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Random magnetic moments and spin-glass-like behaviors in the heavy-fermion
compound CeNi2Sn2
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We have studied the magnetic, electric, and thermal properties of CeNi2Sn2 . The zero-field-cooled suscep-
tibility xZFC(T) deviates from the field-cooled susceptibilityxFC(T) below 3 K. Both real (x8) and imaginary
(x9) components of the ac susceptibility exhibit pronounced maxima at;4 and;5 K. At 2 K, the magneti-
zation M (H) clearly exhibits hysteresis. The zero-field cooled-magnetizationMZFC(t) is frozen at 2 K in a
0.005-T field with an enormous time constant of 917 sec. In 0.005 T, zero-field-cooled resistivityrZFC(T) starts
to deviate from field-cooled resistivityrFC(T) at ;8 K, and bothrZFC(T) andrFC(T) rapidly decrease as the
temperature is below 5 K. These behaviors suggest a spin-glass phase transition atTf;3 K for CeNi2Sn2 . The
coefficient of the term linear in temperatureg, in the specific heat of CeNi2Sn2 between 30 and 40 K, is 112
mJ mol21 K22, which is much larger than those of normal metals. CeNi2Sn2 is a true heavy fermion with
spin-glass-like behavior. In a 10-T field, the temperature dependence ofCm /T exhibits a peak at;5 K. The
easiest interpretation for this behavior is that, in a high magnetic field, there is a field-induced ferromagnetic
phase transition at;5 K.

DOI: 10.1103/PhysRevB.65.214416 PACS number~s!: 75.50.Lk, 75.20.Hr
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I. INTRODUCTION

Rare-earth-metal ternary silicides with the ThCr2Si2 or
CaBe2Ge2 tetragonal structure exhibit a rich variety of phys
cal phenomena, such as heavy-fermion behavior, mixed
lence, and superconductivity. CeNi2Sn2 crystallizes with the
CaBe2Ge2 tetragonal structure and was first studied
Skolozdraet al.1 Several groups2–5 have measured the mag
netic properties, resistivity, and specific heat of CeNi2Sn2 ,
and they classify this compound to be a heavy-fermion s
tem with an electronic specific-heat coefficientg reaching
0.6 J mol21 K22.5 Besides, CeNi2Sn2 is in an antiferromag-
netic order belowTN;1.8 K.

A large negative magnetoresistance of CeNi2Sn2 was ob-
served in the vicinity of 2 K.6 Following the approach pro
posed by Abrikosov to calculate the resistivity in weak
spin-correlated Kondo-like system, Gridinet al.6 were able
to fit the temperature and field dependences of CeNi2Sn2

successfully, which suggests that there are weakly correl
Kondo-like random magnetic moments in CeNi2Sn2 . Fre-
quently, correlated magnetic moments might form magn
clusters. A tiny ferromagnetic component~0.02mB per for-
mula unit7! and a huge anisotropy of susceptibility5 also sug-
gest the existence of magnetic clusters in CeNi2Sn2 .

It is also known that two allotropic forms exist fo
CeNi2Sn2 .8 The structure instability of CeNi2Sn2 will pro-
duce random magnetic moments. At low temperature, th
random magnetic moments might correlate to form magn
clusters. The magnetic clusters are the building blocks ou
which the spin glass is established. If magnetic clusters
linked, CeNi2Sn2 will be in a short-range spin-glass-type o
der. Therefore, CeNi2Sn2 is suitable for studying the mag
netic order from paramagnetic random magnetic mome
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magnetic clusters, short-range spin-glass-type to long-ra
antiferromagnetic order. In this paper we report the sp
glass-like behaviors of magnetic, electric, and thermal m
surements for CeNi2Sn2 .

II. EXPERIMENTAL METHODS

Polycrystalline samples of CeNi2Sn2 and LaNi2Sn2 were
prepared by arc-melting the pure elements in their stoich
metric ratio in an atmosphere of purified argon gas. The b
ton was flipped several times and remelted to achieve g
homogeneity. The samples were annealed at 800 K fo
days. The overall weight loss during melting was less th
1%. X-ray measurements of the sample were carried ou
room temperature and showed only a single phase in th
series of samples. The x-ray powder diffractometer uses
Ka1 radiation with a wavelength51.54056 Å. Table I is the
index table of the x-ray-diffraction patterns for CeNi2Sn2 .
The structure is consistent with the tetragonal CaBe2Ge2
type ~space groupP4/nmm!.7 Figure 1 shows the x-ray
diffraction patterns of CeNi2Sn2 and LaNi2Sn2 . The lattice
parameters for CeNi2Sn2 are a54.36(5) Å, c510.21(2)
Å and for LaNi2Sn2 are a54.41(2) Å, c510.17(2) Å,
which are consistent with the report of Kaczmarskaet al.7

Table I is the index table of the x-ray-diffraction patterns f
CeNi2Sn2 , thex25(uobserved2ucalculated)

2/N of this fitting is
(0.0567°)2, whereN is the number of lines.

For CeNi2Sn2 and LaNi2Sn2 , Ślebarski, Pierre, and
Kaczmarska8 reported that annealing in some cases is able
cause monoclinic distortion, observed by a small Bragg-l
splitting. A similar behavior was also reported by Sampa
kumaranet al.9 However, as shown in Fig. 1, there is n
x-ray line splitting for the x-ray-diffraction patterns o
CeNi2Sn2 and LaNi2Sn2 . It might be that our diffractomete
©2002 The American Physical Society16-1
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TABLE I. The index table of the x-ray-diffraction patterns for CeNi2Sn2 .

2uobserved

~deg!
dobserved~Å!

5l/(2 sinuobserved)
2ucalculated

~deg!
dcalculated~Å!

5l/(2 sinuobserved)
D~2u!

(1022 deg) hkl

26.3 3.386 26.27 3.390 3.29 00
28.7 3.108 28.74 3.103 4.20 11
29.95 2.981 30.02 2.974 7.00 11
33.4 2.681 33.42 2.678 2.50 10
35.3 2.541 35.27 2.542 2.90 00
41.15 2.192 41.28 2.185 13.4 20
46.15 1.965 46.20 1.963 4.00 11
49.85 1.828 49.95 1.824 10.00 21
53.85 1.701 53.91 1.699 6.20 21
59.75 1.546 59.81 1.545 5.80 22
62.35 1.488 62.44 1.486 8.95 11
66.45 1.406 66.44 1.406 1.00 22
69.85 1.345 70.01 1.338 16.00 30
74.5 1.273 74.59 1.271 9.00 00
e
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~Rigaku, D/MAX-2500! is not sensitive enough to indicat
the small line splitting of monoclinic distortion.

The L III x-ray-absorption-spectroscopy~XAS! spectra of
CeNi2Sn2 at 300 and 15 K were measured at SRRC~Syn-
chrotron Radiation Research Center, Hsinchu, Taiwan, RO!
on the Wiggler x-ray beam line BL17C for CeL III -edge mea-

FIG. 1. The x-ray-diffraction patterns of CeNi2Sn2 and
LaNi2Sn2 .
21441
surements. The samples used for XAS measurements
prepared by dusting the well-powdered samples onto
Scotch tape. The size of the powdered particles was m
smaller than 37mm by using a 400-mesh sieve to avoid th
thickness effect.10

The dc-magnetization studies were performed in a Qu
tum Design superconducting quantum-interference dev
~SQUID! magnetometer. Both the zero-field-cooling~ZFC!
and the field-cooling~FC! methods measured the susceptib
ity. For ZFC, we cooled the sample from 300 to 2 K in the
zero field and applied the field at 2 K.~By the low-field
profiling option of the Quantum Design SQUID, we ca
measure a remnant field in the sample position. Without
applied field, the magnetic field in the sample position
,0.000 04 T.! Then we heated the sample while measur
thex in the constant field. For FC, the sample was cooled
a magnetic field from 300 to 2 K and then it was heated u
while measuring thex.

The ac magnetic properties of CeNi2Sn2 were measured
by a Quantum Design physical property measurement sys
~PPMS!. The electrical resistance was measured by a fo
probe method. The resistance of a sample was measure
averaging the voltages obtained with the current in the f
ward and the reverse directions.

The specific-heat measurementsC(T) were performed in
a Quantum Design PPMS. Theg of CeNi2Sn2 is ;0.6
J/mol K2, which agrees with the report of Takabatakeet al.5

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the z
field-cooled molar susceptibilityxZFC(T) and field-cooled
molar susceptibilityxFC(T) for CeNi2Sn2 in a 0.01-T mag-
netic field. The inset of Fig. 2 is the temperature depende
1/xZFC(T) for CeNi2Sn2 in a 0.01-T magnetic field. The sus
ceptibility follows approximately a Curie-Weiss law abov
20 K with a negative Curie-Weiss temperatureu527.6 K.
The effective momentmeff deduced from the paramagnet
region is 2.67mB , which is slightly larger than the theoretica
6-2
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RANDOM MAGNETIC MOMENTS AND SPIN-GLASS-LIKE . . . PHYSICAL REVIEW B 65 214416
value of the Ce31 free atom at the2F5/2 state (2.54mB).
The Curie-Weiss temperature of a polycrystalli

CeNi2Sn2 significantly depends on an annealing procedu7

The Curie-Weiss temperature for our sample is closer to
data found earlier by Sampathkumaranet al.9 ~;25 K! and
Kaczmarskaet al.7 ~;219 K! than those found by Liang
et al. ~;246 K! Jisrawi, and Crott3 and Beyermannet al.4

~258 K!. Kaczmarskaet al.7 claimed that the difference
between Curie-Weiss temperatures of given works mi
arise mainly from a spurious phase, not detected by x-
analysis and an unknown Pauli paramagnetic contribut
Therefore, the large effective momentmeff (2.67.2.54mB)
and large negative Curie-Weiss temperature (u527.6 K)
imply the existence of random magnetic moments from
spurious phase or unknown Pauli paramagnetic contributi
in CeNi2Sn2 .

A spin glass is a random, mixed-interacting, magnetic s
tem characterized by random, yet cooperative, freezing
spins at a well-defined temperatureTf below which a highly
irreversible, metastable frozen state occurs without the o
nary long-range spatial magnetic order.11 In a spin glass, the
ferromagnetic clusters are highly anisotropic and the m
netic relaxation time becomes so long as to give rise to
pronounced deviation ofxFC(T) from xZFC(T) below a char-
acteristic temperatureTf .

As shown in Fig. 2,xZFC(T) starts to deviate fromxFC(T)
at 5 K and displays a peak at 2.5 K, which indicates that
paramagnetic random magnetic moments correlate to f
magnetic clusters below 5 K, and those magnetic clusters
further frozen to a spin-glass phase below the spin-freez
temperatureTf52.5 K. Figure 3 showsxZFC(T) andxFC(T)
for CeNi2Sn2 at 50 and 200 Oe. Below 5 K, bothxZFC(T)

FIG. 2. The temperature dependence of the zero-field-co
molar susceptibilityxZFC(T) ~d! and field-cooled molar suscept
bility xFC(T) ~s! for CeNi2Sn2 at a 0.01 T magnetic field. The inse
is the temperature dependence 1/xZFC(T) for CeNi2Sn2 at a 0.01-T
magnetic field.
21441
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and xFC(T) are depressed drastically by the magnetic fie
which implies that the mechanism associated with rand
magnetic moments, forming magnetic clusters, is stron
affected by the field. The magnetic field smears out the p
of xZFC(T). Besides, as the magnetic field increases,
freezing temperatureTf decreases. Therefore, the field al
considerably influences the mechanism that cooperates
magnetic clusters to form spin-glass phase.

For canonical spin glasses, in a spin-glass state or a m
netic cluster-frozen phase, it takes several decades to tur
magnetic moments toward the field direction. Figure 4 is
time dependence of zero-field-cooled magnetizationMZFC(t)
for CeNi2Sn2 at 2 K in a 0.005-T field. The solid line in Fig
4 is the fitting curve of the stretched exponential function

MZFC~ t !5M02M 8 expF2S t

t D 12nG ,
with t5917 sec. The fitting values are indicated in Table
The extremely large time constantt is consistent with the
existence of a spin-glass phase in CeNi2Sn2 .

The time dependence ofM (t) in a spin-glass state coul
cause magnetization hysteresis. To confirm further the e
tence of cooperation among magnetic clusters in CeNi2Sn2 ,
we measured the field dependence of magnetizationM (H) at
2 K. As shown in the inset of Fig. 4, theM (H) of CeNi2Sn2
exhibits clear magnetization hysteresis.

It is well known in the case of canonical spin glasses t
to undergo from a paramagnetic to a spin-glass transition
a function of decreasing temperature, the real~in-phase!
component of magnetic ac susceptibility,x8 exhibits a cusp
at the spin-freezing temperatureTf . For example, with mea-
sured frequency 234 Hz and applied oscillating fie

d FIG. 3. The temperature dependence of the zero-field-coo
molar susceptibilityxZFC(T) and field-cooled molar susceptibility
xFC(T) for CeNi2Sn2 at 0.005 and 0.02 T.
6-3
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<0.0001 T, the real part of the ac susceptibility (x8) of a
canonical spin glassAuMn exhibits a sharp maximum a
Tf;10.2 K.12

Figure 5 indicates the temperature dependence of the
component of ac susceptibilitiesx8(T) for CeNi2Sn2 in an
ac field 0.0001 T at 200, 2000, 5000, 8000, and 10 000
For ac susceptibility measurements, we cooled the sam
from 300 to 2 K without any applied field. Then we heat
the sample while measuring the susceptibilities for 2
2000, 5000, 8000, and 10 000 Hz simultaneously at e
temperature. The most remarkable feature ofx8(T) is that
there are two peaks at 4.6 and 5 K. Although the magnit
of peaks decreases as the frequency increases, the pos
of these two peaks are independent of the frequency. Fig
6 is the temperature dependence of the imaginary compo
of ac susceptibilitiesx9(T) for CeNi2Sn2 in an ac field
0.0001 T at 200, 2000, 5000, 8000, and 10 000 Hz. There
also two peaks at 4.4 and 5 K in x9(T) for CeNi2Sn2 . Since
CeNi2Sn2 has antiferromagnetic order belowTN51.8 K,
which is much lower than 4 K, these two peaks can only
related to short-range magnetic order instead of a long-ra
order. There are two kinds of structures, tetragonal

FIG. 4. The time dependence of zero-field cooled magnetiza
MZFC(t) for CeNi2Sn2 at 2 K in a0.005-T field. The solid line is the
fitting curve of stretched exponential function:MZFC(t)5M0

2M 8 exp@2(t/t)12n# with t5917 s. The inset is the field depen
dence of magnetizationM (H) at 2 K.

TABLE II. The fitting values of MZFC(t)5M0

2M 8exp@(2t/t)12n#.

Field ~T! 0.005

M0 ~emu/mole! 55.0060.083
M 8 ~emu/mole! 20.4960.028
t ~s! 917614.4
n 0.6960.00046
21441
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monoclinic (b590°488),7 in CeNi2Sn2 . If the lattice struc-
ture affects the cooperation of magnetic clusters, these
peaks might be related to two slightly different spin-freezi
temperaturesTf of tetragonal and monoclinic structures
CeNi2Sn2 .

To confirm further the magnetic behavior of CeNi2Sn2 ,
Fig. 7 shows the temperature dependence of magnetiza
M (T) without any applied field (H,0.000 04 T). The inset

n
FIG. 5. The temperature dependence of the real component o

susceptibilitiesx8(T) for CeNi2Sn2 in an ac field of 0.0001 T at
200, 2000, 5000, 8000, and 10 000 Hz.

FIG. 6. The temperature dependence of the imaginary com
nent of ac susceptibilitiesx9(T) for CeNi2Sn2 in an ac field of
0.0001 T at 200, 2000, 5000, 8000, and 10 000 Hz.
6-4
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of Fig. 7 is the inverse of magnetizationM 21(T) versus the
temperature. Above 38 K, the temperature dependenc
M 21(T) can be described by 1/M (T)5cT1d with c
50.008 52 mol emu21 K21 andd521.22 mol emu21. It im-
plies that paramagnetic random magnetic moments sta
correlate below 38 K. Below;6 K, the inverse of magneti
zation M 21(T) decreases rapidly as the temperature
creases and nears a constant at;4 K, which might indicate
that the magnetic clusters start to correlate at;6 K, and
freeze at;4 K.

The temperature dependences of zero-field-cooled ele
cal resistivityrZFC(T) and field-cooled resistivityrFC(T) of
CeNi2Sn2 in a 0.005-T magnetic field between 2 and 30
are shown in Fig. 8. First, we cooled the sample from 300
2 K without any applied field. Then we heated the sample
to 80 K while measuring therZFC in the constant field. When
the sample was cooled in a magnetic field from 80 to 2 K,
measured therFC(T). Above 10 K, the long tail of the
Kondo effect, which has a negative temperature coeffic
(dr/dT,0), further confirms the existence of paramagne
random magnetic moments in CeNi2Sn2 . If the magnetic
cluster is frozen in a spin-glass system, it takes a long tim
turn the magnetic moments toward the field direction. Ho
ever, the ordering of magnetic clusters will considerably
duce the resistivity. Therefore, as soon as magnetic clus
are formed, the zero-field-cooled resistivityrZFC(T) is dif-
ferent from the field-cooled resistivityrFC(T), and both
rZFC(T) and rFC(T) will significantly decrease below th
spin-freezing temperatureTf . In 0.005 T,rZFC(T) starts to
deviate fromrFC(T) at ;8 K, which might indicate that
paramagnetic random magnetic moments begin to dev
magnetic clusters. The inset~a! of Fig. 8 is the magnetization
M versus magnetic fieldH, and the inset~b! is the field
dependence ofMT(H) at 7 and 12 K for CeNi2Sn2 . The

FIG. 7. The temperature dependence of magnetizationM (T)
without any applied field. The inset is the inverse of magnetizat
M 21(T) versus temperature.
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linear dependence ofM on H indicates a paramagnetic orde
above 7 K. If the random paramagnetic moments do
correlate between 7 and 12 K,MT(H) should be nearly tem-
perature independent. As shown in inset~b!, theMT(H) at 7
K is meaningfully less than theMT(H) at 12 K, which
might further support that random paramagnetic mome
begin to develop magnetic clusters below 8 K. Since ther
no hysteresis inM (H) at 7 K, at this temperature the corre
lation among clusters is not strong enough to form a sp
glass state.

At ;5 K, both rZFC(T) and rFC(T) rapidly decrease as
temperature decreases, which suggests that magnetic clu
might freeze below 5 K. As shown in the inset of Fig. 4, t
hysteresis ofM (H) at 2 K additionally supports that th
magnetic clusters further correlate below 5 K.

The specific heatC of polycrystal samples of CeNi2Sn2
and its isostructural nonmagnetic compound LaNi2Sn2 were
reported by Takabatakeet al.,5 who found that there are two
peaks in the magnetic specific heat at 1.8 and 7.2 K.@The
magnetic specific heat Cm was defined as Cm
5C(CeNi2Sn2)2C(LaNi2Sn2)#. They claimed that the
1.8-K peak was due to an antiferromagnetic order and
7.2-K peak was induced by the crystal-field effect. Howev
Takabatakeet al. also pointed out that the 7.2-K peak wa
much broader than expected for a simple Schottky contri
tion. In their measurements, the linear extrapolation ofC/T
from above 4 to 0 K yielded a large value of 0.65 J/K2 mol.

Figure 9 shows the temperature dependence of spe
heat C(T) for CeNi2Sn2 and LaNi2Sn2 . There is a broad
peak in the magnetic specific heatCm(T) at 6 K. The inset of
Fig. 9 is C/T versusT2 between 2 and 5 K, the linear ex
trapolation ofC/T from above 5 to 0 K yields a large valu
of 0.67 J/K2 mol, which is consistent with the result of Taka
batakeet al.

n

FIG. 8. The temperature dependence of zero-field-cooled e
trical resistivity rZFC(T) ~d! and field-cooled resistivityrFC(T)
~s! in a 0.0050-T magnetic field between 2 and 30 K.
6-5
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As pointed out by Takabatakeet al., the simplest interpre-
tation of the 6-K peak ofCm(T) for CeNi2Sn2 is due to
low-lying crystal levels, since theJ5 5

2 multiplet of Ce31 in
the lattice symmetry lower than the cubic symmetry sp
into three doublets. Using a CF-only model forJ5 5

2 Ce in
the tetragonal symmetry, Takabatakeet al. obtained three
doublets 0, 17.2, and 218 K.5 Because the splittingD be-
tween the ground state and the first excited CF double
much smaller than those of higher excited states, the spe
heat due to the Schottky contribution is13

Cm~T!5R
~D/T!2eD/T

~11eD/T!2 ,

whereR is the gas constant. Therefore,Cm(T) has a maxi-
mum equal to 0.44R at Tmax50.416D. If Tmax is ;6 K, D is
;14.4 K. At 6 K, the magnetic specific heatCm(T) of
CeNi2Sn2 is ;3.2 J/mol K, which equals 0.38R. This value
is slightly less than 0.44R. @For the measurements of Tak
batakeet al., Tmax is ;7.2 K, andCm(7.2 K);2.8 J/mol K,
which is even less than 3.2 J/mol K.#

For the canonical spin glass 2790-ppmCuMn, 14 C(T)
exhibits a peak atTmax8 ;5 K. The spin freezing temperatur
Tf of 2790-ppmCuMn is 3 K sothatTmax8 51.6Tf . Since the
spin freezing temperature of CeNi2Sn2 nears 3 K, the spin-
glass phase will cause a maximum ofC(T) at ;5 K. There-
fore, the peak of specific heat by a spin-glass phase~at 5 K!
nears the peak of the Schottky anomaly~at 6 K!. These two
peaks will smear out each other, so that the maximum
Cm(T) for CeNi2Sn2 is much broader than expected for
simple Schottky contribution. Namely, the depression of
Schottky peak might be attributed to the broadening of
Schottky anomaly by the magnetic clusters.

FIG. 9. The temperature dependence of specific heatC(T) for
CeNi2Sn2 ~d! and LaNi2Sn2 ~s!. The magnetic specific heatCm

~m! was defined asCm5C(CeNi2Sn2)2C(LaNi2Sn2). The inset is
C/T versusT2 between 2 and 5 K.
21441
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For a canonical spin glass, it shows that entropy sh
from the low-temperature to the high-temperature portion
cause a great deal of the magnetic entropy is lost or fro
out far aboveTf .14 And the applied field shifts even mor
entropy from the low-temperature to the high-temperat
portion.15 To confirm further the spin-glass order i
CeNi2Sn2 , we measured the magnetic entropy of CeNi2Sn2
in various magnetic fields. Figure 10 shows the molar s
cific heat divided by temperatureCm /T versus temperature
for 0, 1, 5, and 10 T for CeNi2Sn2 . As shown in Fig. 10,
entropy shifts from the low temperature to high temperatu
The shoulder ofCm /T, which corresponds to the maximum
of Cm ~at ;6 K!, becomes less pronounced and disappear
H.5 T. Above 40 K,Cm(T) is independent of the magneti
field. The magnetic entropySm is defined as

Sm5E
2 K

40 K Cm

T
dT.

As shown in Table III,Sm increases as the magnetic fie
increases. The field dependence ofSm further supports the
existence of a spin-glass phase in CeNi2Sn2 .

Between 40 and 30 K,Cm(T) of CeNi2Sn2 can be de-
scribed byCm(T)5gT1bT3. Without any applied field,g
5112 mJ mol21 K22 and b520.0051 mJ mol21 K24. This
g value is much larger than those of normal metals. Since
g is estimated within a high-temperature range (40,T
,30 K), one should guard against associating the calcula
g with the ground-state enhancement of effect mass.

Spin-glass magnetism could induce a possible enla
ment of specific heat.16 As an example, theg value of
CePd3B0.3 is 150 mJ mol21 K22.17 Gschneidneret al.18 sug-
gested that the enhancement ofg is caused by a spin-glas

FIG. 10. The magnetic molar specific heat divided by tempe
ture Cm /T versus temperature in 0, 1, 5, and 10 T for CeNi2Sn2 .
The magnetic specific-heatCm is defined asCm5C(CeNi2Sn2)
2C(LaNi2Sn2).
6-6
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TABLE III. The fitting valuesg andb of Cm /T5g1bT2, and magnetic entropySm for various magnetic
fields. Between 40 and 30 K, the fitting values are defined asg5g1 andb5b1 , and between 40 and 50 K
are defined asg5g2 andb5b2 .

Field
~T!

g1

~mJ mol21 K22!
b1

~mJ mol21 K24!
g2

~mJ mol21 K22!
g2

~mJ mol21 K24!
Sm

~J K21 mol21!

0 112 20.0051 7.6 0.0175 6.426
1 110 20.0050 6.1 0.0183 6.434
5 122 20.0057 10 0.0168 8.24
10 146 20.0071 18 0.0145 9.81
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state that is due to the presence of atomic site disorde
CePd3B0.3 the B atoms randomly occupy the body-center s
of this antiperovskite crystal, which introduces a varyi
electronic environment around Ce ions and thus cause
variation in the Ruderman-Kittel-Kasuya-Yosida~RKKY !
mediated-exchange interaction among the Ce ions. The in
action depends upon the boron occupation in the vicinity
Ce ions. It is this random Ce-Ce exchange interaction
gives rise to the spin-glass behavior; this accounts for
large observedg value. Gschneidneret al.called this kind of
material nonmagnetic atom-disorder spin glass~NMAD spin
glass!. With a largeg value, CeNi2Sn2 is not necessarily a
heavy fermion.

Gschneidneret al. pointed out that the possible mech
nisms that will enhance theg value are~1! low-lying crystal
levels,~2! a spin-glass phase, and~3! magnetic order at low
temperature. Therefore, only if the estimatedg value is not
affected by these three mechanisms can it be used to de
whether this compound is a heavy fermion. Figure 11 sho
Cm /T versusT2 in 0, 1, 5, and 10 T for CeNi2Sn2 . Above 40
K, Cm /T is independent of the magnetic field. Within a sm
temperature range,Cm /T versusT2 can be described by

FIG. 11. Cm /T vs T2 in 0, 1, 5, and 10 T for CeNi2Sn2 . The
inset is the temperature dependence of resistivity for CeNi2Sn2 be-
tween 10 and 80 K.
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line, Cm /T5g1bT2. The slope ofCm /T versusT2 changes
the sign at;40 K. Therefore, theg values determined from
the temperature ranges above 40 K will be significan
smaller than those below 40 K. Between 40 and 30 K,
fitting values ofCm /T5g1bT2 are defined asg5g1 and
b5b1 , and between 40 and 50 K are defined asg5g2 and
b5b2 . As shown in Table III,b1 is negative butb2 is
positive. Theg1 is almost 10 times larger thang2 , which
indicates that below 40 K the Kondo effect is considera
enhanced so that the effective mass of conduction elect
significantly increases. The inset of Fig. 11 is the tempera
dependence of resistivityr(T) for CeNi2Sn2 between 10 and
80 K. The resistivityr(T) exhibits a minimum at;40 K,
which further supports this argument.

In a spin-glass phase, the magnetic field will significan
affect the specific-heat measurements. As shown in Table
when the magnetic field is smaller than 5 T,g1 is almost a
constant. Therefore, estimated valuesg1 between 40 and 30
K are not affected by the spin-glass phase in CeNi2Sn2 .
Furthermore, the temperatures of the antiferromagnetic
dering ~;1.8 K! and Schottky peak~;7.2 K! for CeNi2Sn2
are so much lower than 30 K that magnetic order and cry
field do not affect g1 either. Hence, the largeg1
;112 mJ mol21 K22 strongly suggests that CeNi2Sn2 is not
only a spin glass but also a true heavy fermion. If this arg
ment is correct, CeNi2Sn2 might be a ‘‘true’’ heavy fermion
with spin-glass behaviors.

As shown in Fig. 10, when the magnetic field is less th
5 T, below 3 K,Cm /T increases rapidly, which is due to th
antiferromagnetic order at 1.8 K. However, at 10 T, below
K, Cm /T decreases rapidly and exhibits a peak at;5 K. The
easiest interpretation for this behavior is that in a high m
netic field~such as 10 T! one magnetic cluster will correlat
with another to form a long-range magnetic order instead
a short-range spin-glass phase. Namely, in a high magn
field ~such as 10 T!, there is a field-induced ferromagnetic
phase transition at;5 K for CeNi2Sn2 . Further experimenta
studies, for example, the low-temperature (T,2 K) and
high-magnetic-field (H.10 T) specific-heat measuremen
are necessary to clarify this argument.

The heavy fermion can be considered as the 4f electron,
hybridized with the conduction-band states near the Fe
surface via Kondo spin fluctuation. This process cause
strong mixing of the free conduction electrons with the
calized 4f electrons and thus leads to an enormous enha
ment of the linear specific-heat coefficientg Brandt and
6-7
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Moschalkov19 and Rice and co-workers20–24 implementedg
;1/(12nf), where thenf is the occupation number of th
4 f level. Therefore, for a heavy fermionnf'1. The valence
n of a Ce ion in CeNi2Sn2 is n542nf . Hence, if the va-
lencen of Ce ions is very close to 3, it would further suppo
CeNi2Sn2 to be a heavy fermion.

The L III x-ray absorption spectroscopy is a very use
tool to measure the valence in mixed-valence systems.
ure 12 is the CeL III -edge spectra of CeNi2Sn2 at 300 and 15
K. To compare the intensity in the Ce-peak region, these
spectra are normalized to the Ce31 peak. By fittingL III spec-
tra with a superposition of Ce31 and Ce41 edges, one ob-
tains the Ce valence of CeNi2Sn2 . The solid lines in Fig. 12
are fitting curves withn53.0360.015. The details of the
fitting procedure have been discussed in the reports
Liang25 and Croftet al.26

The XAS measurement of CeNi2Sn2 was first reported by
Liang, Jisravi, and Croft.27 In their measurement, Ce i
CeNi2Sn2 is trivalent or nearly trivalent. Usually, the erro
limit is around 5% in XAS measurements for estimating t
valence. Therefore, our result is still consistent with that
Liang, Jisravi, and Croft.

The 3d core-level x-ray photoemission spectrosco
~XPS! measurements of CeNi2Sn2 were reported by S´ lebar-
ski et al.28 In the 3d core-hole XPS spectrum of CeNi2Sn2 ,
there is a shake-up-type satellite. This satellite can be in
preted as a contribution of the 4f configuration to the Ce
ground state~it means that Ce shows a fractional interme
ate valence larger than 3! or plasmon effect. Since this high
energy satellite is broad, S´ lebarski et al. claimed that the
satellite of the XPS spectrum is due to the plasmon exc
tion and the Ce ions of CeNi2Sn2 are in the form of a stable

FIG. 12. The CeL III -edge spectra of CeNi2Sn2 at 300 and 15 K.
The solid lines are fitting curves.
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configuration. The message that valence of Ce in CeNi2Sn2
is very close to 3 further supports that CeNi2Sn2 is a heavy
fermion.

IV. SUMMARY AND CONCLUSION

In CeNi2Sn2 , the following observations were noted:~1!
xFC(T) significantly deviates fromxZFC(T) below 3 K, ~2!
there are two peaks at;4 and;5 K in both the real (x8)
and imaginary (x9) components of ac susceptibilities,~3! the
zero-field-cooled magnetizationMZFC(t) is frozen at 2 K in a
0.005-T field with an enormous time constant 917 sec,~4!
the temperature dependence of magnetizationM (T) without
any applied field increases rapidly as the temperature is
low ;6 K and nears a constant at;4 K, ~5! the M (H) of
CeNi2Sn2 exhibits clear magnetization hysteresis at 2 K,~6!
at 0.005 T,rZFC(T) starts to deviate fromrFC(T) at ;8 K,
and bothrZFC(T) and rFC(T) rapidly decease as the tem
perature decreases below 5 K,~7! the 6-K peak ofCm(T) is
much broader than expected for a simple Schottky contri
tion, and~8! the applied field shifts entropy from the low
temperature to the high-temperature portion. All these ob
vations suggest a spin-glass phase below 3 K.

Actually, for a perfect single crystal, there is no rando
magnetic moment~magnetic cluster!. Therefore, there is un
likely a spin-glass phase in a ‘‘perfect’’ single crystal. Spi
glass behaviors must relate to the impurity and the defec
fact, many canonical spin-glass materials are compose
magnetic impurities. For examples, Au95Fe5 and Cu95Mn5 ,
these spin-glass phases are due to magnetic impuritie
nonmagnetic host metals. We do need ‘‘magnetic impuri
to form clusters that might correlate to form a spin-gla
phase. Therefore, we need mechanisms which could cr
‘‘magnetic impurity’’ or ‘‘defect.’’ In a spin glass, the pos
sible mechanisms are~A! structure instabilities~random-site-
type spin glass! and~B! magnetic instabilities~random-bond-
type spin glass!.

There exist two allotropic structures in CeNi2Sn2 . The
competition between different crystal structures will cau
the structure instability. The structure instability might crea
the spin-glass-type short-range correlation among Ce io
However, Pierreet al.29 found that only a small displacemen
of Ce atoms is related to the monoclinic distortion, and t
distortion is not expected to change the magnetic fea
significantly. Besides, we have not observed the monocl
phase in our x-ray-diffraction patterns of CeNi2Sn2 . There-
fore, even though some spin-glass-like behaviors might
related to the structure instability, the monoclinic distorti
itself would not cause the spin-glass-like behaviors
CeNi2Sn2 .

The magnetic structure of CeNi2Sn2 was reported by
Pierre et al.29 with refined magnetic-neutron-diffractio
spectra. An important feature of the observed magnetic st
ture is frustration: Antiferromagnetism occurs in the ba
~a,b! planes; thus the Ce atom at the center of the tetrago
cell ~1

2,
1
2,

1
2! has vanishing spin-quadratic interaction wi

those of neighboring planes. One general effect of the fr
tration of magnetic interaction is the lowering of the lon
range-ordering temperature and the occurrence of the sh
6-8
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range order above this temperature.30 Frustration is an
important source of spin glasses.

For CeNi2Sn2 , the linear specific-heat coefficientg esti-
mated from a temperature range~40–30 K! is ;112
mJ mole21 K22, which is not affected by low-lying crysta
levels or spin-glass phase, or magnetic order at low temp
ture. This largeg value strongly suggests that CeNi2Sn2 is
not only a spin glass but also a true heavy fermion.

By XAS measurement, the occupation number of thef
level nf of CeNi2Sn2 is ;1. Therefore, for CeNi2Sn2 , the 4f
level of Ce is adequately close to but still almost entire
below the Fermi surface. The conduction electrons n
Fermi level hybridize with the localized 4f electrons via
Kondo spin fluctuation to form a heavy fermion. If the abo
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opinions are correct, CeNi2Sn2 might be a ‘‘true’’ heavy fer-
mion with spin-glass behaviors.

For CeNi2Sn2 in 10 T, the temperature dependence
Cm /T exhibits a peak at;5 K. The easiest interpretation fo
this behavior is that, in a high magnetic field, there is
field-induced ferromagnetic phase transition at;5 K. Fur-
ther experiment, for example, the low-temperatureT
,2 K) and high magnetic-field (H.10 T) specific-heat
measurements are necessary to clarify this opinion.
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