantum phase transitions are zero temperature tra
sitions driven by a parameter such as pressure, magne
field, or composition which regulates the amplitude o
quantum fluctuations. An important realization of the las
few years has been that many of the most interesti
phenomena in condensed matter physics seem to oc
near such transitions. Notable examples include hig
temperature superconductivity [1,2] and heavy fermio
behavior [3,4]. For high-temperature (cuprate) superco
ductivity, the quantum critical hypothesis leads very natu
rally to one of the key attributes of the normal state
namely, that the energy scale governing spin and char
fluctuations is the temperatureT itself, a property labeled
EyT scaling [1].

Heavy fermion behavior is generally understood as
consequence of a competition between intersite spin co
plings and the single-site Kondo effect [5]. Antiferromag
netic order develops in a heavy fermion metal at a quantu
critical point where the intersite spin couplings overcom
the disordering Kondo effect of local spin-exchange pro
cesses. While the notion of such competing interactions
old, the nature of the quantum phase transition is a subje
of great current interest. CeCu6, a heavy fermion metal
with one of the largest known linear specific heats [6
provides an ideal opportunity to explore this physics i
quantitative detail. Here, the quantum critical point (QCP
occurs as Au is substituted for the Cu atoms; when mo
than 0.1 Cu sites per Ce are replaced, the heavy ferm
paramagnet gives way to an ordered antiferromagnet [
Figure 1 illustrates the associated phase diagram and
dering vectors. In spite of the large and rapidly growin
literature on this particular QCP [3,7], theEyT scaling
which has been so thoroughly tested for the single cry
tal cuprates [1] and for polycrystalline UCu52xPdx [8] has
not yet been observed for single crystal heavy fermio
systems in general and CeCu62xAux in particular. Our
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purpose here is to report the discovery, obtained from mag
netic neutron scattering, ofEyT scaling near the QCP
in CeCu5.9Au0.1. Beyond establishing the universality of
EyT scaling among QCPs hosted by vastly different al-
loys, our data yield a non-mean-field value for a key criti-
cal exponent characterizing the quantum phase transitio
in CeCu5.9Au0.1.

We used the Czochralski technique to grow a single
crystal of CeCu5.9Au0.1 with volume ,4 cm3 and a mo-
saic of 2.5±. To establish the homogeneity and com-
position of the sample, we used high-resolution neutron
diffraction in the orthorhombic [001] zone employed for
our inelastic neutron scattering measurements. The re
sult was that throughout the whole sample, the room tem-
perature (Pnma) lattice constants werea  8.118s2d Å
and b  5.100s1d Å corresponding to the Au concentra-
tion of x  0.10 6 0.03 [9]. Furthermore, the transition
into the low-temperature monoclinic phase occurred at a
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FIG. 1. Location (orthorhombic notation) of the magnetic
Bragg peaks or spin fluctuation maxima for CeCu62xAux at
different Au-concentrationx (from Refs. [10–13]). Dotted
lines are the trajectories in theshk0d plane of the constant-
E scans presented in Fig. 2. Inset shows magnetic ordering
temperatureTN (from Ref. [3]) vs x. The arrow marks the
thermal trajectory investigated forx  0.1 in this paper.
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FIG. 2. Constant-E scans through the magnetic scatterin
from CeCu5.9Au0.1 at E0  0.167 meV near Q  s0.8, 0, 0d
(a),(b) andQ  s0, 1 6 0.15, 0d (c),(d). Solid lines in (a) and
(b) correspond to Eq. (3), corrected for experimental resolut
and with the same parameters as shown in Fig. 3 andfsQd
expanded in even powers inQ. The lines in (c) and (d) are
simply guides to the eye. TheT independent peak at (010) in
(c) is of nuclear origin.

location-independentTS  70 6 2 K, again confirming
the homogeneity of the sample. BetweenTS and 5 K, the
angleg grows from 90± to 90.7±, while thea-axis direc-
tion remains unchanged. Thus, the monoclinic distort
is sufficiently small that we follow past custom and u
orthorhombic notation to label points in reciprocal spac

After installing the sample in the Bell LaboratoriesyRisø
dilution refrigerator, we collected inelastic neutron scatt
ing data using TAS7 at the Risø DR3 reactor equipped w
a PG(002) monochromator and analyzer and a BeO fil
The final neutron energy was fixed atEf  3.7 meV. The
energy resolution, defined as the full width at half ma
mum (FWHM) of the elastic incoherent scattering from t
sample, was 0.134 meV.

When we began our experiments, we knew that the m
intense magnetic fluctuations in the paramagnetic pa
CeCu6 were located close to the inequivalent reciproc
lattice points (010) and (100) [10]. At the same tim
the incommensurate vectors (1 6 d, 0, 0) fully describe
the magnetic order in CeCu62xAux with x $ 0.5 [11,12]
and do so partially forx  0.2 [13]. Thus, to discover
the dominant fluctuations near the QCP atx  0.1,
we investigated fluctuations with wave vectors of bo
types. Figure 2 shows the corresponding constant-ene
scans atE0  0.167 meV, collected along the trajectorie
indicated in Fig. 1. Frames (c) and (d) demonstrate t
incommensurate peaks survive at (0, 1 6 0.15, 0), and
that their intensity grows upon cooling. The widths of th
(0, 1 6 0.15, 0) peaks in the (1,0,0) and (0,1,0) direction
are similar and not resolution limited, corresponding
magnetic correlations with a range of order 8 Å (at th
E0). Even though they are still present and growing w
decreasingT , the (0, 1 6 0.15, 0) peaks are 5 times weake
5624
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FIG. 3. Constant-Q scans at Q  s0.8, 0, 0d and Q 
s1.8, 0, 0d and (0.6, 0.3, 0) at different temperaturesT vs energy
transferE (a) and at differentE vs T (b). Lines correspond
to Eq. (3) with c  83 countsy8 min ? meV0.74, where a and
a are given by the analysis of the scaled data (see Fig
and text) and include resolution corrections. The optimal (T -
and E-independent) values forfsQd are 0.036s4d meV0.74 and
0.38s2d meV0.74 for Q  s0.8, 0, 0d and the otherQ values,
respectively. Note thatfs0.8, 0, 0d is finite, indicating that
our sample is slightly subcritical. But it is sufficiently sma
that when the data are examined outside the regime where
resolution matters, the deviations from criticality are negligib

than the scattering, shown in frames (a) and (b), n
(100). Here, there is a weak modulation along (1,0,0) w
hints of maxima at (1 6 d, 0, 0) for d ø 0.2, and a much
sharper modulation along (0,1,0). Both the peak intens
and width along (0,1,0) are clearlyT and E dependent,
corresponding to growing antiferromagnetic correlatio
with decreasingT and E. Furthermore,T and E ap-
pear interchangeable in the sense that the profiles forE 
0.3 meV . kBT  0.006 meV and E  0.167 meV ,

kBT  0.345 meV are indistinguishable. That the large
of E andkBT controls the widthksE, Td is expected for
quantum critical points and has been previously obser
in the context of high-temperature superconductors [2].

We next characterize the spectrum of the most inte
fluctuations, namely, those atQ  s1 6 0.2, 0, 0d. Fig-
ure 3 shows such constant-Q spectra for severalT . For
comparison, it also shows data atQ  s1.8, 0, 0d and (0.6,
0.3, 0), for which no specialQ- or T -dependent enhance
ment is found. TheQ- andT-independent elastic scatter
ing background has been subtracted from all data sho
At Q  s0.8, 0, 0d, the spectra narrow dramatically with
reduction inT , to the point where they have a rising edg
at low E which is comparable to that of an instrumental
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FIG. 4. (a) Scaling plot of the data from Fig. 3 forQ 
s0.8, 0, 0d (with same symbols forE . 0). The inset shows
how the quality of the scaling collapse varies witha in
Eq. (3), using a procedure unbiased towards any particu
form of the scaling functiongs yd (see text). Solid and dashed
lines correspond to Eq. (4) witha  0.74 and 1, respectively.
(b) Double logarithmic plot of susceptibilityxbulk (from MyB
in Bc  0.1 T from [3]) vs T after subtracting a zeroT value
x0 corresponding to a “parallel” shunt, as suggested by Eq. (

broadened step function. Thus, as happens near any s
ond order phase transition, cooling results in a reduc
magnetic relaxation rate. Even so, a long high-E tail of the
spectra persists at allT that the FWHM never approaches
that of the instrumental resolution. AtQ  s1.8, 0, 0d, the
spectra change much less dramatically.

In addition to performing measurements as a function
E at fixedT , we have also collected data as a function o
T for fixedE (Fig. 3). The similarity between theT scans
[3(b)] and theE scans [3(a)] suggestsEyT scaling, which
we have tested by fitting the data to the form

x 00sE, T d  T 2agsEykBT d . (1)

No assumptions were made aboutgsxd beyond the ability
to approximate it by a histogram with stepsize 0.1 on
log10 EyT scale between20.5 and 0.7. The best collapse
of the data onto a single curve, as checked by the small
mean square (log) deviation (slogsgd; see inset) from the
mean step values, is obtained fora  0.75 6 0.1 and
is shown in Fig. 4, which displays all the data atQ 
s0.8, 0, 0d unaffected by the finite experimental resolution

Having confirmedEyT scaling, we ask whether the
associated exponenta is consistent with other data and
theory. The simplest mean-field approach [14] dictates
susceptibilityx

xsQ, E, T d21  c21f fsQd 2 iE 1 aTg , (2)

wherefsQd is a smooth function ofQ with minima at the
wave vectors characterizing the eventual magnetic ord
If we position ourselves at the criticalQ and composition,
fsQd  0 and x 00  cEyfsaT d2 1 E2g, which we can
compare to Eq. (1) to read off the scaling functiongos yd 
yys1 1 y2d with y  EyaT and the exponenta  1. The
dotted line in Fig. 4(a) corresponds to the (log) optimize
gos yd with aykB  1 and deviates clearly from the data.

Neithergos yd nora  1 account for the measurements
thus the simple mean-field theory fails for CeCu5.9Au0.1.
To make progress, we modify Eq. (2) to account fo
lar

3).
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arbitrary values ofa via the simple expedient of replacing
s2iE 1 aT d in Eq. (2) bys2iE 1 aTda,

x21  c21f fsQd 1 s2iE 1 aT dag . (3)

Beyond accounting for the anomalous value of the expo
nent ofT in the scaling relation, this generalization has two
other important implications. The first is that the scaling
function [for Q at whichfsQd  0] becomes

gs yd  c sinfa tan21s ydgys y2 1 1day2. (4)

The solid line in Fig. 4 corresponds to the best fit of Eq. (4
to the data (withc  88 countsy8 min ? meV0.74); note
that the value obtained from floatinga in Eq. (4) in the
fitting process is at0.74 6 0.1 indistinguishable from that
obtained as the exponent for the thermal prefactora in
Eq. (1). At the same time,aykB  0.82 is a number close
to unity, indicating that the magnetic fluctuations have a
underlying energy scale very close to the thermal energy

The second consequence of the generalized form (3)
that forE  0, x 0sQ, T d21  c21f fsQd 1 saT dag, which
implies that fx 0sQ, T d21 2 x 0sQ, 0d21g21  csaT d2a .
We test this relation by using the very accurate and den
data provided by bulk magnetometry [3] for a specia
value ofQ, namely,Q  0. The fact that on the double
logarithmic scale of Fig. 4(b) the data lie on a straight line
shows that the relation is indeed satisfied. The line is n
parallel to the diagonal for whicha  1, but indeed has
slopea  0.8 6 0.1, indistinguishable froma obtained
from the neutron scattering data by the other two method
described above.

The neutron results are consistent with the bulk susce
tibility: do they also account for the thermodynamics? On
of the key features of this system is that, at lowT , CyT 
gsTd diverges logarithmically [3]. To see whethergsT d ,
lnsT d is consistent with the neutron measurements, we ne
to consider the detailed dependence offsQd. In keep-
ing with earlier investigations [7], the critical fluctuations
are almost two dimensional. Specifically, the constantE
scans along (1,0,0) [Fig. 2(b)] look flat topped, indicating
that the quadratic term in the power series expansion
fsQd around (100) almost vanishes in this direction. A
good fit to the data in the vicinity ofQ  s0.800d is given
by fssss100d 1 dQddd  f0.036 1 12sdkd2 2 0.08sdhd2 1

2sdhd4g meV0.74 (see dashedysolid lines in Fig. 2). That
the quadratic termBhsdhd2 is negative [with a positive
quartic termChsdhd4] also follows from the observation
that CeCu62xAux orders not at (100) but at pairs of in-
commensurate wave vectors nearby (see Fig. 1). As t
sign of Bh changes, the minimum atdQ  0 of fsdQd
splits into the pairdQ  6

p
2Bhy2Ch. In the classical

theory of phase transitions, vanishing of the quadratic stif
ness occurs at a Lifshitz point [15]. Here, we are dealin
with a quantum Lifshitz point.

To understand the thermodynamics of a quantum Lif
shitz point, we assume that the quadratic stiffness vanish
along only one direction [e.g., (1,0,0)] in reciprocal spac
or more generally, that it vanishes for a finite number o
5625
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lines centered at certain pointsQ in reciprocal space [15].
The most important contributions tox will then be propor-
tional to1yfB'sdQ'd2 1 CksdQkd4 1 s2iE 1 aTd

2

z g in
the vicinity of Q, wheredQk anddQ' measure the depar-
ture fromQ parallel and perpendicular to the line direction
and we have employed the notation of dynamical critic
phenomena, writinga  2yz. If k' and kk are the in-
verse correlation lengths in these directions

k' , T 1yz , kk , T 1yzk  T 1y2z ,

so the dynamical critical exponent is2z along thes1, 0, 0d
direction, butz in the perpendicular directions. This ha
the effect of reducing the effective dimensionalityDeff.
For an isotropic QCP, the free energy scales asF ,
TkD , T 11Dyz . For a quantum Lifshitz point, we must
now write

F , TkD21
' kk , T11sD2 1

2
dyz .

SoDeff is lower byone half,and

gsT d  2≠2
T FsTd , T sD2 1

2
day221.

We see that forD  3, a  0.8, the exponent forgsT d
vanishes, in accord with the specific heat data. If we igno
the anisotropic form offsQd indicated by the neutron scans
through reciprocal space and assume a conventional (n
Lifshitz) QCP for CeCu62xAux, the a obtained from the
energy and temperature dependence of the neutron dat
well as the bulkx would lead tog , T0.2 andT 20.2 for
D  3 and 2, respectively, in disagreement with theCsT d
results.

Our ability to use the phenomenological scaling form
for x21 for both the thermodynamicsand the uniform
susceptibility indicates that the anomalous energy depe
dence of the susceptibility extends over a wide region
the Brillouin zone. We can write theT  0 susceptibil-
ity in (3) as x21sQ, Ed  x21sEd 2 JsQd, wherexsEd
describes the response of individual local moments a
surrounding conduction electrons andJsQd defines the
interactions between different screened local momen
Equation (3) actually determinesx21sEd andJsQd up to
the same additive constantQ which sets the scale for
the screening:x21sEd  c21s2iEda 1 Q and JsQd 
2c21fsQd 1 Q. Our result thata  0.8 6 0.1 implies
thatxsEd is nonanalytic nearE  0. In the “Millis-Hertz”
theory of a quantum critical point, the soft magnetic fluc
tuations couple to a Fermi liquid and the correspondin
local response is analytic, witha  1. The anomalous
exponenta fi 1 for CeCu5.9Au0.1 thus represents a funda-
mental local deviation from Fermi liquid behavior. One
possible interpretation is that the magnetic QCP has qua
tatively modified the underlying moment compensatio
mechanism, [16] causing the local electron propagator
develop an anomalous scaling dimension [17].

We have performed the first detailed single crystal me
surements of the magnetic fluctuation spectrum in a hea
fermion system close to an antiferromagnetic quantu
critical point. We find that the data obeyEyT scaling with
an anomalous scaling exponenta ø 0.8. The same ex-
5626
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ponent appears in three other independent quantities: t
scaling function itself, previously published bulk suscep
tibility [3], and the specific heat. To obtain the scaling
relation connectingCsTd with the magnetic measurement,
we take into account the (again independent) indication
of our neutron data that the QCP in CeCu5.9Au0.1 is actu-
ally near a quantum Lifshitz point, whose hallmark is the
near degeneracy of ordered states with characteristic wa
vectors along some line(s) in reciprocal space. The ge
eral idea that there are many potential ground states f
CeCu5.9Au0.1 is further reinforced by our observation of
an enhanced susceptibility at the seemingly inequivale
locations (0, 1 6 0.15, 0) and (1 6 0.2, 0, 0) in reciprocal
space.
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