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Electric, magnetic, and thermal properties of Ce2NiGe3: A Kondo lattice compound
showing spin glass behavior
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The magnetism of Ce2NiGe3 was investigated by measuring magnetic susceptibilityx, electrical resistivity
r, thermoelectric powerS, and specific heatC. dc susceptibility shows irreversible behavior at low tempera-
tures. In a low external magnetic field, the field-cooled susceptibility increases monotonically with decreasing
temperature. On the other hand, the zero-field-cooled susceptibility shows a peak at 3.5 K, which was esti-
mated as the freezing temperatureTf . The magnitude of the peak decreases with increasing field. No anomalies
were found in resistivity and in specific heat atTf . Instead, a broad peak of the specific heat was observed at
a higher temperature 1.3Tf . The magnetic contribution to the specific heatCm shows a Schottky peak around
60 K, giving the scheme of crystal field splitting:D15135 K andD25498 K. The specific heat coefficientg
was estimated to be 25 mJ/K2 mol Ce from the data below 1 K. Magnetic resistivity shows a2 ln T depen-
dence from room temperature to 50 K. The thermoelectric power shows a broad positive peak around 80 K and
a negative peak at 20 K. Ce2NiGe3 was found to be a new Kondo lattice compound showing spin-glass
behavior. Frustration and disorder play a crucial role in the formation of the spin-glass state.
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I. INTRODUCTION

Up to 20 ternary germanides can be synthesized in
Ce-Ni-Ge system.1 Various ground states were realized d
to the competition between the Ruderman-Kittel-Kasu
Yosida ~RKKY ! interaction and the Kondo interaction. Fo
example, CeNi2Ge2 is a heavy-fermion compound showin
deviations from Fermi-liquid behavior at low temperature2

CeNiGe is an intermediate valence compound.3 On the other
hand, Chevalieret al. reported that the compounds contai
ing 50 at. % of Ge or more, such as Ce2Ni3Ge5, order anti-
ferromagnetically at low temperatures.4 Although Ce2NiGe3
was known to crystallize in AlB2-type structure,5 its mag-
netic properties were not studied yet to the best of
knowledge. It contains 50 at. % of Ge, locating at the bou
ary of the magnetic phase and nonmagnetic phase. The
dom distribution ofT and X atoms inR2TX3 (R5U, Ce;
T 5 transition metals;X5Ge, Si! usually gives rise to a
random exchange interaction betweenR-R, which is one of
the ingredients for spin-glass state to form. In fact, spin-gl
behavior has been observed in U2PdSi3 ~Refs. 6 and 7!,
U2CoSi3 ~Ref. 8!, and Ce2AgSn3 ~Ref. 9!. Thus, spin-glass
behavior in Ce2NiGe3 is expected due to the random dist
bution of Ni and Ge atoms on the crystallographic sit
Spin-glass behavior is identified mostly in dilute metal
alloys.10 Recently, observation of spin-glass behavior in
deredf-electron andd-electron systems has attracted mu
attention from both experimental and theoretic
viewpoints.11–13

In this paper, we show the evidence for the formation o
spin-glass state in Ce2NiGe3 by studies of the magnetic
transport, and thermal properties. Plenty of experimental d
have been accumulated for the thermoelectric power~TEP!
of Ce compounds having antiferromagnetic, ferromagne
or nonmagnetic ground state. However, very few experim
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tal reports on the TEP of the Ce compounds showing sp
glass behavior in the literature. We discussed the TEP re
of Ce2NiGe3 on the basis of the theoretical work o
Fischer.14

II. EXPERIMENT

Polycrystalline samples of Ce2NiGe3 and La2NiGe3 were
prepared by arc melting the stoichiometric constitution e
ments in an argon atmosphere. Successively, the as-cas
gots were annealed for 1 week at 850 °C. dc magnetic s
ceptibility x measurements down to 2 K were carried out
the use of a commercial superconducting quantum inter
ence device~SQUID! magnetometer~Quantum Design Co.
Ltd.!. Electrical resistivityr was measured using the conve
tional dc four-probe method. Thermoelectric powerS was
measured from 2 K to 300 Kwith a differential method by
using the thermal couples of Chromel/Au10.7 at. % Fe. Spe-
cific heatC was measured with a quasiadiabatic method
the temperature range 0.3–150 K.

III. EXPERIMENTAL RESULTS

X-ray diffraction confirmed that both Ce2NiGe3 and
La2NiGe3 crystallize in AlB2-type structure. The lattice pa
rameters area54.164 Å , c54.243 Å for the former and
a54.188 Å , c54.319 Å for the latter. For both of them
only one weak peak near the~101! reflection could not be
indexed. By comparing the simulated diffraction patterns
some phases close to Ce2NiGe3, the impurity is considered
to be likely CeNiGe2 although no trace of anomaly due to i
antiferromagnetic ordering at 3.9 K was found in our me
surement of susceptibility, resistivity and specific heat.

Figure 1~a! shows the magnetic susceptibility o
Ce2NiGe3 measured under a low external magnetic field o
©2001 The American Physical Society05-1
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Oe. The sample was cooled down to 2 K from room tem-
perature in zero field at first. Then, we set the magnetic fi
to 5 Oe and measured the zero-field-cooled~ZFC! suscepti-
bility, xZFC5MZFC/H, while heating it to 10 K.xZFC shows
a distinct peak around 3.5 K. On the other hand, the fie
cooled ~FC! susceptibility, noted asxFC5MFC/H, was ob-
tained by measuring the magnetization after cooling
sample from room temperature to 2 K in the field of 5 Oe.
xFC monotonically increases with decreasing temperature
can be seen that the susceptibility is irreversible below 3.5
which could be estimated as the freezing temperatureTf .
The irreversibility of magnetic susceptibility belowTf is one
of the characteristic behaviors of a spin-glass system.15,16

The discrepancy betweenxZFC and xFC could not be ob-
served in a field stronger than 1 kOe. As can be seen in
1~b!, the peak ofxZFC become broader while increasing th
strength of field. A field stronger than 10 kOe suppressed
peak completely.

Figure 2 shows the susceptibility of Ce2NiGe3 in a field
of 2 kOe. Above 70 K,x follows a Curie-Weiss law, giving
the effective momentmeff52.45mB and the paramagneti
Curie temperatureup524.6 K. Heremeff is near to that of a
free Ce31 ion (2.54mB). In Ce2NiGe3, Ni ions do not carry
magnetic moments. The inset showsM (H) curves measured
at various temperatures. Above 20 K, a linear relations
betweenM andH was observed. At low temperatures belo

FIG. 1. ~a! dc magnetic susceptibilityM /H of Ce2NiGe3 mea-
sured after zero-field cooling~ZFC! and field cooling~FC! in a field
of 5 Oe. ~b! Temperature dependence ofMZFC/H of Ce2NiGe3

measured in several external fields.
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10 K, the magnetization curves deviate from a linear re
tionship betweenM and H. At 2 K, a hysteresis loop with
small remanet magnetization (0.005mB /Ce) was observed.

In a spin-glass state, the isothermal remanet magne
tion ~IRM! takes a long time to decay. The relaxation proce
of Ce2NiGe3 was investigated. At first, the sample was ze
field cooled to 2 K from room temperature. Then, a field wa
applied for 10 min and the IRM was measured as a funct
of time t after switching off the field (t50). The results for
fields ofH1510 kOe andH2520 kOe are displayed in Fig
3. The solid lines in the figure are fitting results by using
a formulaM (t)5M (0)1a ln t with M (0)50.100~emu/g!,
a520.0043~emu/g! for H1 and M (0)50.102 ~emu/g!, a
520.0048~emu/g! for H2. The coefficienta is calledmag-
netic viscosity. The experimental results can be reproduc
excellently by using the formula as in the case of AuFe w
8% Fe, which is a typical spin glass.17 The decay process o
IRM is not universal for all spin glasses. For example, t

FIG. 2. Temperature dependence of 1/x of Ce2NiGe3 measured
in an external field of 2 kOe. Inset shows theM (H) curves mea-
sured in several temperatures.

FIG. 3. Time dependence of isothermal remanent magnetiza
~IRM! of Ce2NiGe3 measured at 2 K. The solid lines are fittin
results forH1510 kOe andH2520 kOe~see text!.
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time dependence of IRM for U2PdSi3 ~Ref. 7! was described
by adding the third exponential term to the formula me
tioned above. The difference could come from the details
the ingredients for the formation of a spin glass. Howeve
is common that IRM of a spin glass takes several decade
decay below its freezing temperature.10

The specific heat of La2NiGe3 and Ce2NiGe3 below 15 K
is shown in Fig. 4. The specific heat of La2NiGe3 below 6 K
can be described with a formulaC(T)5gT1bT3 with g
57.2 mJ/K2 mol andb50.3345 mJ/K4 mol. This gives an
estimation of the Debye temperature of 180 K. HereC(T) of
Ce2NiGe3 did not show any anomaly atTf . Instead, a broad
peak appears around a higher temperatureT54.5
K51.3 Tf . Also, C(T) shows a linear temperature depe
dence below Tf down to 1 K. The magnetic
contribution to specific heat was obtained by defini
Cm(T)5C(T)Ce2NiGe3

-C(T)La2NiGe3
. Magnetic entropySm

5*0
TCm(T)/TdT was estimated and is shown in Fig. 4. Typ

cally, about one-third of the total magnetic entropy is
tained by the spin glass atT5Tf . For Ce2NiGe3, the mag-
netic entropy gain reaches 25% ofR ln 2 at 3.5 K, which is
comparable with the typical case.15 Cm(T) from 2 K to 150
K is shown in Fig. 5. A Schottky anomaly around 60 K w
observed. In the hexagonal system, the ground state of C31

was split into three doublets. Fitting the contribution fro
the crystal electric field~CEF! excitation to the specific hea
gives the energy schemeD15135 K andD25498 K from
the ground state, respectively. Neutron diffraction expe
ments are desired to check the CEF energy splitting sch
and the absence of long-range magnetic ordering.

The electrical resistivity of La2NiGe3 and Ce2NiGe3 is
shown in Fig. 6 together with magnetic resistivity,rm
5rCe2NiGe3

-rLa2NiGe3
. No anomaly was observed atTf . Here

rm shows a portion of the2 ln T dependence from room
temperature to 50 K and another portion of a very fa
2ln T dependence from 20 K to 5 K, corresponding to t
the Kondo effect with the presence of a hexagonal cry
field.

The thermoelectric powerS(T) of La2NiGe3 and

FIG. 4. Low-temperature specific heat of Ce2NiGe3 and
La2NiGe3 together with the magnetic entropySm .
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Ce2NiGe3 is shown in Fig. 7. HereS(T) of La2NiGe3 looks
like normal metals, showing a small value and nearly a lin
temperature dependence. On the other hand,S(T) of
Ce2NiGe3 shows a broad positive peak around 80 K and
negative peak at 20 K. The sign change occurred at a t
perature ofT0'10Tf . No anomaly was observed atTf .

IV. DISCUSSION

Evidence for the spin-glass transition at 3.5 K
Ce2NiGe3 has been seen from the experimental results:~1!
irreversible magnetic susceptibility and its response to
external field,~2! a long decay process of isothermal reman
magnetization, and~3! a broad peak ofC at T51.3Tf . Both
the frustration and disorder, two ingredients resulting in

FIG. 5. Magnetic specific heat of Ce2NiGe3. The solid line is a
Schottky fitting result~see text!. Inset shows theCm /T vs T below
1 K.

FIG. 6. Electrical resistivity of Ce2NiGe3 and La2NiGe3 . rm

5rCe2NiGe3
-rLa2NiGe3

.
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spin-glass state, are believed to play an essential rol
Ce2NiGe3. Considering the hexagonal AlB2-type crystal
structure of Ce2NiGe3, the layers of Ce ions alternate wit
layers of Ni and Ge. The interlayer Ce ions on 1(a) sites
form triangular network. Ni and Ge atoms distribute ra
domly on 2(c) sites. The large residual resistivity could b
an indication of this randomness. The nearest-neigh
Ce-Ce exchange couplingJ1 occurs in the Ce layers and th
next-nearest-neighbor Ce-Ce exchange couplingJ2 comes
from the intralayer.uJ1u and uJ2u are possibly comparabl
because of the closeness of the lattice parametersa and c.
Thus, a strong frustration will occur ifJ1 andJ2 have oppo-
site sign. Furthermore, the random distribution of Ni and
atoms may result in a random distribution of RKKY e
change coupling although Ce ions occupy only one kind
site. In U2PdSi3 ~Ref. 7! and Ce2AgIn3 ~Ref. 9!, similar spin-
glass behavior was also observed.

Special caution should be taken when one analyzes
low-temperature specific heat results of a spin gla
Gschneidneret al. pointed out that a largeC/T value may
mislead one to classify a spin glass into a heavy-ferm
system.18 A spin-glass transition or low-lying CEF levels ca
result in the largeC/T. In order to clear this issue for th
present system, measurement of specific heat was carrie
down to 0.3 K, being much lower thanTf . Analysis ofCm
gave CEF splitting of Ce2NiGe3 : D15135 K and D2
5498 K as mentioned above.D1 is much higher thanTf . At
low temperatures, the Schottky specific heat can be igno
C/T shows a maximum aroundTf , then decreases with de
creasing temperature. Theg(0) estimated from the data be
low 1 K is 25 mJ/K2 mol Ce ~shown in the inset of Fig. 5!.

FIG. 7. Thermoelectric power of Ce2NiGe3 and La2NiGe3.
y
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The heavy-fermion character is weak, which is also s
gested by the slight increase ofr at low temperatures. As
recommended by Gschneideret al., if normal heat capacity
measurements give indications of heavy-fermion behav
measurements should be extended to a temperature as lo
possible. In this sense, the conclusion that the spin g
Ce2AgSn3 ~Ref. 9! belongs to a heavy-fermion system
questionable.

In our transport measurementsr andS, no anomaly was
observed atTf , which is common for a spin-glass system15

Here, we pay attention to theS(T) curve of Ce2NiGe3. Al-
though the absolute value is small in the temperature ra
of our measurement, it shows a similar structure as m
other Ce-based antiferromagnetic Kondo compounds, s
as CePdSn~Ref. 19! and CeAl2 ~Ref. 20!. For these com-
pounds the broad positive peak at high temperatures is du
the interplay of the Kondo effect and CEF effect.21 The nega-
tive peak at low temperatures is attributed to the magn
correlations.19 This possibly applies to the present system
suggested from the result of the2 ln T-dependent magnetic
resistivity and the CEF splitting energy levels. Fischer h
calculated the thermoelectric power of spin glass on the b
of an s-d exchange model with additional interactions b
tween the impurity spins by means of time-dependent per
bation theory.14 The magnetic correlations result in a neg
tive contribution toS. Combining with the positive Kondo
term results in a sign change ofSat a temperatureT0, which
was crudely estimated to be the order ofTf . Thus, the nega-
tive peak at low temperatures could be considered as an
dication of the existence of magnetic correlations as
served in antiferromagnet CePdSn,19 in nonmagnetic heavy-
fermion systems, CeCu2Si2 ~Ref. 22! and CeRu2Si2,23 and
probably in the ferromagnet CeGe2.24

In summary, the magnetism of Ce2NiGe3 was investi-
gated. The results of magnetic susceptibility and specific h
indicated the formation of a spin-glass state below 3.5 K.
the paramagnetic range, the Kondo effect was observe
electrical resistivity and in thermoelectric power. Both fru
tration and disorder were found to play a crucial role for t
formation of a spin-glass state. Theg value and resistivity at
low temperatures suggest that the Kondo effect should
very weak in the spin-glass state. Neutron scattering exp
ments are desired to confirm the absence of long-range m
netic ordering and the information on the CEF splittin
scheme obtained from specific heat.
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