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Our investigation of Ce2Ni3Ge5 by means of transport, specific heat and magnetization measurements shows
that the compound is a Kondo lattice system exhibiting two antiferromagnetic transitions at T N1 ⫽5.1 K and
T N2 ⫽4.5 K. An analysis of the transport and specific heat data suggests that the Kondo energy scale k B T K is
of the order of k B T N . The resistivity and heat capacity data below 4 K are suggestive of the appearance of a
spin-wave gap. The compound exhibits giant magnetoresistance at low temperature. The crystal field splitting
is estimated to be about 180 K.
I. INTRODUCTION

Ce-based intermetallic compounds exhibit a wide range of
magnetic behavior such as magnetic ordering, the Kondo effect, heavy-fermion behavior, and valence fluctuation, which
arise from the competition between RKKY and Kondo interactions. CeAl2 and CeB6 are typical examples of a Kondotype antiferromagnetic; CeCu6 is a heavy-fermion system
with a nonmagnetic ground state, and CeCu2Si2 is a heavyfermion superconductor.1–4 Ce2Ni3Ge5 is a member of the
R 2 M 3 X 5 共R⫽rare earth, M ⫽transition metals, X⫽Si, Ge兲
series of compounds which have shown many interesting
properties. For example, R 2 Fe3Si5(R⫽Sc, Y, Lu) show superconductivity even in the presence of a large fraction of Fe
in the materials.5 Tm2Fe3Si5 is an antiferromagnetic
superconductor6 showing reentrance to the normal state below T N ; U2Rh3Si5 undergoes a simultaneous spinquadrupolar ordering.7 The investigation of Ce2Ni3Ge5 is important also from the point of view that the structurally
related compound CeNi2Ge2 shows non-Fermi-liquid behavior and the signature of superconductivity.8
In this paper we report the magnetic and transport properties of Ce2Ni3Ge5. The existence of Ce2Ni3Ge5 with
U2Co3Si5-type crystal structure was reported by Morozkin
and Seropegin.9 Isostructual Ce2Ni3Si5 is known to be a valence fluctuating compound.10 Since the replacement of Si by
Ge will reduce the hybridization, Ce2Ni3Ge5 is expected to
show heavy-fermion behavior or to be a Kondo lattice which
undergoes magnetic ordering. Such speculation was experimentally found to be true in CeM 2 X 2 共M ⫽transition metal,
X⫽Si, Ge兲 compounds.11,12 Indeed, recently, Chavelier
et al.13 observed magnetic ordering at 4.2 K in Ce2Ni3Ge5
using a magnetic susceptibility measurement.
II. EXPERIMENT

Polycrystalline samples were prepared using the standard
arc melting technique. The samples were annealed at 900 °C
for 1 week. Electrical resistivity measurements were carried
out using the conventional dc four-probe technique. The heat
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capacity was measured using an adiabatic heat pulse method.
A commercial superconducting quantum interference device
共SQUID兲 magnetometer was used for the magnetization
measurement. Magnetoresistance measurements were carried
out using a physical property measurement system 共Quantum
Design兲. All measurements have been carried out on two
independently prepared samples which show similar behavior.
III. RESULTS AND DISCUSSION

The powder x-ray diffraction, metallographic examination, and the electron probe microanalysis 共EPMA兲 results
show that the sample is single phase and it crystallizes in
U2Co3Si5-type orthorhombic structure 共spacegroup Ibam兲
with lattice parameters a⫽9.814 Å, b⫽11.844 Å, and c
⫽5.963 Å. The unit cell volume of Ce2Ni3Ge5 is 693.12 Å3,
which is 9.6% larger than that of Ce2Ni3Si5. The Ce atoms
occupy only one type of site in this structure.
As shown in Fig. 1, at high temperatures (T⬎50 K), the
susceptibility follows Curie-Weiss behavior with  eff
⫽2.5  B , which is close to the value expected for Ce3⫹ ions.
The paramagnetic Curie temperature (  p ) was found to be
⫺52 K. Such a large negative value of the Curie temperature
is often found in Kondo compounds. Two anomalies at 4.5
and 5.1 K are observed, indicating antiferromagnetic ordering. The isothermal magnetization 共at 4.4 K兲 is linear and
reversible up to 5.5 T, which is consistent with the antiferromagnetic nature of the magnetic ordering. The increase of
susceptibility between 4.5 and 5.1 K is possibly due to the
incommensurate nature of the antiferromagnetic ordering at
5.1 K. We wish to mention here that Chevalier and Etourneau found only one magnetic transition13 at 4.2 K in
Ce2Ni3Ge5. We have been able to detect two magnetic transitions using a smaller temperature interval for the data
points. Since our sample is of high quality as revealed by
metallographic examination, EPMA, and the large value of
the residual resistivity ratio (RRR⬃40), we believe both
magnetic transitions are intrinsic.
The resistivity shows a weak temperature dependence
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FIG. 1. Inverse susceptibility (  ⫺1 ) as a function of temperature
for Ce2Ni3Ge5 measured in a field of 0.1 T. The insets show  vs T
at low temperatures and isothermal magnetization at 4.4 and 10 K.

down to 100 K and a minimum at ⬃30 K 共Fig. 2兲. It shows
a change of slope at 5.1 K and a strong decrease below 4.5 K
which are associated with the two magnetic phase transitions
as revealed by the magnetic susceptibility measurement.
The resistivity ratio between 5.1 and 1.5 K is
 mag(5.1 K)/  mag(1.5 K)⫽66, and the total drop of resistivity
is more than 175 ⍀ cm. Large values of the drop of resistivity have recently been observed in Ce2Rh3Ge5 and
Ce2Ir3Ge5 and also in U2Rh3Si5. 14,7 For the former two com-

FIG. 2. 共a兲 Electrical resistivity of Ce2Ni3Ge5 in the temperature
interval 1.3–300 K. The inset shows an expanded view of the lowtemperature part of the resistivity. The solid line is the fit to the data
below 4 K 共see text兲. 共b兲 Magnetic contribution to the electrical
resistivity  mag vs ln T.

FIG. 3. 共a兲 Heat capacity and magnetic entropy of Ce2Ni3Ge5 as
a function of temperature. Large anomalies due to magnetic transitions are seen at low temperature. The solid line passing through the
data points represents a fit to the expression mentioned in the text.
共b兲 Magnetic contribution to the heat capacity together with the
calculated values of the Kondo and Schottky contributions to the
heat capacity.

pounds, the large drop was attributed to the combined effect
of the reduction of spin-disorder scattering and the development of coherence. In U2Rh3Si5 a simultaneous spinquadrupolar ordering takes place below 25 K and the resistivity data suggest the appearance of a spin-wave gap. As in
the case of U2Rh3Si5, resistivity data of Ce2Ni3Ge5 below 4
K can be fitted as  (T)⫽  0 ⫹AT 2 ⫹CT(1⫹2T/E g )exp
(⫺Eg /T), where  0 is the residual resistivity, AT 2 is the
Fermi liquid contribution, and E g is the gap in the spin-wave
spectrum. The spin-wave gap is estimated to be 12 K.
The magnetic part of the resistivity,  mag , which is obtained by subtracting the resistivity data of La2Ni3Ge5, behaves as (-ln T) in two different temperature regions 关Fig.
2共b兲兴. Such behavior is expected for Kondo-type interactions
in the presence of crystal field effects.15 The hightemperature logarithmic regions represent the Kondo effect
in the excited doublet, whereas the low-temperature regions
represent the Kondo effect from the crystal field ground
state. These regions are separated by a maximum whose temperature is related to the crystal field splitting. Thus the resistivity data suggest a crystal field spitting of ⬃100–200 K
for the excited doublet in this compound.
In Fig. 3 we have plotted the magnetic part of the heat
capacity which is obtained by subtracting the heat capacity
of La2Ni3Ge5 from that of Ce2Ni3Ge5. Two peaks are observed at ⬃4.5 and ⬃5 K which are due to the magnetic
ordering. The total jump in the heat capacity is more than 15
J/Ce mol K, which is larger than what is expected on the
basis of mean field theory. Further, the peak in the low temperature 共⬃4.5 K兲 is quite sharp 共full width at half maximum, FWHM⫽0.1 K兲. These two facts hints at the first-
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order nature of the magnetic phase transition at 4.5 K. We
wish to point out here that we could not detect any hysterisis
in the resistivity measurement at low temperature within our
temperature resolution of 50 mK. This, however, does not
rule out the possibility of the first-order nature of the magnetic transition at 4.5 K. In the case of U2Rh3Si5 no hysterisis
could be detected in the resistivity measurement, but the
first-order nature of the magnetic transition was established
from neutron diffraction and thermal expansion
measurements.7 Similar measurements are desired to establish the first-order nature of the magnetic phase transition at
4.5 K in Ce2Ni3Ge5. The magnetic entropy at T N (5.1 K)
reaches 0.67R ln 2. Thus there is a considerable reduction of
the magnetic entropy due to the Kondo effect. In the absence
of short-range order, a plausible reason for the deficiency of
the S mag(T N ) is that the twofold degeneracy is partially lifted
above T N by the presence of the Kondo effect. In such a case
it can be shown that S mag(T N )⫽S K (T N /T K ), where
S K (T N /T K ) is the Kondo entropy at T N . 16 Two conditions
are necessary for this relation to hold good: 共i兲 ⌬ CF
Ⰷk B T N and 共ii兲 ⌬ CFⰇk B T K . From the resistivity and magnetic susceptibility data, we have seen that both conditions
are satisfied for Ce2Ni3Ge5. Further, using the Bethe ansatz
for a spin- 21 Kondo model, Desgranges and Schotte calculated the specific heat and magnetic entropy.17 The above
relation provides the ratio T N /T K using the experimentally
found S mag(T N ). 17 Using this method, we estimate the
Kondo temperature to be ⬃5 K. We attribute the entropy
reduction to be due to the Kondo effect only. This assumption is reasonable since we do not see any tail in the heat
capacity above the magnetic ordering temperature. In the
temperature range 1.5–4.0 K, the magnetic part of the heat
capacity could be fitted as C mag(T)⫽ ␥ T⫹ ␤ T 3 exp
(⫺Eg /kBT), which corresponds to the antiferromagnetic magnon spectrum with an energy gap as also indicated by the
resistivity data. The spin-wave gap, however, is found to be
much less 共⬃2 K兲 from the heat capacity data as compared to
12 K from the resistivity data. The ␥ value is found to be
rather large, ⬃90 mJ/mol Ce K2, but C p data at lower temperature would be necessary to perform a more precise determination. The magnetic contribution to the heat capacity
in the paramagnetic region is well accounted for by a combination of Kondo-type and Schottky-type contributions
关Fig. 3共b兲兴. The Kondo contribution to the heat capacity was
taken from Ref. 17. T K ⫽5 K, estimated from the magnetic
entropy, was used to calculate the Kondo contribution. The
simulation of the heat capacity data leads to a crystal field
splitting of ⬃180 K.
Two magnetic phase transitions have also been seen in the
antiferromagnetic Kondo lattice CePtSn.18 The magnetic
structure is incommensurate to the lattice in both antiferromagnetic phases.19 It remains to be seen whether the antiferromagnetic structure remains incommensurate in both phases
in Ce2Ni3Ge5 also or undergoes a transition from an incommensurate to a commensurate structure at lower temperatures
as observed in Tb2Fe3Si5. 20 As crystallographically all the
Ce ions are equivalent, the two magnetic phase transitions
are associated with a change of the magnetic structure.
Since the magnetic field can also influence the arrangement of the magnetic spins, it is interesting to see the effect
of the magnetic field on the magnetic transitions in

PRB 62

FIG. 4. Resistivity 共a兲 as a function of temperature at various
fixed field and 共b兲 as a function of field at various fixed temperature.

Ce2Ni3Ge5. We notice that with an increase of field both T N1
and T N2 decrease 关Fig. 4共a兲兴, which is consistent with the
fact that phase transitions at T N1 and T N2 are both of antiferromagnetic nature. The field dependence of T N1 and T N2
is shown in Fig. 5. The resistivity data as a function of field
at constant temperatures are shown in Fig. 4共b兲. The most
interesting aspect of the field dependence of the resistivity is
a sharp rise at a critical field value B c (T) which decreases
with increasing temperature and disappears at T N2 (4.5 K).
B c (T) is also plotted together with T N1 and T N2 in Fig. 5. It
is clear from this figure that the sharp rise of resistivity is
associated with the second magnetic transition 共at T N2 兲. Such
a drastic increase of resistivity at a particular field is rarely
observed. It is not associated with a metamagnetic transition

FIG. 5. B-T phase diagram of Ce2Ni3Ge5. T N1 and T N2 are
represented by open and solid circles. Dashed lines are a guide for
the eye. The critical fields at which a sharp increase in resistivity is
seen 关see Fig. 4共b兲兴 are denoted by open triangles.
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since at 4.4 K we see a large increase of the resistivity at
⬃2.5 T, whereas the magnetization is strictly linear up to 5.5
T. Further, usually a metamagnetic transition results in a
drop of resistivity, leading to negative magnetoresistance.
The resistivity of Ce2Ni3Ge5 as a function of field and temperature hints at a rearrangement of the Fermi surface at
T N2 . It is also clear from Fig. 4共a兲 that the magnetoresistance
is positive in the magnetically ordered state, whereas it is
negative in the paramagnetic state. The positive magnetoresistance in the ordered state is consistent with the antiferromagnetic nature of the magnetic ordering. The destruction of
the coherent state by the application of magnetic field could
also add up, leading to a giant positive magnetoresistance
共220% at 2 K and 14 T兲.
In the paramagnetic region the negative magnetoresistance is due to the freezing out of spin-flip scattering in a
Kondo compound by the magnetic field. The normalized
magnetoresistance in the paramagnetic region could be
mapped onto a single curve by scaling the field values at
different temperatures as B/(T⫹T * ) where T * is the characteristic temperature which is an approximate measure of
the Kondo temperature21 共see Fig. 6兲. We estimate the
Kondo temperature from such scaling to be ⬃6 K. This value
is in agreement with T K ⬃5 K estimated from the reduction
of magnetic entropy due to the Kondo effect.
IV. CONCLUSION

The resistivity, magnetic susceptibility, heat capacity and
magnetoresistance data without any ambiguity establish that
Ce2Ni3Ge5 is a Kondo lattice compound which undergoes
successive magnetic phase transitions at 4.5 and 5.1 K. The
magnetic entropy at T N is only 0.67R ln 2, which is suggestive of the reduction of the magnetic moment due to the
Kondo effect. The peak in the susceptibility with no difference between the zero-field-cooled and field-cooled values
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and the linear behavior of the magnetization are suggestive
of the antiferromagnetic nature of the magnetic ordering.
Positive magnetoresistance at 2 K is also consistent with the
antiferromagnetic nature of the magnetic phase transition.
The resistivity and heat capacity data below 4 K indicate the
appearance of a spin-wave gap. The crystal field splitting is
estimated to be ⬃180 K. The Kondo temperature in the
crystal-field-split ground state is ⬃5 K. Further investigations are necessary to determine the nature of the lowtemperature magnetic structure and the crystal field level
scheme.
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