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Electron-spin-resonance investigation of the heavy-fermion compound Ce„Cu12xNix…2Ge2
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The heavy-fermion compound Ce(Cu12xNix)2Ge2 is investigated by Gd31 electron spin resonance~ESR!
within the whole concentration range (0<x<1). The Kondo-lattice system exhibits an alloying-induced
transition from an antiferromagnetically ordered heavy-fermion ground state (x50) to pure Kondo-like be-
havior with strongly enhanced effective masses (x51). The temperature dependence of the ESR linewidthDH
allows one to distinguish between the different ground states. The nature of the magnetic order changes
significantly from concentrationsx&0.5 tox.0.5. The ESR data provide some further experimental evidence
for a transition from a local-moment type (x,0.5) to some kind of itinerant heavy-fermion band magnetism
(0.5,x,0.8). Non-Fermi-liquid behavior is discussed forx50.8 where the magnetism is suppressed. Our
results agree very well with the63Cu NMR spin-lattice relaxation rate 1/T1 and the dynamic structure factor
S(Q,v) obtained from inelastic neutron-scattering experiments.@S0163-1829~98!04918-2#
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I. INTRODUCTION

The pseudoternary heavy-fermion syste
Ce(Cu12xNix)2Ge2 has been subject to intensive experime
tal and theoretical studies concerning the physics of hig
correlated electrons during the last years.1 Heavy fermions
~or more generally Kondo lattices! are intermetallic com-
pounds containing elements with partially filled 4f or 5f
shells~e.g., Ce, Yb, U! on regular lattice sites.2 The hybrid-
ization strengthJN(EF) of the local f moments with the
conduction electrons is responsible for the correlation effe
observed at low temperatures.@HereJ denotes the exchang
coupling, andN(EF) is the electronic density of states at th
Fermi energy.# This hybridization gives rise for two compe
ing processes which determine the ground-state propertie
Kondo lattices. For largeJ the dominant mechanism is th
Kondo screening of thef moments by the band states wi
its characteristic Kondo-lattice temperatureT*
}exp@21/JN(EF)#. The Kondo effect increases the dens
of states nearEF and generates a coherent Fermi-liqu
ground state of heavy quasiparticles forT,T* . For smallJ
the important process is the RKKY interaction between thf
moments, which is transferred via the conduction electro
Its typical energy scale is given byTRKKY}@JN(EF)#2. This
indirect exchange interaction leads to a magnetically orde
ground state atT,TRKKY .3

For Ce(Cu12xNix)2Ge2, which belongs to the tetragona
ThCr2Si2 homologues~like CeCu2Si2!, the energy scales o
Kondo screening and the RKKY interaction are of comp
rable magnitude, and therefore the ground state of the sys
is very sensitive to changes in the compositionx. The sche-
matic phase diagram shown in Fig. 1 was obtained fr
susceptibility, resistivity, specific-heat, thermal expansi
thermopower, and quasielastic neutron-scatter
measurements:1 CeCu2Ge2, with a unit-cell volumeV5177
Å3, is an antiferromagnetically ordered heavy-fermion s
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tem withT* 56 K and a Ne´el temperatureTN154.1 K. Here
Kondo screening and the RKKY interaction are of nea
equal strength (T* 'TRKKY). Replacing copper by nickel in
creases the hybridization by decreasing the volume of
unit cell linearly down toV5170 Å3 for CeNi2Ge2, which
exhibits a nonmagnetic heavy-fermion ground state with
characteristic temperatureT* 530 K (T* @TRKKY). With in-
creasingx the first antiferromagnetic phase (TN1) which is of
local moment type is suppressed and a second ordered p

FIG. 1. Crystal structure, lattice parametersa andc, volumeV
of the unit cell, and phase diagram:T* denotes the Kondo-lattice
temperature; the two magnetic phase transitionsTN1 andTN2 over-
lap within the dashed area.
14 344 © 1998 The American Physical Society



la
lts

r
re

ic

i-
to
d
e
o

d

i
t

il
gu
he

s

S

e

e

a-
s
n

el

nd

ne
lu

e
te

i-

ria
-

m
m

orp-

e-

3.3
les

me
take
he
a

red
lar
SR

er

fit

ular

57 14 345ELECTRON-SPIN-RESONANCE INVESTIGATION OF . . .
(TN2) develops within the dashed area in which an over
of both phases is indicated by different experimental resu1

TN2 passes a maximum value of 4.1 K atx50.5. For x
.0.5 the ordered moment strongly decreases, and fox
50.65 it cannot be detected by neutron diffraction anymo
The appearance of band magnetism of heavy quasipart
for x.0.5 has been proposed.1,4 At x50.8 the magnetic or-
der disappears (TN→0), and the occurrence of non-Ferm
liquid behavior is discussed, as this compound is close
magnetic instability.5,6 The phase diagram of the compoun
Ce(Cu12xNix)2Ge2 obviously cannot be explained by th
volume effect alone, because the first depression of the
dering temperature within the dashed area is not observe
one applies hydrostatic pressure to CeCu2Ge2. After continu-
ous suppression of the magnetism, superconductivity is
duced for pressures.70 kbar,7 which is also observed a
ambient pressure in CeCu2Si2 below Tc50.7 K, but not in
CeNi2Ge2. To understand the phase diagram in full deta
one has to take into account the different electronic confi
rations of nickel with respect to copper which modifies t
band structure as well.

Electron-spin-resonance~ESR! experiments on single
crystals of Gd-doped CeCu2Si2 were performed some year
ago.8 Gd substitution is necessary, as the 4f 1 moment of the
Ce ion relaxes much too fast to yield any measurable E
signal. It has been shown that the Gd31 probe~spin S57/2,
angular momentumL50! which occupies the cerium sit
couples to the spin fluctuations of the Ce 4f moments via
RKKY interactions, yielding a characteristic temperature d
pendence of the Gd31 ESR linewidth. In this paper we
present our recent Gd31 ESR results in the whole concentr
tion range 0<x<1 using oriented powder samples, becau
Gd-doped single crystals are hard to grow and were
available. We document that Gd31 ESR is sensitive to the
different ground states and yields comparable results to63Cu
NMR and quasielastic neutron scattering.

II. SAMPLE PREPARATION
AND EXPERIMENTAL SETUP

Polycrystalline samples of Ce12yGdy(Cu12xNix)2Ge2 (y
<2%) were melted together stoichiometrically from the
ements~purity better than 99.99%! in an argon-arc furnace
and annealed for 2 days at 1223 K. X-ray-diffraction a
microprobe analysis proved the proper ThCr2Si2 structure
and did not reveal any parasitic phases. As the paramag
susceptibility of these compounds shows its maximum va
in the direction of the crystallographicc axis, it was easy to
prepare oriented powder samples: The polycrystals w
powdered to nearly single-crystalline grains of a diame
smaller than 40mm, immersed in liquified paraffin, and or
ented along the crystallographicc axis within a static mag-
netic field of 20 kOe.

The ESR measurements were performed with a Va
E-101 spectrometer working atn59.2 GHz in the tempera
ture range 1.5 K<T<300 K. For cooling a continuous-flow
helium cryostat ~Oxford Instruments! was used for T
.4.2 K and a cold-finger bath cryostat below liquid-heliu
temperatures. The magnetic field was controlled by a te
perature stabilized Hall probe~Bruker!.
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III. RESULTS

A. ESR spectra

Electron spin resonance measures the absorptionPabs of
the transversal magnetic microwave field~frequencyn! as a
function of the static magnetic fieldH. To improve the
signal-to-noise ratio, one detects the derivation of the abs
tion dPabs/dH with a lock-in technique. All compounds (0
<x<1) show a broad resonance line which strongly d
pends on the polar angleq between the crystallographicc
axis and the static magnetic fieldH, as shown forx50.5 in
the upper frame of Fig. 2. The distortion of the spectra at
kOe originates from the background of the cavity. For ang
q.30° the spectrum~lower frame of Fig. 2! is well fitted by
a single resonance line of Dysonian shape.9 As in the com-
pounds under consideration the ESR linewidth is of the sa
order of magnitude as the resonance field, one has to
into account both circular polarization components of t
linearly polarized exciting microwave field. This yields
contribution of the right circular resonance which is cente
at the reversed magnetic field with respect to the left circu
resonance. Therefore the complete fit formula of the E
signal is given by

d

dH
Pabs}

d

dH H DH1a~H2H res!

~H2H res!
21DH2 1

DH1a~H1H res!

~H1H res!
21DH2J ,

~1!

FIG. 2. Upper frame: ESR spectra from oriented powd
samples of Ce~Cu0.5Ni0.5!2Ge2 doped with 2% Gd for different ori-
entations~q50°, 30°, 60°, 90°! at 4.2 K. The distortions at 3.3
kOe originate from the background of the cavity. Lower frame:
with a Dysonian line shape~short dashed! according to Eq.~1!. The
dashed and dash-dotted lines show the contributions of both circ
polarization components as described in the text.
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whereH res denotes the resonance field andDH the half line-
width at half of the maximum absorption. Equation~1! de-
scribes a Lorenzian line which includes both absorptionxGd9
and dispersionxGd8 (0<a<1), because the skin effec
drives electric and magnetic microwave components ou
phase in metals.10 The dispersion-to-absorption ratioa was
used as the fit parameter. For samples large compared t
skin depth of the microwave field, one finds an asymme
line shape witha51, whereas for very small samplesa
reaches zero, describing a symmetric resonance line a
dielectrics.

The linewidth DH reaches its minimum value forq
590°. At small anglesq,30°, the spectrum becomes ve
broad and deviates from the Dysonian shape. To unders
the observed ESR spectra~Fig. 2! and the angular depen
dence of resonance field and linewidth~Fig. 3!, one has to
consider the spin Hamiltonian for the Gd31 probe in a metal
with tetragonal crystal symmetry~dominant uniaxial term!
given by11

H5mBHgS1 1
3 b2

0@3Sz
22S~S11!#1JGdS•s. ~2!

The first term describes the Zeeman interaction of the
spinS with the static magnetic fieldH ~mB is the Bohr mag-
neton andg the gyromagnetic tensor, which is assumed to
isotropicg52!. The second term is caused by the axial cr
tal electric field~parameterb2

0!. The crystal-field contribu-
tions of higher order are neglected, because they are at
10 times smaller than the uniaxial contribution.8 The third
part of the Hamiltonian is the exchange interaction betw
the Gd31 ion and the conduction electrons with spin dens
s whereJGd denotes the exchange integral.

The Zeeman term alone splits the8S7/2 ground state of the
Gd31 ion into eight equidistant energy levelsEm5gmBHm
(27/2<m<7/2). The microwave~frequency n! induces
magnetic dipole transitionsDm561 between them, show
ing a single resonance absorption forhn5gmBH res ~h de-
notes the Planck constant! as the ESR spectrum.

The crystal electric field shifts the energy levels agai
each other. Forb2

0!hn the eigenvalues of the sum o
Zeeman and crystal-field operator are approximated

Em5gmBHm1 1
3 b2

0@3m22S(S11)# 1
2 (3 cos2q21), yielding

the resonance positionsgmBHm→m115hn2 1
2 b2

0(2m
11)(3 cos2q21), which coincide at the magic angl
q554.7°. Atq50°, where these expressions hold exactly
all values ofb2

0, the largest crystal-field splitting of the spe
trum occurs with a distance of 2b2

0 between neighboring
resonances. For larger values ofb2

0&hn, one has to diago-
nalize the sum of Zeeman and crystal-field terms and to
termine the transitions numerically, whereby one has to t
into account all possible 28 transitions. Simulations sh
that in this case the overall splitting does not vanish at
angle, but reaches its smallest values forq.50°, where it
changes only slightly up toq590°.

The scattering of the conduction electrons at the Gd s
~exchange interaction! couples all the transitions and narrow
the ESR spectrum~comparable to the motional narrowin
observed in NMR experiments!.12,13 In the case of a strong
exchange narrowing the spectrum again consists of
single resonance line. But the crystal field remains visible
f
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the orientation dependence of resonance fieldH res and line-
width DH: The resonance field is given by the first m
ment of all fine-structure transitions,13

H res5(
m

PmHm→m11 , ~3!

where

Pm5
cmexp~2Em /kBT!

(m8cm8exp~2Em8 /kBT!
.

For b2
0!hn the transition probability is approximated b

cm5S(S11)2m(m11). For largerb2
0&hn the coefficients

cm have to be computed numerically. The linewidth depen
on the second moment of all transitions,13

DH5DH01DHR1
1

d (
m

Pm~Hm→m112H res!
2. ~4!

DHR is the linewidth caused by relaxation processes,DH0 is
a constant residual linewidth originating from impurities a
lattice defects, and the factor 1/d is a function ofDHR itself.
For a small fine-structure splitting compared with the rela
ationmBDHR@b2

0, one obtainsd'(21QGd/T)DHR .12 The
Curie temperatureQGd of the Gd doping is assumed to b
zero for small Gd concentrations.

For larger fine-structure splittingsb2
0&mBDHR , the spec-

trum is only partially exchange narrowed. Therefore es
cially those transitions which are far away from the first m
ment of all transitions do not take part in the narrowi
process. This must be taken into account concerning the
and second moments of the exchange-narrowed spectru
Eqs. ~3! and ~4!. The distortion of the ESR signal at low
angles q, where the fine-structure splitting is maxima
shows that we deal with partially exchange-narrowed spe
in our experiments. Nevertheless, we tried to estimate
axial crystal-field parameterb2

0 using formulas~3! and~4! as
an approximation regarding especially the stro
transitions.14 For x50.5 the result is shown in Fig. 3: Th
orientation dependence of the resonance fieldH res ~upper
frame! and linewidthDH ~lower frame! is well described by
b2

0/h51.6 GHz with g51.85, DH051.0 kOe, andDHR

50.8 kOe. Theg value is obviously too small. This can b
understood because of the deviations of the spectra at
angles from the Dysonian line shape, where the fits are
very reliable. Furthermore,DH0 is probably overestimated
compared toDHR , because we used the approximationd
'2DHR at all anglesq. But d is expected to decrease at lo
angles, as it characterizes the strength of the narrowing
cess which weakens with increasing fine-structure splittin

Similar estimations for the other compounds yield a m
notonously increasingb2

0 with increasingx. For x,0.7 it
changes only slightly, but forx.0.7 it increases up to 2.8
GHz atx51.

B. Temperature dependence of the ESR linewidth

Because of the strong influence of the crystal field on
resonance field and the uncertainties concerning the dete
nation of the crystal-field parameterb2

0, it is very difficult to
obtain reliableg values. Therefore we confine ourselves to
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discussion of the linewidthDH at the orientationq590°,
where the spectrum reveals the largest exchange narrow
Figure 4 shows the linewidth as a function of temperature
the whole concentration range 0<x<1. We have chosen a
logarithmic temperature scale, because this yields a be
resolution at low temperatures. Forx50 the resonance line
is very broad at all temperatures. The linewidthDH in-
creases with decreasing temperature from 2.9 kOe at 10
to 3.4 kOe just aboveTN154.1 K. Below the ordering tem
perature the line strongly broadens and vanishes so th
reasonable fit is no longer possible. Forx50.15 the behavior
is qualitatively similar with slightly smallerDH. Again, a
strong line broadening is observed belowTN1'2.5 K. The
concentrationx50.3 exhibits a slight minimum of the line
width with decreasing temperature belowT* . The broaden-
ing atTN2'3.5 K is followed by a second transition at abo
2.4 K, which perhaps can be labeledTN1 , as it shows a
comparable broadening behavior asx50.15. The existence
of two transitions is supported by magnetic susceptibi
data reported for the compoundx50.25,1 where also two
anomalies have been observed at comparable tempera
For x50.5 the linewidth is nearly constant at about 2.3 k
aboveT* . Below T* it decreases with decreasing tempe
ture and increases again approachingTN254.1 K. Below the
ordering temperature the resonance line can be follow
much better than for the concentrations above. AtT52 K it
reachesDH53.4 kOe. With increasing Ni concentrationx
50.6 andx50.65, the temperature dependence of the li
width follows the pattern ofx50.5, but the line broadening
below TN2 becomes weaker and vanishes atx50.7. Forx

FIG. 3. Resonance fieldH res ~upper frame! and linewidthDH
~lower frame! as a function of the polar angleq for
Ce~Cu0.5Ni0.5!2Ge2 doped with 2% Gd at 4.2 K: open square
experimental values; lines, fits according to Eqs.~3! and ~4! as
described in the text.
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50.8 andx51.0, the linewidth strongly decreases with d
creasing temperature belowT* , comparable to the behavio
reported for the heavy-fermion compound CeCu2Si2.

8

Depending on the temperature range, different inform
tion is obtained from the ESR linewidthDH. The decisive
borderline is the magnetic-ordering temperatureTN of the
compound under consideration. At temperaturesT,TN the
linewidth is dominated by inhomogeneous broadening du
internal magnetic fields which originate from the ordered
4 f moments. The incommensurate order of the Ce 4f mo-
ments gives rise to different internal fields at every Gd pro
This yields a broad distribution of resonance fields. T
width of this distribution can be taken as a rough measure
the size of the ordered Ce 4f momentmCe. Figure 4 reveals
that for the sequencex50.5, 0.6, and 0.65 the size of th
ordered moment decreases drastically due to Kondo com
sation. Finally, forx50.7 no indications of a magnetic phas
transition can be detected inDH(T).

At temperaturesT.TN the linewidth reflects the transver
sal spin-relaxation rate 1/T2}DHR of the Gd spin. In metals
the transversal relaxation timeT2 equals the longitudinal re
laxation timeT1 which measures the spin-lattice relaxatio
Therefore we obtain the spin-lattice relaxation directly fro
the linewidth dataDHR}1/T1 . Following Coldeaet al., two
decisive relaxation contributions determine the linewidth
intermetallic Ce compounds:15

DHR5DHK1DHCe. ~5!

The Korringa relaxationDHK is caused by the exchang
interaction between the Gd spin and the conduction electr

FIG. 4. LinewidthDH as a function of the temperatureT for
different concentrationsx at the angleq590°. The dashed line
marksT* , and the dotted lines indicateTN1 andTN2 . The logarith-
mic temperature scale yields a better resolution of the behavio
low temperatures. Note that the experimental values have b
shifted vertically.
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14 348 57H.-A. KRUG VON NIDDA et al.
and is usually observed in metals. It is linear in the tempe
ture T:11

DHK5
pkB

gmB
^JGd

2 ~q!&N2~EF!T5bT. ~6!

^JGd
2 (q)& is the exchange integral averaged over the mom

tum transferq from the scattering of the conduction electro
at the Gd spin, andkB denotes the Boltzmann constant. T
second contributionDHCe takes the spin fluctuations of th
Ce 4f moments~correlation timet! into account, according
to the fluctuation-dissipation theorem. These spin fluct
tions are transferred to the Gd spin via RKKY interactions
an effective fluctuating magnetic field determined by t
static Ce susceptibilityxCe

0 and the RKKY coupling
lCeGd

2 (Ri) summed up over the Ce moments at a dista
Ri :15

DHCe5
2kB

gCe
2 gGdmB

3\
TxCe

0 t(
i

lCeGd
2 ~Ri !. ~7!

For ideal heavy-fermion systems the Ce susceptibilityxCe
0

follows a Curie-Weiss lawxCe
0 }(T1Q)21 with Q5&T*

~Ref. 16! at high temperaturesT.T* and saturates as a larg
Pauli-like susceptibility (xCe

0 →const) of heavy quasiparticle
at T!T* , where the Ce 4f moments are completel
screened by the conduction electrons. BelowT* the Ce
spin correlation timet remains large and temperature ind
pendent att'h/kBT* , whereas aboveT* it decreases
according to 1/t}AT.17 Assuming the Ce-Gd coupling
lCeGd

2 (Ri) to be temperature independent, we simula
the temperature dependence of the linewidth for differ
characteristic temperaturesT* according to the compoun
Ce(Cu12xNix)2Ge2. The typical Korringa contributionDHK
which is observed in these systems is of the order ob
'5 Oe/K.8 The result of our calculation is shown in th
lower frame of Fig. 5. At low temperaturesT!T* , the
heavy Fermi liquid yields a strongly enhanced Korringa-li
increase inDH. At temperatures nearT'T* , the spin fluc-
tuations of the localized Ce moments become visible by
nonlinear curvature ofDH(T). As bothxCe

0 and t decrease
with increasing temperature, only the usual Korringa con
bution DHK remains at high temperaturesT@T* .

Our simulations qualitatively describe the temperature
pendence of the linewidth data above the ordering temp
ture, as one can see in the upper frame of Fig. 5. The c
poundsx51.0 andx50.8 which show no magnetic orderin
approximate the pattern forT* 530 K and T* 515 K, re-
spectively. The behavior forx50.0 is also reproduced usin
the appropriateT* 56 K, but the decrease belowT* is sup-
pressed in the experimental data by the inhomogeneous
broadening due to the magnetic ordering. With increasingT*
the compoundsx>0.3 allow one to distinguish the expecte
decrease of the spin-lattice relaxation belowT* from the
inhomogeneous line broadening at the ordering tempera
TN2 , as the linewidth exhibits a slight minimum betweenT*
andTN2 .

Because of the uncertainties concerning the determina
of the crystal-field parameterb2

0, which attains relatively
large values, we avoided showing an exact fit of Eq.~5! to
our data. However, to check the influence of a given cry
-
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field on the theoretical predictions, we simulated Eq.~4! for
our experimental conditions (q590°) using the typical
heavy-fermion relaxation~5!–~7!. We found that the crystal-
field contribution—this is the third term in Eq.~4!—is nearly
constant for temperaturesT.T* , whereDHR changes only
slightly. Below T* the decrease ofDHR with decreasing
temperature increases the crystal-field term, but at the s
time the second moment of all transitions decreases bec
of the temperature-dependent population of the Zeeman
els. This effect shifts the kink inDH(T), which is expected
at T* to lower temperatures, but maintains the characteri
pattern of heavy fermions.

IV. DISCUSSION

It seems interesting to compare our Gd31 ESR results to
results of NMR at the63Cu nuclear spin and to magnet
quasielastic neutron scattering~QNS! at the Ce spins. Figure
6 illustrates the different probes of the respective exp
ments and their couplings to the Ce spin. The NMR m
sures the nuclear spin-lattice relaxation rate (1/T1)NMR of the
63Cu nuclear spinI which—similar to the Gd31 electron spin
S—probes the fluctuations of the Ce spins via RKKY-like
interactions, where the electronic exchange integralJGd has
to be replaced by the hyperfine couplingA of the nuclear
copper spin to the electronic system. Therefore, compar
to DHESR in Eq. ~5!, the nuclear relaxation (1/T1)NMR con-
sists of the purely metallic Korringa relaxation (1/T1)K and
an additional contribution of the Ce 4f moments (1/T1)Ce.18

The double-differential cross section of the QNS at the
spins measures the dynamic structure factorS(Q,v,T) of the

FIG. 5. Comparison of representative linewidth data atq590°
~upper frame! with model calculations~lower frame! for different
characteristic temperaturesT* following Eqs.~5!–~7!. The param-
eters are given in the text.
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electronic system.v denotes the energy loss andQ the mo-
mentum transfer of the scattered neutrons. The fluctuat
dissipation theorem directly relatesS(Q,v,T) to the imagi-
nary part of the dynamical Ce susceptibilityxCe(Q,v,T):19

S~Q,v,T!5
Im xCe~Q,v,T!

12exp~2\v/kBT!

——→
kBT@\v kBT

\v
Im xCe~Q,v,T!. ~8!

In principle, this is the basic relation which also describes
Ce contributions (1/T1)Ce for 63Cu NMR andDHCe for Gd31

ESR, if we assume the hyperfine and RKKY couplings
temperature independent. The approximationkBT@\v is
fulfilled for low-neutron-energy transfers and for NMR an
ESR experiments anyway. Using a purely relaxational an
and averaging over the momentum transferQ, the imaginary
part of the dynamic susceptibility is a Lorentzian line ce
tered atv50,

Im xCe~v,T!5
vG

v21G2 xCe
0 , ~9!

with the magnetic relaxation rateG51/t ~5quasielastic line-
width! and the static Ce susceptibilityxCe

0 . For low-energy
transfers compared to the quasielastic linewidth (v!G), we
obtain the following expression which resembles Eq.~7!:

S~v→0,T!}T
xCe

0

G
5TtxCe

0 }~1/T1!Ce,NMR}DHCe,ESR.

~10!

In Fig. 7 we plotted the neutron data5 together with the ESR
linewidth for the compoundsx50 andx51. The tempera-
ture dependences of both observables coincide quite w
For CeCu2Ge2 the inhomogeneous line broadening of t
ESR signal hides the decrease of the relaxation below
ordering temperatureTN1 , which is observed by the neutro
scattering. This decreasing relaxation belowTN1 originates
from a shift of the center of the quasielastic lineS(Q,v,T)
from v50 to v5vM.0 due to the excitation energy of th
magnetically ordered state. At high temperatures the E
linewidth does not decrease as fast as the neutron data

FIG. 6. Schematic representation of the probes for electron
resonance~ESR!, nuclear magnetic resonance~NMR!, and quasi-
elastic neutron scattering~QNS! and their respective couplings t
the Ce 4f spin fluctuations.
n-

e

s

tz

-

ll.

he

R
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cause of the Korringa contributionDHK , which increases
linearly with the temperature. For CeNi2Ge2 the typical kink
which marks the characteristic temperatureT* appears near
20 K in the ESR linewidth and around 30 K in the neutr
data. This is not fully understood, but possibly it is in pa
due to the influence of the relatively strong crystal field
the ESR linewidth, which has been described at the end
the preceding section. However, it is interesting to note t
DH as well asS(Q,v) decreases weaker than linearly.
Korringa behavior 1/T1}T is indicated as a dashed line
These deviations from a linear increase may still result fr
quantum critical phenomena. Much more systematic wor
needed to clarify this behavior in detail.

In Fig. 8 we compare the NMR relaxation rate
the compoundsx50 and x50.8 ~Refs. 20 and 5! to the
respective ESR linewidth data. Again, the similarity of t
temperature dependences is satisfying. For CeCu2Ge2 the de-
crease of the NMR relaxation rate below the ordering te
perature is in accordance with the neutron scattering. At h
temperatures the influence of the Korringa contribution
comes visible in the ESR linewidth rather than in the NM
relaxation rate for all the compounds. The relative stren
of the Ce contribution compared to the normal Korringa
laxation is higher at the Cu site than at the Gd site, beca
the RKKY interaction which couples the respective probe
the Ce spin fluctuations strongly decreases with increas
distanceR. As the nearest-neighbor distance between Cu
Ce is only about 3/4 of the Gd-Ce separation and the co

in

FIG. 7. Temperature dependence of the Gd31 ESR linewidth
DHESR ~open symbols! for x50 ~upper frame! and x51 ~lower
frame! compared to the QNS dynamic structure fact
S(Q,\v50.3 meV! ~Ref. 5! ~solid symbols!. The dashed line indi-
cates pure Korringa behavior. The solid lines correspond to a t
perature dependence proportional toT2/3 where a residual linewidth
DH050.4 kOe was taken into account to fit the ESR data.
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sponding squared matrix elements which determine the
laxation rate decrease proportional 1/R6,21 one estimates a
relative amplification of the Ce contribution by a factor of
if one changes from the Gd site to the Cu site.

The transition from magnetic order to Fermi-liquid beha
ior which develops with increasingx for the compounds
0.5<x<1.0 is of special interest. Figure 9 compares both
NMR linewidth DHNMR and spin-lattice relaxation rat
(1/T1)NMR to the ESR linewidth DHESR. For x50.5,
DHNMR shows the same amount of inhomogeneous broad
ing belowTN2 asDHESR. The NMR probe obviously detect
the same distribution of internal fields due to the magnitu
of the ordered momentmCe as the ESR probe does. Wit
increasingx the inhomogeneous broadening vanishes in b
experiments, indicating the strong decrease of the orde
momentmCe in accordance with the neutron diffraction.1 Fi-
nally, for x50.7 the ESR linewidth follows the NMR relax
ation rate even below the ordering temperatureTN2 . This
observation supports the theory of a band magnetism
heavy quasiparticles4 which was proposed to develop fo
concentrationsx.0.5 and was characterized by small o
dered moments and incommensurate propagation vector

Another interesting point is the non-Fermi-liquid behav
which is discussed for the compoundx50.8.5 This com-
pound is close to a quantum-phase transition, because
ordering temperature reaches zero,TN2→0. The NMR spin-
lattice relaxation rate shows a clear deviation from the lin
Fermi-liquid dependence at low temperatures@Fig. 8 ~Ref.
5!#. But there is still a lack of theory concerning this point
a non-Fermi liquid. The logarithmic temperature scale in F

FIG. 8. Temperature dependence of the Gd31 ESR linewidth
DHESR ~open symbols! for x50 ~upper frame! and x50.8 ~lower
frame! compared to the63Cu NMR spin-lattice relaxation rate
(1/T1)NMR ~Ref. 5! ~solid symbols!. The solid lines indicate a be
havior proportional to ln(T/T0).
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8 suggests 1/T1} ln(T) for T,15 K. Further support was
given by a logarithmic divergency in the Sommerfeld co
ficient of the specific heat,C/T} ln(T), in the temperature
range 1 K<T<6 K,6 which is in accordance to theoretica
predictions. The ESR linewidth seems to support the NM
data ~Fig. 8!; however, the logarithmic temperature depe
dence develops only belowT,5 K. Nevertheless, the loga
rithmic temperature axis~in Figs. 4, 7, and 8! stresses the
different curvatures forx50.8 andx51.0 belowT* .

V. CONCLUSION

We have investigated the pseudoternary Kondo-lat
system Ce(Cu12xNix)2Ge2 by Gd31 ESR within the whole
concentration range (0<x<1). The orientation dependenc
of the exchange narrowed ESR spectra has been expla
by the influence of the dominantly uniaxial crystal fiel
With increasingx the development from magnetic order (x
50) to heavy-fermion behavior (x51) is nicely probed by
the Gd31 ESR linewidth. Its temperature dependence abo
the ordering temperatureTN is well described by the Ce 4f
spin fluctuations which are transferred to the Gd31 spin via
RKKY interactions. The onset of magnetic ordering~TN1 ,
TN2! is characterized by a strong inhomogeneous line bro
ening due to internal fields connected with the incommen
rate magnetic order of the Ce 4f moments. Forx.0.5 the
inhomogeneous broadening becomes weaker and reflect
decrease of the ordered Ce moment in accordance with
proposed transition from local moment to a band-type m
netism.

FIG. 9. Temperature dependence of the Gd31 ESR linewidth
DHESR compared to the63Cu NMR linewidth DHNMR ~upper
frame! and to the63Cu NMR spin-lattice relaxation rate 1/T1 ~lower
frame! for the concentration range 0.5<x<0.7.
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The comparison of the Gd31 ESR linewidth with the63Cu
NMR relaxation rate and the dynamic structure factor fro
quasielastic neutron scattering generally shows a qualita
agreement of the results above the ordering tempera
(T.TN) and establishes ESR as a useful tool to study
Ce spin dynamics. The quantitative differences have b
attributed to the strong space dependence of the RK
interaction and to the influence of the crystal field. F
T,TN the ESR line broadening coincides very well wi
the NMR line broadening, which indicates that both prob
.
te

-

nn

ys
ve
re
e
n

Y
r

s

detect the same internal field distribution due to the orde
Ce moment.

ACKNOWLEDGMENTS

We are grateful to F. Fischer for the preparation of t
samples. This work was supported by the Deutsche F
schungsgemeinschaft within Sonderforschungsbereich
and by the Bundesministerium fu¨r Bildung und Forschung
~BMBF! under Contract No. 13N6917/0.
Z.

d

1A. Loidl, A. Krimmel, K. Knorr, G. Sparn, M. Lang, C. Geibel, S
Horn, A. Grauel, F. Steglich, B. Welslau, N. Grewe, H. Nakot
F. R. de Boer, and A. Murani, Ann. Phys.~Leipzig! 1, 78
~1992!.

2N. Grewe and F. Steglich,Handbook on the Physics and Chem
istry of Rare Earths~Elsevier Science, Amsterdam, 1991!,
Vol. 14.

3S. Doniach, Physica B91, 231 ~1977!.
4B. Welslau and N. Grewe, Physica B165&166, 387 ~1990!.
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