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Elastic and inelastic neutron scattering studies of the Kondo lattice CeCu2Ge2 were
performed. At TN= 4.1 K an incommensurate magnetic order develops with an ordering
wave vector qo=(0.28, 0.28, 0.54) and an ordered moment #5=0.74 #~. The crystalline
electric field splits the 4fl-J-multiplet of the Ce ion into a ground state doublet and
a quartet at 191 K. The wave function of the ground state yields an ordered moment
of 1.54 #B- Thus, due to the onset of the formation of a Kondo singlet the magnetic
moment is considerably reduced. The magnetic relaxation rate F was investigated via
quasielastic neutron scattering. The temperature dependence of F(T) is characteristic
of heavy-fermion systems with a high temperature square root dependence and a limiting
low temperature value, yielding a Kondo temperature T /~  10 K. The quasielastic compo-
nent of the scattered neutron intensities persists down to the lowest temperatures, well
below TN. This quasielastic line is regarded as a characteristic feature of heavy-fermion
systems and corresponds to the enhanced value of the linear term of the specific heat.

I. Introduction

During the last decade a new branch of material sci-
ence has developed dealing with stoichiometric sys-
tems with contain Ce- or U-ions and which exhibit
very unusual low temperature properties [1]: A very
large linear term of the specific heat and an enhanced,
almost temperature independent Pauli spin suscepti-
bility correspond to high effective masses of the elec-
tronic quasiparticles. Consequently these compounds
have been termed Heavy-Fermion Systems (HFS).
The ground state of HFS can be quite different: the
onset of superconductivity has been reported for
CeCu2Si2 [2], UBe13 [3] and UPt 3 [4]. U2Zna7 [5],
UCdl 1 [-6] and CeCuzGe 2 [7, 8] show antiferromag-
netism at low temperatures and a pure heavy-fermion
state has been found to exist in CeA13 [9] and CeCu 6
[10]. These nonmagnetic and non-superconducting
HFS exhibit a coherent state at T< T~oh< TK, where

T~: is the usual Kondo temperature (in this paper T~
denotes the characteristic energy scale of the Kondo
lattice). In this regime coherent scattering of the con-
duction electrons by the lattice of the Kondo ions
is the dominant interaction. As a consequence a fine
structure develops in the electronic density of states
at the Fermi level. Experimentally coherence effects
are sometimes even reflected in the thermodynamic
properties: e.g. for CeA13 and CeCu2Si2 a maximum
appears in C/T at Tooh followed by a decrease of C/T
for further decreasing temperatures [11].

CeCu2Ge 2 is an isostructural compound to the
prototypical HFS CeCu2Si 2. The resistivity versus
temperature curves in CeCu2Ge2 [12] closely resem-
ble those measured for CeCu2Si2 [13-] in that they
exhibit two maxima in p(T). The maximum at higher
temperatures is due to crystal electric field effects, the
second maximum at T ~ 6 K is probably due to the
transition into a heavy-fermion state, indicating a
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Fig, l. Magnetic contribution AC to the specific heat plotted as 
AC/T versus T in CeCu2Ge2. The low temperature data (shaded 
area) were obtained by subtracting nuclear and magnon contribu- 
tions from the raw data [7]. The solid line is the result of a calcula- 
tion [15] using a Bethe-Ansatz for a spin 1/2 Kondo impurity model 
with a Kondo temperature T~ = 6 K 

Kondo temperature TK~6 K. At T = 4  K a sharp 
drop in the resistivity reflects the formation of a mag- 
netically ordered state. A Kondo temperature of 6 K 
is roughly consistent with the results of thermoelectric 
power experiments [14] with a low temperature mini- 
mum at T ~ I 5  K. Phenomenologically the position 
of the minimum is located at 2 TK. However, one has 
to stress that these estimates of the Kondo tempera- 
ture from resistivity and from thermoelectric power 
data have no theoretical basis (In a recent theoretical 
work by Cox and Grewe [15] it has been shown that 
the electric resistivity peaks just below the characteris- 
tic Kondo scale). The most unexpected result for 
CeCuzGe2 was the enhanced linear term of the specif- 
ic heat at temperatures well below the magnetic phase 
transition [7]. In addition, for T < 0.5 K the C/T ver- 
sus T data indicate the importance of coherence ef- 
fects [7] as discussed in the case of CeA13 and 
CeCuSi2 [11]. In Fig. 1 we have replotted the experi- 
mental results of AC/T from [7] showing the non- 
phononic contribution to the specific heat, only. The 
dash-dotted line for T_-< 1.2 K gives the electronic spe- 
cific heat after subtracting both, the nuclear and the 
magnon contributions [7]. The solid line represents 
the result of the specific heat using a Bethe-Ansatz 
for a spin-l/2 Kondo impurity model as derived by 
Desgranges and Schotte [15] using a Kondo tempera- 
ture TK = 6 K. The T-dependence of the specific heat 
for T > 4 K is well reproduced and this model yields 
7 (T = 0) = 1400 mJ/KZ-mol, which characterizes 
CeCu2Ge2 as a HFS. Of course, the onset of magnetic 
order at T = 4 K suppresses the further development 
of the heavy-fermion state. 

The experiments performed so far characterize 
CeCuzGez as a magnetically ordered Kondo lattice 

with a Kondo temperature T K = 6 K and a magnetic 
phase transition TN=4.1 K. Despite the presence of 
long range magnetic order, the aforementioned coher- 
ence effects, which are typical of non-magnetic HFS, 
still seem to play an important role. The aim of the 
present elastic and inelastic neutron scattering experi- 
ments was to determine i) the magnetic structure and 
the size of the ordered moment, ii) the ground state 
and the splitting of the 4 f  1 J-multiplet in the presence 
of the crystalline electric field (CEF) and iii) the tem- 
perature dependence of the magnetic relaxation rate. 
The results regarding points i) and ii) should allow 
a determination of the reduction of the magnetic mo- 
ment of the CEF ground state due to the Kondo 
effect. The magnetic relaxation rate at T ~ 0  yields 
a reliable estimate of the Kondo temperature. In addi- 
tion, it appears worthwhile to investigate the line 
width and the energy of the magnetic excitations in 
the magnetically ordered phase. In Znl7U2, another 
Heavy Fermion System with a magnetic ground state, 
no sharp magnetic excitations at non-zero energies 
could be detected in the antiferromagnetic state [17]. 

II. Experimental results and analysis 

Polycrystalline samples of CeCu2Ge2 have been 
melted from stoichiometric amounts of high purity 
elements in an argon-arc furnace. At room tempera- 
ture the samples were investigated by X-ray powder 
diffraction techniques. The samples exhibited the 
proper ThCr2Si2 structure with lattice parameters 
a=4.17 ]k and c= 10.21 ~. 

A. Neutron diffraction experiments 

In order to investigate the structure and the size of 
the ordered magnetic moment, neutron powder dif- 
fraction experiments have been performed utilizing 
the multidetector diffractomcter D 1 B located on a 
thermal neutron guide at the high flux reactor at the 
Institut Laue-Langevin in Grenoble. The wave length 
of the incident neutrons was 2.52 ~. A powder diffrac- 
tion spectrum recorded at 1.5 K is shown in Fig. 2 
(upper part). The sample exhibits predominantly a 
single phase ThCr2Si2 structure. However, small 
amounts of spurious phases could be detected (shaded 
areas in the upper part of Fig. 2). The lattice constants 
of the nuclear structure as determined at low tempera- 
tures are: a---4.158 ]k, c=10.227~ and z=0.385]k 
(z is the reduced coordinate of the Ge atoms in the 
tetragonal cell and is determined from the intensities 
of the nuclear Bragg reflections). The lower part of 
Fig. 1 shows the difference spectrum: here the intensi- 
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Fig. 2. Upper Frame: Raw data of nuclear and magnetic Bragg 
reflections in CeCu2Ge a at 1.5 K. The shaded areas are nuclear 
reflections due to parasitic phases. Lower Frame: Difference spectra 
in CeCu2Ge2 (I(1.5 K)-I(6 K)) yielding the magnetic Bragg reflec- 
tions, only. The (10 1)- reflection was screened by the (002) nuclear 
Bragg reflection 

ties as measured in the paramagnetic phase at 6 K 
were subtracted from the spectrum as observed in 
the magnetically ordered phase at 1.5 K. Even from 
a rough inspection of the magnetic diffraction pattern 
it is obvious that the magnetic structure exhibits nei- 
ther a ferromagnetic nor a simple type of antiferro- 
magnetic arrangement. The Bragg angles of the mag- 
netic reflections can be indexed in terms of ]Q] 
= ["Chkl ++-- qo[ = (h k I) -+ where 'r, h k  I is a vector of the recip- 
rocal chemical lattice and qo is the propagation vector 
of a modulated spin arrangement, q0 has been deter- 
mined by trial and error and a best fit to the experi- 
mental data has been achieved with qo =(0.28, 0.28, 
0.54), in reduced units 2~/a, 2~/a, 2~/c, respectively. 
Two models of modulated spin structures have been 
examined: spirals, including conical spirals, and col- 
linear arrangements with a modulation of the length 
of the magnetic moment (usually referred to as longi- 
tudinal static spin waves). Better fits to the observed 
intensities have been obtained with spirals. The struc- 
ture factor of the satellite reflections of the magnetic 
spiral structure is given by 

1/1 + cos 2 t / ~  f~ sin fl~ e i*~ fhk  l OC 2 
v 

�9 exp [2rc i(hx~ + ky~ + lzv)], (i) 

where x~, y~, z~ are the reduced coordinates of the 
two magnetic ions with reference to the chemical cell, 
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Table 1. Calculated and observed magnetic structure factors and 
peak positions in CeCu2Ge2 using a=4.158 ~ and c =  10.227/~ and 
a propagation vector qo=(0.28, 0.28, 0.54). The model used was 
a magnetic spiral with a plane of rotation perpendicular to the 
propagation vector qo and a magnetic moment  /~s=0.74#~. The 
(1 0 1)- reflection could not  be determined experimentally since it 
is screened by the strong (002) nuclear Bragg peak 

(h k /) Oc,1, Oobs F~,~ F ~  

(0 0 0) • 7.81 7.88 1.59 1.48 
(0 0 2)- 12.47 12.49 1.13 1.21 
(1 0 1)- 13.92 - 2.44 - 
(1 0 i ) -  17.51 17.45 2.24 1.35 
(1 1 0)- 18.38 18.29 1.40 1.28 
(0 0 2) + 19.56 19.61 1.41 1.80 
(1 1 2)- 20.90 20.86 1.58 1.81 
(1 0 3)- 22.49 22.55 - - 
(1 0 1) § 23.61 23.65 2.68 2.50 
(1 1 2)- 26.04 1.15 

26.11 4.70 
(1 0 1) + 26.07 2.97 

f~ is the magnetic form factor of Ce 3 +, t/is the angle 
between the axis of the spiral and the scattering vector 
Q, fly is the semiaperture angle of the spiral, and e i*~ 
allows for the phase relations between different spi- 
rals. Since there are no magnetic contributions to the 
chemical Bragg peaks, /~v = 90 deg. The two Ce ions 
of the tetragonal cell are equivalent �9 Hence the two 
phase angles are identical to ~bl=~b 2 and they can 
be set to zero. The magnetic structure reduces to a 
single plane spiral. The best fit was obtained with 
a plane of rotation perpendicular to the propagation 
vector qo and a moment #s=0.74 #B at 1.5 K. In direct 
space the spiral propagates almost along the body 
diagonal of the tetragonal lattice which is the bond 
direction of two neighboring Ce ions. The deviation 
from the body diagonal is 6 deg. In Table 1 we show 
the calculated and the observed values of the peak 
positions and of the magnetic structure factors. Fig- 
ure 3 shows the temperature dependence of the square 
root of the intensity of the first magnetic reflection, 
(0 0 0) • It can be regarded as a linear measure of 
the ordered moment. Variations of the propagation 
vector qo with temperature have not been observed. 

B. Inelastic neutron scattering experiments 

Inelastic neutron scattering experiments were per- 
formed in order to study the crystal electric field split- 
ting and the temperature dependence of the magnetic 
relaxation rate in CeCu/Ge2. The latter is determined 
by the line width of transitions within the ground 
state of the 4fl-multiplet.  
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Fig. 3. Temperature dependence of the ordered magnetic moment 
as determined from the peak intensities of the (00 0) -+ reflection, 
rescaled to the averaged magnetic moment of 0.74#B at 1.5 K, The 
solid line is the result of a mean field calculation of Ps utilizing 
the appropriate ground state of Ce 3+ ion in the crystal electric 
field and an ordering temperature of 4.1 K 

The double differential cross section for magnetic 
scattering is proportional  to the scattering law S (Q, co) 
which in turn is related to the imaginary part of the 
wave number and frequency dependent magnetic sus- 
ceptibility z(Q, co) via 

dZa ocS(Q, co)= 1 - e x p  Im[z (Q ,  co)]. (2) 
dr2 dco ksT] 

For  an ensemble of N non-interacting Ce ions the 
imaginary part of z(Q, co) consists of a sequence of 
Lorentzian lines defining energies and lifetime effects 
of the CEF eigenfunctions. Using the dipole approxi- 
mation for small Q-values and ignoring lifetime effects 
for the moment,  the cross section is given by 

dO d ~ - N ' p 2 "  f2(Q) ~ th(jJJ• .. 
* J  

�9 6 (E j -  E i -  h c0). (3) 

Here ki and k I are the wave numbers of incoming 
and outgoing neutrons, Q and h co are the momentum 
and energy transfer, respectively. The CEF states J i) 
have energies E~ and thermal occupation probabilities 
ni. f ( Q )  is the magnetic form factor and 
p = 0.0724 barn/sr. J• is the component  of the total 
angular momentum J perpendicular to Q. Here we 
have neglected the Debye-Waller factor and assumed 
that life time effects are negligible. This formalism 
accounts for both elastic and inelastic scattering pro- 
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Fig. 4. Scattering law for an average scattering angle O = 11.3 ~ as 
a function of neutron energy transfer he) as obtained for CeCu2Ge2 
at 5 K and 100 K and for LaCu2Ge2 at 100 K 

cesses, where i=j describes Curie-type elastic pro- 
cesses and i # j  Van Vleck-type of transitions. In the 
neutron scattering experiments of the present investi- 
gation we utilized thermal neutrons to study inelastic 
transitions. Cold neutrons were used to investigate 
life time effects of the elastic processes within the 
ground state of the CEF level scheme. 

1. Crystal electric field splitting. Inelastic neutron 
scattering experiments in a range of neutron energy 
transfers - 50 meV < h~o < 50 meV were performed to 
determine the splitting of the 4 f  1 ground state J- 
multiplet in the presence of the CEF. The magnetic 
moment  of the ground state and the crystal electric 
field splitting are important  parameters for any de- 
tailed analysis of the properties of Kondo lattices. 
These experiments were carried out using the time-of- 
flight spectrometer IN4 located on a thermal neutron 
source at the Institute Laue Langevin. Incident neu- 
tron energies of Eo = 12.5, 30 and 50 meV were uti- 
lized. F igure4  shows the neutron spectra of 
CeCu2Ge2 and LaCuzGe2 as measured with an inci- 
dent neutron energy of 30 meV and taken at an aver- 
age scattering angle of 11.3 deg. An identification of 
the magnetic component of the spectra is possible 
by comparing spectra at different temperatures and 
at different scattering angles. In addition, the neutron 
spectra of the nonmagnetic isostructural compound 
LaCuzGez allows an identification of phonon scatter- 
ing contributions. Figure 4 suggests that the excita- 
tion at hco = 16 meV is of magnetic, whereas the exci- 
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Fig.& The difference spectra CeCu2Ge2-xLaCu2G% at 5 K, 
100 K and 200 K. The factor x is estimated from the difference 
of the nuclear coherent scattering lengths of CeCu2Ge2 and 
LaCuzGez and the different phonon populations at 5 K, 100 K and 
200 K 

tation at 8 meV is of phononic origin. Considering 
the different nuclear coherent scattering lengths and 
masses of La and Ce we arrived at estimates for non- 
magnetic contributions to the scattered intensities 
and corrected the spectra correspondingly. Corrected 
spectra at 5 K, 100 K and 200 K are shown in Fig. 5. 
At 5 K a single peak is visible only at the neutron 
energy loss side of the spectrum. With increasing tem- 
perature, due to the population of the higher crystal 
electric field levels, the reverse excitation line appears 
on the neutron energy gain side. The measurements 
with the lower and with the higher incident neutron 
energies did not give any evidence for further CEF 
transitions within the range of energy transfers, 
1 meV < ho9 < 50 meV, accessible in present time of- 
flight experiments. For  T > 100 K one notes some fee- 
ble extra intensity in the h~o-range from 9 to 13 meV. 
The Q- and T-dependence suggest that it is of phonon- 
ic origin. Obviously, this feature is not corrected pro- 
perly by calculating the difference spectra. Thus the 
neutron experiment observes a single CEF transition. 
Since the spectroscopic ground state of the Ce-ion 
is split into three doublets (see below), two types of 
CEF level schemes are consistent with the neutron 
results: three about  equally spaced doublets, or an 
effective two level system, doublet-quartet. Only the 
second choice, with a doublet ground state, is in 
agreement with specific heat measurements. It will 
be considered in the following. 

In the present compound the Ce sites are equiva- 
lent and have tetragonal point symmetry. The CEF- 
Hamiltonian is of the form 

H C E  F = B ~ 0 ~ ~_ B o 0 ~ • B 4 0 4. T 4 4 T 4 4 �9 

Here the fourfold c-axis is the axis of quantization. 
The CEF-parameters B~' and the operator equivalents 
O~ have been defined by Hutchings [19]. The Hamil- 
tonian acts on the J = 5/2-multiplet of Ce 3 + which 
is split into three doublets Di: 

D~ = [+ 1/2> 
D2=a13/2>+b[-5/2), +b15/2>+al-3/2> 
D 3 = a15/2> - h i  - 3/2>, - b13/2> + a l - 5/2> 
with a 2+b  2=1.  

For  B4=0,  a = l ,  and b=0 .  The three doublets are 
mutually connected by magnetic dipole transitions. 
The D t -D2- t rans i t ion  matrix element vanishes for 
B4* = 0. Thus, in the general case three transitions can 
be observed in an inelastic neutron scattering experi- 
ment. In the present case, however, where two of the 
three doublets are degenerate, the information from 
this type of experiment is insufficient for the determi- 
nation of the three CEF-parameters. 

We arrive at a determination of the CEF parame- 
ters through the following reasoning. The measure- 
ments of the paramagnetic low field (4 roT) suscepti- 
bility [7] rules out a l _+ 1/2) ground state, since in 
this situation distinct deviations from a Curie-Weiss 
behavior should have been observed. The energies of 
the two excited doublets At and A2 with AI=A2, 
one of them being the I -- 1/2> state, supply two pieces 
of information for the determination of the three pa- 

0 0 rameters B2, B4 and B 4. Hence the solution is one 
point on a one-dimensional manifold in the three- 
dimensional parameter space. We have determined 
this manifold by calculating B ~ and B 4 from the 
values of A 1 and A 2 determined from the time-of-flight 
experiments for a given value of B ~ and then varied 
B ~ Simultaneously, the paramagnetic susceptibility 

M 
Z = ~ -  and the magnetization M have been calculated 

for each set of o o B2, B 4 and B** assuming that H is 
an external field of 5 mT and the magnetization M 
can be averaged according to M=(Mc+2Ma)/3, 
where Mc and M,  are the magnetizations for fields 
along the c- and the a-axis respectively. The estimated 
molecular field constant was -2 .65-106 mol/m 3 in 
the paramagnetic phase and -2 .98 .106  mol/m 3 in 
the ordered state. Acceptable fits to the experimental 
data have been obtained for sets of CEF parameters 
with B ~ between - 8  and - 9  K. The combination 
B~  K, B ~  K and B~=2.79 K has 
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been accepted as best solution. The temperature de- 
pendence of the paramagnetic susceptibility is shown 
in Fig. 6. The calculated magnetization as compared 
with experimental results is shown in Fig. 7. In both 
cases the agreement between observed and calculated 
data is satisfactory. 

The corresponding level scheme of the Ce ion in 
the CEF is shown in Fig. 8. The ground state is pre- 

dominantly [5/2). The easy axis of magnetization is 
along the c-direction. 

A mean-field calculation has been carried out for 
the magnetically ordered phase. It was assumed that 
the molecular field is identical for all Ce ions and 
is directed along the easy c-axis. The calculated tem- 
perature dependence of the ordered moment is shown 
as a solid line in Fig. 3. It reaches a value of 1.54 #B 
at low temperatures, compared with the experimental 
value of 0.74/~B at 1.5 K. CeCu2Ge2 exhibits a reduc- 
tion of the magnetic moment of the Ce ion by a factor 
of two. This seems to be a reasonable result taking 
the characteristic temperature scales into account: 
TK ~ 6 K and TN~4 K. Obviously, the formation of 
a Kondo singlet state, accompanied by the cancella- 
tion of the Ce spin, has started. However, the antifer- 
romagnetic intersite interactions are still strong en- 
ough to establish magnetic order at 4.1 K. The 
quenching of the Ce moments is documented in Fig. 3. 

The energy splitting of the CEF ground doublet 
in the molecular field is practically proportional to 
the ordered moment. A value of 0.73 meV was calcu- 
lated for T = 0 K. 

2. Magnetic relaxation rate. The width of the quasi- 
elastic line F (half width at half maximum) in the 
magnetic neutron scattering spectrum determines the 
magnetic relaxation rate. For the groundstate multi- 
plet of a non-interacting local moment, the dynamic 
structure factor will exhibit a resolution limited peak 
at zero energy transfer. Interactions of the 4 f-moment 
with the conduction electrons introduce relaxation ef- 
fects giving Lorentzian line shapes with an intrinsic 
width. In rare earth compounds, with a magnetically 
stable 4 f  configuration one expects a Korringa type 
of behavior for the quasielastic line width, namely 
F = ~- kB T. In rare earth ions with a well defined local 
moment the coefficient e is typically 10-a [20]. Due 
to the strong coupling between the conduction elec- 
trons and the 4f-electrons the magnetic relaxation 
rate in heavy fermion compounds behaves completely 
different: theoretical calculations [21 26] of the dy- 
namic susceptibility show that F(T) exhibits a finite 
line width for T ~  0 and deviates significantly from 
a linear T-dependence. Cox, Bickers and Wilkins [21] 
have performed a calculation of the magnetic relaxa- 
tion rate for systems with non-stable 4f-electron con- 
figurations in a wide temperature range (0.01 TK< T 
=< 40 T~). They found that i) F is nonmonotonic with 
a minimum near the Kondo temperature and reach- 
ing a limiting low temperature value of 1.35 TK. ii) 
the magnetic relaxation rate shows a non-linear high 
temperature behavior which is well fit by a square 
root law and iii) significant deviations from a Lo- 
rentzian line shape appear for T < T K. However, this 
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theory is restricted to ground states with a degeneracy 
NF>4, and may not be strictly applicable in 
CeCu2Ge2 where the ground state is a doublet. Re- 
cently, magnetic relaxation rates in Kondo systems 
have been calculated taking CEF effects into account 
[22]. Kuramato  and Mfiller-Hartmann [23] derived 
an analytic result for the dynamic susceptibility within 
the degenerate Anderson model. For  NF>2 they 
found an increasingly asymmetric line shape with an 
increasing degeneracy of the ground state. However, 
this analytic result is not valid for o9 ~ 0. 

The measurements of the quasielastic line widths 
have been performed at the time-of-flight spectrome- 
ter IN6 located at the cold source of the High Flux 
Reactor at the ILL. Incident neutron energies of 
3.15 meV have been used. Some of the data as ob- 
tained for CeCuzGe2 are shown in Fig. 9. The half 
widths at half maximum (HWHM) of the quasielasti- 
cally scattered neutrons are a direct measure of the 
magnetic relaxation rate. Already from a first inspec- 
tion it is clear that the magnetic relaxation rates are 
strongly enhanced when compared to rare earth sys- 
tems with stable moments [-20]. At 1.5 K, which is 
well below TN, a well defined excitation at approx. 
1 meV is clearly observable, which we interpret as 
a density of magnon states in the magnetically or- 
dered phase. In the paramagnetic state (T > 4.1 K) the 
quasielastic lines can, in a first approximation, be de- 
scribed by a Lorentzian line shape weighted with a 
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Fig. 10. Temperature dependence of the quasielastic line width 
(HWHM) for CeCuEGe2. The solid lines were calculated using a 
square-root dependence of the magnetic relaxation rate 

detailed balance factor. The solid lines in Fig. 9 show 
the results of the best fits to the experimental data. 
For  T <  30 K there appear significant deviations from 
a Lorentzian line shape. These deviations point to- 
wards short range order correlations. Figure 10 shows 
the temperature dependence of the half width at half 
maximum as determined from the fits to S(Q, co). The 
temperature dependence of the H W H M  directly de- 
termines the magnetic relaxation rate F(T). In 
CeCu2Ge2 it can be described well using 

r(r)=ro 1/T 

with a residual line width Fo = 3.5 K and a coefficient 
7=0.98(K1/a). From thermodynamic and transport 
properties we have characterized CeCu2G% as a 
Kondo lattice with a Kondo temperature TK= ~ 6 K 
[7, 14, 18]. According to Cox et al. [21] one would 
expect a minimum in F(T) at TK and a square root 
T-dependence for higher temperatures. No indica- 
tions of a minimum at 6 K are detectable in Fig. 9. 
However, the magnetic ordering temperature is close 
to T K and the Kondo minimum as well as the limiting 
low temperature value F ( T ~ 0 ) = l . 3 5  Tr could be 
screened by the onset of magnetic order. In the next 
chapter we will see that a refined analysis, taking criti- 
cal spin fluctuations into account, yMds a minimum 
near T ~ 10 K. 

The Fermi-liquid description makes some specific 
predictions for the imaginary part of the magnetic 
susceptibility (2). E.g. within the framework of a Fer- 
mi-liquid theory a linear dependence of the magnetic 
relaxation rate on the momentum transfer Q is ex- 
pected [27]. We observed that in CeCu2G% F is inde- 
pendent of Q over a wide range of momentum 
transfers (0.4 ~ - 1  < Q < 2 . 3  ~-1) .  
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Fig. l l .  Scattering law versus he) in CeCu2G-e2 for temperatures 
T % TN. The solid lines represent the results of fits using a superposi- 
tion of a Lorentzian (dashed lines) and a Gaussian contribution 
(dashed-dotted lines) 
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Fig. 12. Temperature dependence of the intensities and widths of 
the Lorentzian and Gaussian components. The lines are drawn to 
guide the eye. Upper frame: quasielastic Lorentzian width (e) (F~), 
middle frame: quasielastic (A) and inelastic (zx) Gaussian width (FG), 
lower frame: elastic (A) and inelastic (zx) Gaussian intensities (IG); 
quasielastic Lorentzian intensities (Iz) (I) 

3. Critical spin fluctuations and excitations in the mag- 
netically ordered phase. Figure 9 demonstrates that 
significant deviations from a Lorentzian line shape 
appear for temperatures close to Ts (30 K_< T_< T N 
= 4.1 K). Two possible explanations can be given: 
i) The extra contributions are due to inelastic excita- 
tions within the paramagnetic state (paramagnons) 
indicating that the degeneracy of the ground state 
doublet is partially removed or 
ii) the deviations from the Lorentzian line shape are 
associated with critical spin fluctuations which can 
be approximately described by quasielastic Gaussian 
lines [28]. Critical spin fluctuations can occur as pre- 
cursors of the magnetic ordering process and have 
been observed in a number of magnetically ordered 
heavy-fermion systems [28]. 

In Fig. 11 we demonstrate, that for T_>_ T N these 
extra intensities can be described with a quasielastic 
Gaussian component, and hence indicate the ex- 
istence of spin fluctuations. Below the Neel tempera- 
ture a superposition of an inelastic Gaussian and a 
quasielastic Lorentzian component had to be used. 
The former describes magnetic excitations, the latter 
is a measure of the 4 f - / c o n d u c t i o n  electron-hybrid- 
ization. This result shows, that magnetic relaxation 
still exists in the magnetically ordered state, even well 
below the ordering temperature, in agreement with 

the idea of a reduced ordered moment. The quasielas- 
tic component would be absent in a "normal" mag- 
netic system. Hence we suggest that the persistence 
of the quasielastic component is characteristic for 
HFS and corresponds to the enhanced linear term 
in the specific heat for T < T~ (see Fig. i and [7]). 

Figure 12 shows a summary of the results for the 
temperature range where a superposition of Gaussian 
and Lorentzian contributions gave a considerable im- 
provement of the fit (T<50 K). In the upper frame 
the quasielastic Lorentzian width FL is plotted versus 
temperature. Using this improved analysis FL passes 
through a minimum near 10 K. According to the 
theory by Cox et al. [21] this minimum defines the 
characteristic temperature of the system T.v= 10 K 
which is not too different from that as obtained from 
estimates using thermodynamic and transport data. 
Below TN, FL slightly decreases. We are aware that 
on the basis of the present data it is hard to prove 
the existence of a minimum in F(T). A constant finite 
line width for T--+0 is still within the experimental 
uncertainties. It would be highly desirable to study 
non-ordering HFS at low T [29]. 

The middle frame of Fig. 12 shows the tempera- 
ture dependence of the Gaussian width Fa(T) which 
describes the antiferromagnetic intersite correlations. 
For T>TNFa(T) slightly decreases with decreasing 
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Fig. 13. Momentum transfer dependence of the width of the magnet- 
ic excitations in CeCu2Ge2 at 1.5 K. The bars represent the full 
width at half maximum of the inelastic contributions. The positions 
of the first two nuclear Bragg peaks are indicated 

temperatures indicating an increasing lifetime of criti- 
cal spin fluctuations. Below T N the width abruptly 
decreases. Now the Gaussian components are shifted 
towards finite frequencies. They describe the magnetic 
excitations of CeCu2Ge2. For ordinary Heisenberg 
antiferromagnets one would expect propagating spin 
waves with a linear dispersion relation for small mag- 
non wave vectors q and furthermore that the magnon 
dispersion (band width) increases with decreasing 
temperatures, in addition to an overall splitting of 
the ground state doublet. 

In the lower frame of Fig. 12 the temperature de- 
pendence of the relative intensities of Gaussian and 
Lorentzian components are given. Below T N the mag- 
netic excitations carry the major part of the scattered 
intensity. But the main results is that the quasielastic 
component persists down to the lowest temperatures, 
which presumably is related to the Kondo-derived 
reduction of the ordered Ce-moment and to the en- 
hanced linear term 7 T in the specific heat. Similar 
conclusions have been drawn for the archetypical sys- 
tem CeA12 [30]. In contrast to CeCu2Ge2, however, 

appears to be only weakly temperature dependent 
in CeAI2. 

The splitting of the ground state develops gradual- 
ly in the ordered phase. The size of the splitting 
hco=0.85 meV, is compatible with the magnetic mo- 
ment of the ground state. The line width is decreasing 
with temperature which we interpret that dispersion 
effects due to exchange interactions do not play an 
important role. Figure 13 shows the Q-dependence of 
the magnetic excitations. Again we find that the over- 
all line shapes are dominated by the mean-field split- 
ting of the ground state. Of course, one has to bear 
in mind that soft modes might have a low weight 
in these zone-averaged data. 
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IIL Conclusions 

CeCu2G% is a well characterized Kondo lattice with 
a magnetically ordered ground state. Anomalous 
transport and thermodynamic properties have been 
reported. Resistivity [121, thermoelectric power [14] 
and specific heat data [17] point towards a Kondo 
temperature TK = 6 K. In addition an enhanced linear 
term in the specific heat can still be found at low 
T well below the magnetic phase transition. 

The results of this elastic and inelastic neutron 
scattering study can be summarized as follows: 
- at TN=4.1 K an incommensurate magnetic order 
develops. The spin structure can be described by a 
spiral with an ordering wave vector qo =(0.28, 0.28, 
0.54) and with a plane of rotation perpendicular to 
the propagation vector. The ordered moment was 
found to be #s=0.74#B at 1.5 K. 
- only one inelastic transition due to crystal electric 
field effects could be detected at hco/k,= 191 K. A 
determination of the crystal electric field parameters 
of the Ce ion in a tetragonal point symmetry was 
possible utilizing complementary susceptibility and 
magnetization data. The wave function of the ground 
state doublet was found to be 0.91_+ 5/2>-0.4351+ 3/ 
2> yielding a magnetic moment of 1.54~l~. Thus, due 
to the formation ofa  Kondo singlet, CeCu2G% exhib- 
its a large reduction of the magnetic moment of the 
Ce ion. 

We performed a detailed quasielastic neutron 
scattering study on the line width of the ground state 
in the paramagnetic state. An anomalous temperature 
dependence of the magnetic relaxation rate was de- 
tected. F(T) is characterized for an unstable 4f- ion 
and pointed towards a Kondo temperature T~ ~ 10 K. 
For temperatures close to the antiferromagnetic or- 
dering transition deviations from the Lorentzian line 
shape were detected which we ascribe to critical spin 
fluctuations. 
- in the magnetically ordered state we observed, in 
addition to a broad band of magnetic excitations at 
0.85 meV, a quasielastic component, even well below 
TN. This quasielastic line seems to be characteristic 
for heavy-fermion systems and corresponds to an en- 
hanced value of the linear term of the specific heat. 
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