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Specific heat, resistivity and inelastic neutron scattering experiments are reported, which demonstrate that CeNi,Ge,
exhibits a heavy-fermion groundstate which is neither magnetic nor superconducting. The specific heat coefficient y(7°)
reaches 350 mJ/K?mol and exhibits a peak at 0.4 K showing that coherence effects becoxq‘e important at low temperatures.
The magnetic relaxation rates as measured via the line width in inelastic neutron scattering experiments are strongly enhanced
and deviate from a Korringa law behaviour. The Kondo temperature Tx = 30 K was determined from the magnetic relaxation

rates and from the specific heat data.

1. Introduction

Heavy-fermion systems are metallic systems
characterized by unusual low temperature proper-
ties [1]: strongly enhanced values of the linear
term of the specific heat and of the temperature
independent Pauli spin susceptibility correspond
to high effective masses of the conduction elec-
trons. Ce-based ternary compounds with the
ThCr,Si, structure include heavy-fermion systems
with very different ground states: CeCu,Si, was
the first compound reported [2] to exhibit heavy-
fermion superconductivity. CeCu,Ge, was classi-
fied as a heavy-fermion system with a magnetic
ground state [3,4]. Finally, CeRu,Si, is a system
characterized by high effective electron masses
and undergoing neither a magnetic nor a super-
conducting phase transition [5]. However, highly
anisotropic short range magnetic correlations have
been reported in this compound [6].

The high effective masses of the systems under
consideration result from the hybridization of the
Ce 4f-electron with the conduction electrons. In
calorimetric experiments this many-body effect
becomes apparent thropgh a large metallic linear
term in the specific heat. In addition, several of
these materials exhibit a peak in the specific heat
coefficient y(T) = C(T)/T below 1 K which has
been ascribed to the opening of a pseudogap in
the electronic density of states at the Fermi level
[7]. This fine structure at the Fermi level is a
characterisic feature of a Kondo lattice where
coherence effects between the single ion Kondo
sites become important {8].

For the Kondo lattice, the temperature depen-
dence of the resistivity shows .an unusual be-
haviour as compared to a normal metallic be-
haviour. A broad peak in p(7") near the Kondo
temperature is followed by a strong decrease of
the resistivity for further decreasing temperatures.
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For T < Ty the resistivity follows a T2 depen-
dence which can be interpreted within a Fermi-
liquid theory [9].

Neutrons can interact with the magnetic mo-
ment of a rare earth compound via the dipole
force. The differential cross section is proportional
to the dynamic structure factor which in turn is
related to the dynamic susceptibility. For the
ground state multiplet of a non-interacting local
moment the dynamic structure factor will exhibit
a sharp, resolution limited peak at zero energy
transfer. Interactions of the 4f-moment with the
conduction electrons introduce relaxation effects
giving Lorentzian line shapes with an intrinsic
width. In rare-earth compounds with a stable 4f-
configuration one expects a Korringa type of be-
haviour for the quasielastic line width, namely
I' = akpT where a is typically 10~ [10]. Due to
the strong coupling between conduction electrons
and the 4f-electrons heavy fermion compounds
behave completely differently: Usually they are
characterized by a finite line width for T— 0 and
deviate significantly from a linear 7-dependence
[11,12]). A finite value of the quasielastic line width
was first predicted by Gotze and Schlottman [13]
for a Kondo impurity system. During the last few
years a number of theoretical models have been
developed which predict the temperature depen-
dence of the quasielastic linewidth as observed in
inelastic neutron scattering experiments in Ce
compounds with a non-stable 4f-configuration
[14-18]. The main results, depending on the model
used and depending on the strength of the 4f-con-
duction electron hybridization, were: an enhance-
ment and non-linear behaviour of I'(T"); a mini-
mum in the temperature dependence near the
Kondo temperature; a finite line width for 7— 0
K and deviations from a simple Lorentzian line
shape at low temperatures (T < Ty).

2. Experimental results and discussion
2.1. Sample preparation and characterization
Polycrystalline sample of CeNi,Ge, were melted

from stoichiometric amounts of high purity ele-
ments in an argon arc furnace. The X-ray powder

diffraction analysis at room temperature showed
that the samples were of single phase (ThCr,Si,
structure). The lattice parameters were found to
be a=4.150 A and ¢ = 9.854 A. Ac susceptibility
measurements (117 Hz) performed at earth mag-
netic fields plus an ac-amplitude of 5 pT do not
show any indication of either a magnetic or a
superconducting phase transition down to 30 mK.

2.2. Calorimetric investigations

Standard calorimetric techniques were applied
to measure the specific heat in a temperature
range 70 mK < T'< 5 K and external fields up to
4 T. The results are shown in Fig. 1. Here we
plotted the temperature dependence of the coeffi-
cient of the linear term y(7T)= C(T)/T versus
temperature for different magnetic fields. To be-
gin the discussion with the zero-field results, we
find a continuous decrease of I'(T') with increas-
ing temperatures for 7> 0.3 K. This decrease is
very smooth and changes from 350 mJ/K? mol at
0.3 K to 250 mJ/K?mol at 5 K. At T=0.3 K
¥(T) exhibits a maximum and decreases on fur-
ther cooling. This decrease is attributed to the
onset of lattice coherence effects where a fine
structure develops in the electron density of states
near the Fermi level: within this picture the open-
ing of a pseudogap reduces the density of states at
the Fermi energy [8].
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Fig. 1. Temperature dependence of the linear term y(7)=
C(T)/T of the specific heat in CeNi,Ge, for magnetic fields
upto4T.



The results of y(7T') as a function of magnetic
field show that an external field gives rise to a
moderate suppression of the peak maximum and a
slight shift to higher temperatures, thus indicating
that a magnetic field smears out the fine structure
in the electron density of states [7,8]. The upturn
of C(T)/T for T<0.07 K is due to a nuclear
Zeeman splitting,.

Only in an external field of B=4 T C(T) can
quantitatively be explained with a spin-1/2 impur-
ity Kondo model as derived by Desgranges and
Schotte [19]. A Kondo temperature of 29 K yields
a good description of the results of fig. 1. With
this formalism the Kondo temperature is related
to y (T=0) via Ty =aR/3y (T =0). Of course,
the coherence effects in zero field cannot be fitted
within this single-ion model.

2.3. Electrical resistivity

Resistivity measurements utilizing a standard
four-lead technique on rectangular shaped pellets
were performed for temperatures 4.2 K < T'< 300
K. In fig. 2 we show the absolute resistivity p(T')
for CeNi,Ge, and for the isostructural La-refer-
ence compound LaNi,Ge,. The resistivity of
CeNi,Ge, as measured does not exhibit the typi-
cal non-monotonic behaviour of some heavy-ferm-
ion compounds like CeCu,Si, [20], with a low
temperature peak near the Kondo temperature.
However, if one subtracts p(R) of the non-mag-
netic reference compound to get rid of the phonon
contribution, a broad peak in the Ce-increment
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Fig. 2. Temperature dependence of the resistivity in CeNi,Ge,
and LaNi,Ge,.
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p1(T) near 100 K remains. This behaviour is
found in intermediate valence systems [21], but
also closely resembles the temperature dependence
of p(T) of the heavy-fermion compounds
CeRu,Si, [5] and UPt, [22].

2.4. Inelastic neutron scattering

The measurements of the quasielastic line width
in CeNi,Ge, have been performed on the time-
of-flight spectrometers IN4 (located on a thermal
neutron source) and IN6 (located on a cold source)
at the high flux reactar at the Institut Laue-Lan-
gevin in Grenoble. Incoming neutron energies from
12.5 meV (IN4) and 3.15 meV (IN6) have been
chosen. To correct the spectra for contributions
due to pure phonon scattering, LaNi,Ge, was
used as a reference sample. The scattered intensi-
ties in both samples were scaled to a phonon peak
at high temperatures and then subtracted. For a
further check to distinguish between nuclear and
magnetic contributions the spectra in CeNi,Ge,
were measured at different scattering angles. In
fig. 3 we show the results of a weighted difference
between the spectra of the La- and the Ce-com-
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Fig. 3. Scattering law S(Q, w) versus neutron energy transfer

for an average scattering angle of 8 =12° as obtained for

CeNi,Ge, at different temperatures (the scattering angle cor-

responds to a momentum transfer Q = 0.48 A1), These spec-

tra were measured at IN4 with an incident neutron energy of
125 meV.
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pounds as measured at the TOF-spectrometer IN4
at different temperatures. Hence fig. 3 shows the
magnetic contributions to the quasielastic scattered
neutron intensities only (the intensities in the re-
gion of purely elastic scattering, which is de-
termined by the width of the experimental energy
resolution, are omitted; here the counting statis-
tics are low due to the fact that the intensities of
the elastic incoherent scattering are larger by a
factor 10* than the quasielastic scattered magnetic
intensities). Already from a first inspection it is
clear that the magnetic relaxation rate as defined
by the half width at half maximum (HWHM) of
the quasielastic lines, is strongly enhanced when
compared to rare earth systems with a stable
moment, but that the temperature dependence is
rather weak pointing towards a large residual line
width at 7= 0 K. All the spectra were analysed by
fitting the experimental results with a Lorentzian
lineshape weighted with a temperature factor. For
the temperatures investigated (4 K < 7 < 300 K)
the quasielastic lines are well described by a
Lorentzian lineshape including a detailed balance
factor (solid lines in fig. 3). The temperature de-
pendence of I' as determined by these fits is
shown in fig. 4. The results from the measure-
ments at both spectrometers, IN4 and IN6 respec-
tively, are included. For 7> 40 K the magnetic
relaxation rate increases smoothly with increasing
temperatures reaching values of 6 meV at 200 K.
Approximately at 30 K I' (T) passes through
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Fig. 4. Temperature dependence of the quasielastic line width

T (half width at half maximum: HWHM) for CeNi,Ge,: (W)

IN6, (®) IN4. For comparison the relaxation rates as measured

in CeCu,Si, are included (Horn et al. [12]): (2). The lines are
drawn to guide the eye.

minimum and increases again when the tempera-
ture is lowered further. For comparison we in-
cluded the temperature dependence of the line
width as observed in the prototype heavy fermion
system CeCu,Si, [12]. At high temperatures the
magnetic relaxation rates of the two isostructural
compounds nearly coincide. However, with de-
creasing temperatures I'(T) in CeCu,Si, decreases
continuously down to the lowest temperatures
pointing towards a low residual line width which
is a characteristic feature of compounds with a
low Kondo temperature.

With both incident energies the spectra in
CeNi,Ge, were measured at different scattering
angles. Thereby a range of momentum transfers
04 A-'<0<3 A™! was covered. Within the
accuracy of the present experiments no significant
Q-dependence of the magnetic relaxation rates
could be detected. It is worth noting, that within a
Fermi-liquid description of the heavy-fermion state
I increases linearly with Q. Our data show that I
is roughly independent of Q over a wide range of
momentum transfers and thus the present results
in CeNi,Ge, are in conflict with a Fermi-liquid
model.

For a comparison of the present experimental
results with recent theoretical models we outline
some of the relevant theoretical predictions:
~ Czycholl and Leder [14] calculated the dynamic
magnetic susceptibility within an ‘“alloy analog
approximation” where the many-particles Ham-
iltonian is mapped on an effective single-particle
model. This model yields a broad quasielastic line
corresponding to a high magnetic relaxation rate
which is nearly temperature independent. For large
hybridization a flat minimum in I'(7") was found.
In addition, deviations from a simple Lorentzian
line shape are predicted; an inelastic transition
becomes apparent due to the fact that the maxi-
mum of the 4f-peak near the Fermi level is slightly
shifted apart from the Fermi energy.

- Kojima, Kuramoto and Tachiki [15] calculated
the dynamic properties of Ce-systems in the inter-
mediate valence and in the nearly integral valence
regime (here the latter corresponds to heavy ferm-
ion or dense Kondo systems) using a self-con-
sistent perturbation theory. For the nearly integral
valence limit the magnetic relaxation rate follows



a linear temperature dependence but is consider-
ably enhanced over the Korringa value; in ad-
dition they find a finite value at 7= 0 K. Devia-
tions from the Lorentzian line shape are insignifi-
cant in this regime at all temperatures. For inter-
mediate valence systems the line width increases
with decreasing temperatures corresponding to
strong deviations from the Lorentzian line shapes.
—~ Cox, Bickers and Wilkins [16] performed a
calculation of the magnetic relaxation rate for
systems with non-stable 4f-electron configurations
in a wide temperature range (0.01Tx < 7 < 407Ty).
The found that i) I’ is nonmonotonic passing
through a minimum near the Kondo temperature
Tx with I'(Tx )= 0.75Tx and reaching a limiting
low temperature value of 1.35T; ii) the magnetic
relaxation rate shows a non-linear high tempera-
ture behaviour which is well fitted by a square-root
law and iii) significant deviations from a
Lorentzian line shape appear for 7 << Ty.

These models neglect effects due the crystal
electric field [15] or are restricted to ionic ground
states with a degeneracy N; > 4 [16]. Recently the
magnetic relaxation rates in Kondo systems have
been calculated taking crystal field effects into
account [17,18].

The present neutron scattering results as pre-
sented in fig. 4 can directly be compared with the
results derived by Cox et al. [16]). We find a square
root dependence of the relaxation rate at high
temperatures, a minimum at the Kondo tempera-
ture with I'(Tx ) = 40 K and a residual line width
I'(T=0 K)=45 K; the Kondo temperature as
defined by the minimum of I'(T) roughly gives
Tg =30 K. The minimum observed experimen-
tally is much flatter than theoretically predicted,
and its value does not obey the scaling relation
I'(Tx)=0.75T¢. This might be due to the fact
that the calculations are correct for systems with a
ground state degeneracy N; =4 only. In the te-
tragonal compound under investigation the crystal
electric field splits the J=15/2 multiplet of the
Ce-ion into three dubletts yielding a ground state
degeneracy of 2. This might also explain the ab-
sence of deviations from the Lorentzian line shape:
as mentioned above all the quasielastic neutron
scattering intensities could be reasonably well de-
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scribed using a single Lorentzian line shape. The
inelastic hump in the differential neutron cross
section as theoretically predicted results from the
off-fermion level position of the Kondo resonance
for systems with N; >4 and vanishes for a lower
ground state degeneracy [16).

3. Conclusions

The main experimental results can be sum-
marized as follows:
— A maximum in y(7)= C(T)/T demonstrates
that coherence effects become important at tem-
peratures T<0.3 K. An external magnetic field
yields a slight suppréssion of this peak corre-
sponding to a smearing out of the fine structure in
the electronic density' of states near the Fermi
level. The specific heat can be described by a
spin-1,/2 Kondo model with a Kondo temperature
Tx =29 K.
— The temperature dependence of the magnetic
relaxation rate as measured via inelastic neutron
scattering strongly deviates from a Korringa type
of behaviour and exhibits a flat minimum at 7" = 30
K defining the Kondo temperature in good agree-
ment with the results as obtained from the calori-
metric experiments. In a wide temperature range
(4 K <T <300 K) the quasielastic neutron pro-
files can be properly 'described by assuming a
single Lorentzian line shape.

Utilizing susceptibility, specific heat, resistivity
and inelastic neutron 'scattering techniques, we
have characterized CeNi,Ge, as a new heavy-
fermion compound exhibiting neither a magnetic
nor a superconducting: phase transition. The size
of the coefficient of the linear term in the specific
heat at low temperatures, which reaches 350
mJ/K?mol makes CeNi,Ge, comparable to the
isostructural compound CeRu,Si, [5]. It is inter-
esting to note, that both systems have a very
similar unit cell volume: 169.7 A? (CeNi,Ge,) and
1724 A (CeRu,Si,) [23). Compounds with
ThCr,Si, structure and smaller volumes are char-
acterized by unstable 4f electron configurations:
For example CeNi,Si, (V=155.6 A%) is a inter-
mediate valence system [24]. Compounds with
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larger volumes exhibit stable 4{-electrons and un-
dergo magnetic phase transitions: CeRu,Ge, (V
=1829 A’ ) exhibits a ferromagnetic groundstate
[24]). In all of these compounds the separation of
the Ce-ions is far beyond Hill’s limit and the
relevant empirical parameter seems to be the rare
earth—transition metal distance [24].
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