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Neutron scattering, thermal expansion, and magnetostriction measurements have been carried out on the
cubic compounds CeSbNix (x50 – 0.4). Inelastic neutron scattering studies show a well-defined crystal field
~CF! excitation at 4.06~60.04! meV and 5.02~60.05! meV in x50.08 and 0.15, respectively. The crystal field
splitting increases withx compared with the parent compound CeSb~3.19 meV! in spite of the lattice param-
eter increasing with Ni incorporation. The implication is that the increase in the CF splitting inx50.08 and
0.15 is due to a collapse of thep-f mixing between the Sb 5p holes and the localized Ce 4f electrons. The
analysis of inelastic spectra ofx50.15 shows that the ground state is a doublet (G7), which explains the
temperature-dependent behavior of the magnetic susceptibility. Thermal expansion shows a dramatic change in
behavior with Ni composition. The thermal expansion coefficient exhibits a first-order transition at 15.4 K in
CeSb, which disappears for Ni composition as low asx50.035, as well as in an applied field of 8 T. A large
magnetostriction has been observed in CeSb in the magnetic-ordered state as well as in the paramagnetic state.
The absolute values of the magnetostriction are reduced considerably in the Ni-incorporated alloys. The
volume magnetostriction ofx50.15 alloy exhibits a scaling behavior in the paramagnetic state from which we
have estimated the product of the magnetovolume coupling constant and the isothermal compressibility.
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I. INTRODUCTION

A number of interesting magnetic and transport proper
have been reported in the Ce-monopnictides compoundsX
(X5P, As, Sb, and Bi! which crystallize in the simple rock
salt, NaCl-type, structure.1 In the NaCl-type structure o
these compounds, the Ce site has octahedral symm
which splits theJ55/2 ground-state multiplet in to a double
(G7) and a quartet (G8). For all these compounds the cryst
field ground state is a doubletG7 .2–6 In the CeX series the
crystal field splitting (DCF) decreases with increasing size
anion atom~i.e., with increasing cubic lattice parametera!,
while the Néel temperature (TN) increases with the size o
anion atom: DCF514.82 MeV~at 15 K!, 13.70 MeV~at 12
K!, 3.19 MeV ~at 20 K!, and 0.69 meV~at 120 K!, and a
55.93, 6.08, 6.41, and 6.50 Å~at 300 K!, andTN58.5, 7.5,
16.1, and 25.2 K forX5P, As, Sb, and Bi, respectively.3

From the inelastic neutron scattering studies of CeSb at
K, the upper limit of the crystal field~CF! splitting was put
to 2.15 meV.2 The compounds withX5P and As show a
large CF splitting and a smallTN , while those withX5Sb
and Bi show a small CF splitting and a largeTN . This shows
that the crystal field interaction dominates in the form
while the magnetic exchange interaction is dominant in
latter. The crystal field splitting 3.19 meV~0.69 meV! of
CeSb ~CeBi! is unusually small compared with the 22.7
meV ~21.28 meV! expected from the extrapolation from th
other members of the rare-earth compounds in this ser6

This small value of CF splitting has been explained on
basis of thep-f mixing model.7–10 In this model the ground-
state crystal field levelG7 has very small mixing with the
predominant Ce 5d conduction band, but the excited C
PRB 620163-1829/2000/62~18!/12181~9!/$15.00
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level G8 has strong mixing with the holes of the valen
band of Sb 5p, and hence the strongp-f mixing effect is
expected for a larger number of holes. The latter mechan
pushes theG8 level away from the Fermi level and henc
reduces the CF splitting betweenG7 andG8 compared with
that predicted by the point charge model.

The compound CeSb is well known for its complex ma
netic phase diagram and strongly anisotropic magnetic p
erties belowTN .11,12 Unusual and complex magnetic prop
erties come from thep- f (G8) mixing, while the transport
properties are due tod- f (G7) mixing. The various magnetic
structures are formed by a periodic stacking of ferromagn
~001! planes, with magnetic moments pointing up or dow
and paramagnetic planes. The coexistence of the ferrom
netic and paramagnetic planes is due to a delicate bala
between the small crystal field splitting and the number
holes in the valence band. The easy magnetization axi
along the^001& direction, in contrast to thê111& easy axis
predicted by the crystal field only. The magnetic ordering
accompanied by a large structural distortion from cubic
tetragonal.13 The zero-field specific heat exhibits seven pha
transitions between 17 and 8 K, while the specific heat in
applied field reveals the presence of nonmagnetic plane
some magnetic phases.14 The P-T phase diagram of CeS
also exhibits interesting behavior, which shows the existe
of a critical end point at a pressure of 2 kbar and 18 K
which a line of critical points corresponding to the secon
order phase transition ends on a line of the first-order ph
transition.12

Recently, we have found that Ni atoms can be incorp
rated in the cubic CeSb, which increases the lattice param
almost linearly with Ni composition at a rate ofda/dx
50.0849 Å.15 Our study revealed that up to 40%~i.e., x
12 181 ©2000 The American Physical Society
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12 182 PRB 62D. T. ADROJA et al.
50.4) of Ni, the material crystalizes in a single-phase cu
structure. The Ni atoms occupy interstitial sites in CeS
which change the magnetic and transport properties dram
cally. This dramatic change in the magnetic property h
been attributed to the considerable reduction in thep-f
mixing,15 while the change in the transport property is due
the increase of thed-electron concentration, which increas
thed- f mixing. A recent study by neutron diffraction using
four-circle diffractometer on a CeSbNi0.15 single crystal
showed that the Ni atom occupies the~1/4, 1/4, 1/4! site in
the NaCl-type structure.16 In order to gain further informa-
tion about the crystal field splitting, magnetic structure, a
thermodynamical properties, such as the thermal expan
and magnetostriction, we have carried out neutron scatte
thermal expansion, and magnetostriction measurement
CeSbNiX (x50 – 0.4) alloys. The results of these studies
presented in this paper. The layout of the paper is as follo
In Sec. II we outline the experimental techniques used in
present work. The results of inelastic neutron scattering
periments onx50.08 and 0.15 alloys are presented in S
III A. A brief discussion of the magnetic structure ofx
50.15 alloy is given in Sec. III B. The analysis of the ma
netic susceptibility results for a single crystal of CeSbNi0.15
on the basis of a crystal field model is given in Sec. III C.
Sec. III D we present our thermal expansion results
CeSbNix (x50, 0.035, 0.15, and 0.4! and give a comparison
with the previous study on CeSb. The results of magne
triction measurements onx50, 0.15, and 0.4 are discussed
Sec. III E. The main conclusions of the present work
given in the final section.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of CeSbNix (x
50, 0.035, 0.08, 0.15, 0.4) were prepared by the arc mel
technique as described in Ref. 15. The single crystal
CeSbNi0.15 was grown by the Bridgman method in a M
crucible. The phase purity of the samples was checked u
the x-ray powder diffraction technique, which showed th
the materials were nearly single phase and crystallize in
cubic structure. The thermal expansion and magnetostric
samples,x50, 0.15, and 0.4, are the same as those on wh
magnetic susceptibility and resistivity studies have be
reported.15 The inelastic neutron scattering measureme
were carried out using the C5 triple-axis spectrometer
NRU reactor, Chalk River Laboratory, Canada. The sp
trometer was operated in the fixed final energy (Ef
514.56 meV) mode. We used pyrolytic graphite@PG~002!#
crystals for both monochromator and analyzer. To redu
higher-order contamination a pyrolytic graphite filter w
placed between the sample and analyzer. The collimat
used in the present experimental setting of the spectrom
were open-488-568-open. This configuration gave us a max
mum energy transfer of 8 meV with a typical energy reso
tion of 0.9 meV@full width at half maximum~FWHM!# at
the elastic position. A standard4He cryostat~a closed-cycle
refrigerator forx50.08) was used for the low-temperatu
measurements. The polycrystalline sample of weight ab
18 g was sealed in a thin-wall aluminum can~vanadium can
for x50.08) of 15 mm diameter and 62 mm length. T
magnetic origin of the observed excitation was confirm
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from the measurements carried out at a larger value ofQ and
also at different temperatures. The magnetic susceptibility
the CeSbNi0.15 single crystal was measured using a sup
conducting quantum interference device~SQUID! magneto-
meter between 2 and 300 K in an applied field of 0.5
Thermal expansion and magnetostriction measurements
carried out in a parallel plate capacitance cell that had b
calibrated using the known thermal expansivity of Si. T
disk-shaped samples with diameter 4.5 mm and thickn
1.5–2 mm were cut using a spark cutting machine for
thermal expansion and magnetostriction measurements
magnetic field up to 8 T was applied in the plane of the d
using a superconducting magnet. The relative accuracy o
method wasDL/L'131027.

III. RESULTS AND DISCUSSION

A. Inelastic neutron scattering

Figures 1 and 2 show the measured inelastic~INS! re-
sponse from CeSbNix (x50.08 and 0.15 with the cubic lat
tice parametersa56.427 and 6.438 Å, respectively! at low
temperatures. At a low value ofuQu50.725~r.l.u.! and at 12
K, the inelastic response shows a well-defined excitat
centered at 4.06~60.04! meV with a linewidth of 2.66
~60.04! meV for the 8% alloys and 5.02~60.05! meV with a
linewidth 3.38~60.02! meV for the 15% alloy. The quasi
elastic response is also observed centered at zero-en
transfer in both the alloys. The intensity of the inelastic pe
decreases with either increasinguQu or temperature~50 K;
see Fig. 2!. TheQ dependence of the peak intensity follow
F(Q)ˆ2 behavior, whereF(Q) is the Ce31 magnetic form
factor as calculated in the dipole approximation.17 On the
other hand, the temperature-dependent intensity of the p
shows the behavior predicted by Boltzmann statistics.
therefore conclude that the peak is of magnetic origin and
nonmagnetic scattering contribution such as phonon sca

FIG. 1. Inelastic neutron scattering response from polycrys
line CeSbNi0.08 in the paramagnetic state at 12 K foruQu50.725
~r.l.u.!. The solid line represents the fit, whereas the dotted lines
the components of the fitted function~see text!.
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ing is negligible in the measured temperature and ene
range. The peak in the inelastic response is due to the cr
field transition from the ground-state CF level to the exci
CF level of the Ce31 ions. The observed CF splitting i
CeSbNix (x50.08 and 0.15! alloys is higher than that in
CeSb@3.19 meV~Refs. 2–4!# even though the lattice param
eter increases withx.15 On the basis of a simple point charg
model, one would expect the CF splitting to decrease w
increasing cubic lattice parametera asDCF}1/a5.3,6 Further,
the inelastic spectra of CeSbNi0.15 at 4.2 K also exhibit an
inelastic peak centered at 4.89~60.05! meV, with a linewidth
of 3.48~60.03! meV: no clear sign of the splitting of th
inelastic peak due to the molecular field was observed
addition to the 4.89 meV peak, we also observed a w
response near zero-energy transfer, which could be fitted
ter with an inelastic peak centered at 1.15~60.02! meV than
the quasielastic peak. However, our instrument resolu
was not sufficient to resolve clearly this excitation from t
elastic scattering.

FIG. 2. Inelastic neutron scattering response from polycrys
line CeSbNi0.15 in the paramagnetic state~a! at 12 K, uQu50.725
~r.l.u.!, ~b! at 12 K, uQu53.725 ~r.l.u.!, and ~c! at 50 K, uQu
50.725 (r.l.u.!. The solid lines represent the result of the lea
squares fit to a quasielastic and inelastic Lorentzian as describ
the text ~dotted lines represents the components of the fit!. The
dashed line~passing through the data points! represents a fit base
on the crystal field model withG7 as a ground state~see text!.
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The point symmetry of Ce ions in CeSbNiX is cubic,
which gives only one independent CF parameter in the
Hamiltonian,HCF5B4

0(O4
015O4

4), whereB4
0 is the crystal

field parameter andOm
n are the Stevens operators.18 Under

the cubic CF potential theJ55/2 multiplet of the Ce31 ions
splits into a doublet (G7) and a quartet (G8), with energy
eigenvalues of2240B4

0 and 120B4
0, respectively.19 This

gives a direct method of estimating the CF parameter fr
the measured position of the inelastic excitation,DCF

5360B4
0.19 However, from the peak position only it is no

possible to determine the sign ofB4
0, i.e., to decide whethe

the CF ground state is a doubletG7 or a quarterG8 . In order
to determine the ground state, one needs to compare the
served intensities of the quasielastic and inelastic peaks
also their temperature dependences with those calculate
the basis of CF model.20 At low temperatures the contribu
tion to the quasielastic scattering comes from the scatte
of the electrons within the ground-state CF level, but at h
temperatures, when the excited state is populated, scatte
within the excited state also contributes to the quasiela
scattering.

To determine the ground state of the Ce31 ion in
CeSbNi0.15, the inelastic response was fitted to a sum o
quasielastic Lorentzian line centered at zero-energy tran
and an inelastic symmetric Lorentzian line centered
6DCF, whereDCF is the CF splitting. The quasielastic con
tribution was fitted by convoluting the instrument resoluti
function, which is a Gaussian function. The instrument re
lution was estimated from measurements of a vanad
sample under identical conditions. However, in the case
x50.08 alloy due to the presence of strong incoherent s
tering from the vanadium can and weak quasielastic sca
ing from the sample, it was not possible to fit the quasiela
peak accurately. Hence spectra ofx50.08 were fitted to only
one inelastic peak along with the elastic response. The s
lines in Figs. 1 and 2 show the best fit to the data by
least-squares fitting procedure. The components of the fit
shown by dotted lines in Figs. 1 and 2. The estimated li
width of the quasielastic and inelastic peaks forx50.15 are
1.46~60.35! meV and 3.38~60.2! meV at 12 K and 2.16~
60.70! meV and 4.24~60.49! meV at 50 K, respectively.
The position of the inelastic line at 12 K(5.0260.05 meV)
and 50 K(5.1160.11 meV), indicates the temperature ind
pendence of the crystal field within experimental accura
This is also the case in CeSb, while strong temperatu
dependent CF splitting has been observed for CeP
CeAs.3 Further, the width of the inelastic peak at 12 K
slightly higher than 2.460.4 meV observed in CeSb at 2
K.3 The intensity of the quasielastic peak increases with te
perature, while that of the inelastic peak decreases with
creasing temperature. The intensity ratio of the quasiela
peaks at 12 and 50 K is 0.51, which is close to the calcula
value of 0.63 for a doublet ground state~for a quartet ground
state, the calculated ratio is 1.08!. Further, the observed rati
for the inelastic peak at 12 and 50 K is 2.3, which is close
the calculated ratio of 1.6 for a doublet ground state~for a
quartet ground state, the calculated ratio is 1.16!. This indi-
cates that the ground state of CeSbNi0.15 is a doublet.

To further check the proposed energy-level scheme,
have analyzed the lowuQu50.725 r.l. inelastic spectra at 1
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and 50 K by solving the cubic crystal field Hamiltonian a
least-squares fitting the neutron scattering cross sectio
the experimental data. The fits were made taking the gro
state as a doublet as well as a quartet. A better fit to the
at 12 K was obtained for the doublet ground state than
quartet ground state. However, for the 50 K spectra the d
blet and quartet ground states gave almost a similar fit. Th
results support the doublet ground state in CeSbNi0.15.

B. Elastic neutron scattering

To obtain information about the magnetic structure
CeSbNi0.15, we have performed various elasticQ scans using
the triple-axis spectrometer at low temperatures. We fo
Bragg peaks atuQu52.24 and 3.74~r.l.u.!, corresponding to
a ~210! and ~321! reflections, respectively. These reflectio
were not observed at 12 K~i.e., aboveTN). This shows that
~210! and~321! reflections are magnetic in origin. The~210!
reflection arises from (220)nuclear6(010)magnetic, while ~321!
arises from (311)nuclear6(010)magnetic. This reveals the anti-
ferromagnetic structure of CeSbNi0.15 is type I with k
5(010)(↑↓). The type-I antiferromagnetic structure wa
also observed in CeBi ~between 25 and 12 K!,
CeSb0.95Te0.05, and CeSb0.8As0.2.

21 In order to check that the
magnetic structure of CeSbNi0.15 remains the same betwee
TN and 4.2 K, we measured the~210! reflection at various
temperatures between 4.2 and 12 K~see Fig. 3!. The peak
intensity increases almost linearly between 10 and 5 K
shows a tendency to saturate below 5 K~inset to Fig. 3!,
which indicates that the magnetic structure remains the s
betweenTN and 4.2 K. The type-I antiferromagnetic ma
netic structure observed in our polycrystalline sample
CeSbNi0.15 between 4 and 12 K agrees well with the rece
neutron diffraction studies carried out on a single crysta
CeSbNi0.15.

16

FIG. 3. ElasticQ scans of CeSbNi0.15 at various temperatures
The solid lines represent the fits to a Gaussian function. The i
shows the integrated intensity of the~210! peak at various tempera
tures.
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Recently, the complex magnetic phase diagram of Ce
has been explained by considering the interband excha
interaction in addition to the intraband exchan
interaction.22 The intraband exchange interaction~which is
the usual Kondo exchange! induces a ferromagnetic couplin
between the 4f moments due to the very low carrier conce
tration, whereas the interband interaction~which is spin-
dependent exchange! favors an antiferromagnetic correlation
Therefore, the competition between the two interactio
gives various types of magnetic structures in the phase
gram of CeSb.22 The stability of the type-I antiferromagneti
phase in CeSbNi0.15 suggests that intraband exchange h
reduced considerably compared to interband exchange.
incorporation of Ni in CeSb fills the Sb5p holes that mix
strongly with the excited crystal field levelG8 of Ce31 ions
due to the same symmetry. The reduction of the 5p-hole
concentration should weaken both the intraband and in
band exchange interactions. The intraband exchange is
portional to the square of thep-f mixing interaction, while
the interband exchange is proportional to the product of
p-f mixing and thed-f mixing. Thed-f mixing is independent
of the Sb-5p-hole concentration, but increases wi
d-electron concentration. Therefore, as thep-f mixing is re-
duced with Ni incorporation, the intraband ferromagnetic
teraction is weakened more than the interband antiferrom
netic interactions, which stabilizes the type
antiferromagnetic ground state.

C. Magnetic susceptibility

The magnetic susceptibility of a CeSbNi0.15 single crystal
was measured between 2 and 300 K~Fig. 4! for theBi@100#
direction. The susceptibility exhibits Curie-Weiss~CW! be-

et
FIG. 4. Inverse magnetic susceptibility vs temperature

CeSbNi0.15 single crystal in an applied field of 0.5 T forB//@100#.
The inset shows low-temperature behavior of the susceptibility
B//@100#. The solid line represents the fit based on the crystal fi
model ~see text!.
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havior between 300 and 60 K and deviates from it below
K. The deviation from CW behavior is attributed to the effe
of the crystal field on theJ55/2 state on Ce31 ions. The
values of effective magnetic moment (meff) and paramag-
netic Cure temperature (uP) obtained from the high-
temperature CW behavior aremeff52.54mB and uP56.1 K,
respectively. These values are comparable withmeff
52.56– 2.58mB anduP55 – 8 K for CeSb.11,23 The observed
value of meff is the same compared with the value 2.54mB
expected for the Ce31 ion with the J55/2, which indicates
that the nickel atoms do not carry magnetic moments. T
observed positive sign ofuP for CeSbNi0.15 and CeSb sug-
gests ferromagnetic-type correlations between the Ce
ments at high temperatures, which is unusual for an anti
romagnetic ground state. Further, our low-temperat
~below 20 K! susceptibility measurements for theBi@110#
direction show almost identical behavior to that of t
Bi@100# direction.15 This indicates that the magnetic prope
ties of CeSbNi0.15 are isotropic compared to the highly a
isotropic magnetic properties observed in the parent C
below TN516.5 K.11,23 The absence of magnetic anisotro
in CeSbNi0.15 suggests that the strong anisotropicp-f mixing
which is present in CeSb has reduced considerably. The
perature dependence of the susceptibility of CeSbNi0.15 has
been analyzed on the basis of the CF model, taking
ground state as a doublet:24

x~T!5xCF~T!/@12lxCF~T!#1x0 , ~1!

wherexCF is the paramagnetic susceptibility of the Ce31 ion
in the presence of the cubic crystal field,l is a molecular
field constant, andx0 is the temperature-independent cont
bution to the susceptibility arising from conduction electro
and core electrons.xCF(T) was calculated from the crysta
field parameters obtained from the inelastic neutron sca
ing data at 12 K. The values ofl andx0 obtained from the
least-squares fit were 6.25 and20.000 11 emu/mol, respec
tively. The solid line in Fig. 4 represents the fit which agre
well with the observed data. This shows that the suscept
ity analysis also confirms that the CF ground state is a d
blet in CeSbNi0.15.

D. Thermal expansion

Figures 5~a!–5~c! show the linear thermal expansio
(DL/L) as a function of temperature for CeSbNiX (x50,
0.035, 0.15, and 0.4! alloys along with the isostructural non
magnetic reference compound LaSbNi0.15. Note that the ref-
erence length was taken at 90 K. TheDL/L of LaSbNi0.15
gradually decreases with decreasing temperature from 9
and becomes almost temperature independent below 2
This is a typical behavior expected from the thermally e
cited phonons. For CeSb~i.e., x50), DL/L decreases with
decreasing temperature from 90 K, exhibits a minimu
around 45 K, and eventually drops sharply below 16.5 K d
to the antiferromagnetic ordering of the Ce moments:
second transition inDL/L is observed around 14.8 K. Th
thermal expansion behavior is similar to that observed i
CeSb single-crystal sample.25 The relative change of the
length of the polycrystalline CeSb betweenTN and 3 K is
9.231024, which is slightly smaller than the reported valu
~0.001 29! for the single-crystal CeSb.25 The change in the
0
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lattice parameters@Da/a(6 K)50.000 64# has also been ob
served betweenTN and 6 K from neutron diffraction studie
on a single-crystal sample.26 The sudden change in the leng
of CeSb belowTN has been shown to be due to the tetrago
distortion of the cubic unit cell arising from the presence
a strong magnetoelastic coupling.17 With increasing Ni com-
position in CeSb, the observed minimum in the length b
comes less pronounced and eventually almost disappear
x50.4. Further, the change of the length belowTN also be-
comes smaller with increasing Ni composition,x. The ob-
served first-order phase transition in the parent compo
CeSb disappears for a Ni composition as low asx50.035.
This behavior reflects the sharp change in the magnetic st
ture with Ni incorporation. Almost similar behavior for the
mal expansion has been reported in Ce12xLaxSb (x
50.2– 0.5) alloys:25 the observed sharp drop at 16.5 K
DL/L of CeSb disappears, and the minimum at 45 K b
comes less pronounced with La substitution.

To investigate the effect of a magnetic field, we ha
measured the thermal expansion in an applied fi
(BiDL/L) of 8 T for x50 and 0.15 alloys. TheDL/L mea-
sured in the 8 T field ~samples were cooled in zero field!
shows a dramatic effect nearTN . For CeSb the temperatur
~16.5 K! at which DL/L exhibits a sharp drop in zero fiel
increases to 22 K in the 8 T field and the second transitio

FIG. 5. Thermal expansionDL/L vs temperature for CeSbNiX ~
x50, 0.035, 0.15, and 0.4! alloys. The magnetic field was applie
parallel toDL/L.
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temperature shifts to lower temperature@see Fig. 5~a!#. These
results are completely different from those reported on
CeSb single crystal in an applied field of 8.54 T.25 In the
single-crystal sample belowTN , the length change in the
8.54 T field is much smaller than that in zero field~see Fig.
1 in Ref. 25!, which is opposite to our results for the 8
field. This large difference between 8.54 and 8 T results may
be due to the presence of a phase boundary near 8 T and 19
K in the B-T phase diagram.12 For thex50.15 alloy an 8 T
field reduces the peak height inDL/L, but the position of the
peak is nearly independent of the field. For CeSb we a
investigated the effect of field cooling~FC! on DL/L. The
CeSb sample was field cooled~in a 8 T field! from 50 to 3 K,
and then the field was removed andDL/L was measured~in
zero field! with increasing temperature. It was observed t
the FC runs shows a large change in length compared
zero-field cooling~ZFC! below 14 K, while above 14 K the
FC and ZFC lengths are similar. This may suggest that ei
the magnetic structure or domain structure and inter
stresses is different in the FC state. It would be an interes
to investigate the magnetic structure of CeSb in the FC s
using neutron diffraction, which may identify some ne
magnetic phases in the phase diagram.

The spin-dependent~or 4f ! contribution to the therma
expansion coefficient,a4 f(T), of CeSbNiX alloys was esti-
mated by subtracting the measureda(T) of LaSbNi0.15:
a~LaSbNi0.15)5aele(T)1aphon(T), where the first term is
the electronic contribution and the second term is the pho
contribution. For an estimate ofa4 f(T) for the Ce alloys, we
have assumed that the electronic and phonon contribut
are the same as in LaSbNi0.15, a4 f(T)5amag(T)1aCF(T).
Here the first term is due to spin-spin correlation in the
dered state as well as in the paramagnetic state and the
ond term is the contribution arising from the crystalline ele
tric field. It is generally observed thatamag(T) exhibits a
peak, similar to that observed in the heat capacity, at
magnetic ordering temperature.27 Figure 6 showsa4 f(T) as a
function of temperature for CeSbNix alloys.a4 f(T) of CeSb
~in zero field! exhibits a sharp peak at 15.4 K, followed by
second broad peak at 12.9 K. The sharp peak ina4 f(T) is
due to the first-order phase transition from the paramagn
to antiferroparamagnetic~AFP, k52/3,↑s↓; the open circle
shows the position of the paramagnetic plane! phase. It is
well known that in zero field CeSb exhibits seven magne
transitions between 17 and 8 K.11,12,14 However, a4 f(T)
shows only two well-resolved peaks. A very similar behav
has been observed in the zero-field heat capacity (Cv) of a
polycrystalline CeSb sample,1,28 while seven transitions ar
observed in the heat capacity of a single crystal of CeS14

The ratio of the heights of the two peaks in the therm
expansion and heat capacity of the polycrystalline sam
agrees well. This is expected thermodynamically asa
5VekCv/3Vm , where Ve is the electronic Gru¨neisen pa-
rameter,k is the isothermal compressibility, andVm is the
molar volume. From this relation we can estimateVe by
scalinga(T) andCv(T) with the assumption that the valu
of k is known and it is temperature independent. We ha
estimated the value ofVe568 by scalinga(T) and Cv(T)
data nearTN and taking the temperature-independent va
of k51 Mbar21, a typical value for Ce-based compounds29

This value ofVe is very high compared with the value o
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1–4 reported for normal metals.29,30 The high value ofVe
510 was also reported for CePdSb compound, which exh
its low-dimensional ferromagnetic ordering below 17.5 K13

The a4 f(T) measured in an applied field of 8 T exhibits
very interesting behavior@Fig. 6~a!#: the sharp peak ob
served in zero field becomes very broad and moves t
higher temperature~20 K! in the 8 T field. Further, the sec
ond peak also broadens in the 8 T field and moves to a lowe
temperature~11 K!. It would be interesting to compare th
thermal expansion coefficient results with the heat capa
measured in an applied field of 5 and 10 T.1,28 In the 5 T
field the sharp peak in theCv(T) has been observed a
22 K due to the para to ferro-para~FP1, with k
56/11,↑↑ss↑↑ss↑s) phase transition. For the 10 T
field Cv(T) exhibits a broad peak~second-order type! near
25 K, which is most likely due to FP2 (k51/2, ↑↑ss! to
FP8 (k51/2, ↑↑↑s! phase transition, and a sharp peak~first-
order type! near 19 K, which is due to FP8 (k51/2,↑↑↑s! to
the ferromagnetic phase (k50). By using theB-T phase
diagram, we attribute the peak in thea4 f(T) at 20 K in the 8
T field to the second-order phase transition from FP3k
54/9, ↑↑↑ss↑↑ss! to the boundary of FP8 and FP4 (k
52/5) phases~see theB-T phase diagram in Ref. 5!. Further,
the B-T phase diagram does not show any possibility to
sign the peak at 11 K in the 8 T field, which may reveal the
existence of new phases in the ferromagnetic region.

The a4 f(T) of x50.035 alloy exhibits two broad peak
~of second-order type! at 12.3 and 8.9 K, respectively, with
considerable reduction in absolute value compared tox50
alloy. The position of the first peak agrees with the observ
peak at 12.5 K in the dc magnetic susceptibility.32 We at-
tribute this peak to the paramagnetic to antiferromagn
phase transition. The second peak ina4 f(T) is attributed to
the change in the magnetic structure below 9 K asalso indi-
cated by the rise in the magnetic susceptibility below 9

FIG. 6. Thermal expansion coefficient vs temperature
CeSbNiX ~x50, 0.035, 0.15, and 0.4! alloys. The magnetic field
was applied parallel toDL/L.
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This study shows that a Ni composition as low asx50.035
in CeSb is sufficient to suppress the first-order phase tra
tion. Thea4 f(T) of x50.15 alloy rises sharply below 10.3 K
and exhibits a broad peak at 5.8 K. The susceptibility a
neutron scattering studies onx50.15 reveal the type-I,k
5(010), antiferromagnetic ordering withTN59.5 K. This
shows that the peak~at 5.8 K! in a4 f(T) of x50.15 alloy is
well below theTN59.5 K. A very similar behavior has bee
observed in the ferromagnetic compound CePdSbTC
517.5 K), where the heat capacity and thermal expans
coefficient exhibit a broad peak at 10 K, which is well belo
TC517.5 K.31,33 On the other hand,a4 f(T) of x50.4 alloy
rises below 13.6 K and exhibits a peak at 11.8 K, which is
agreement with theTN512.5 K observed through magnet
susceptibility. It is interesting to note that in the parama
netic statea4 f(T) of x50 exhibits a shallow minimum
~negative thermal expansion! at 25 K, which becomes
weaker with increasing Ni composition and finally disa
pears forx50.4 composition. A very similar minimum in
a4 f(T) has been observed in NdCu2, which has been attrib
uted to the effect of the crystalline field on the therm
expansion.34 Further, the positive sign ofDa(TN) for
CeSbNix alloys indicates a positive pressure dependence
dTN /dP, which agrees with the reported value of10.7
K/kbar for CeSb up toP52.5 kbar.12

E. Magnetostriction

Figures 7~a!–7~c! show the magnetostriction~MS! iso-
therms at various temperatures up to the 8 T field (BiDL/L)
for CeSbNix (x50, 0.15, and 0.4!. Due to the presence of
large hysteresis in CeSb, the magnetostriction isotherm
each temperature were measured after ZFC the sample
25 K ~i.e., aboveTN). At 4.8 K, with increasing field MS~or
DL/L) exhibits a sharp drop, followed by a minimum at 4
and eventually becomes field independent above 6 T.
decreasing field MS exhibits a minor hysteresis loop betw
4 and 8 T and a major hysteresis loop below 4 T. After
first field cycle, the temperature was held fixed~4.8 K! and
the field was swept up and down~0 T-8 T-0 T; double-
arrows show the direction of field cycle!, the crosses in Fig
7~a! represent the change of the MS during this cycle. T
third cycle of the field gave the same results as that of
second cycle. The above behaviors were reproduced w
the sample was heated up to 25 K and ZFC to 4.8 K. T
shows that the hysteresis is an intrinsic property of
sample. It is interesting to note that, after the field cycles,
zero-field length can be recovered by heating the sam
aboveTN and ZFC. The sharp decrease in the MS below
is due to an abrupt change in the magnetic structure a
applied field of 3.7 T as seen through magnetizat
measurements.23 At 15 K a very small hysteresis was ob
served in the MS, while no hysteresis was observed at 2
and above it. At 25 and 30 K, the MS exhibits aB2 depen-
dence up to 8 T, while a small deviation fromB2-dependent
behavior is observed at 20 K. The latter may suggest
presence of spin-spin correlation just aboveTN . The magni-
tude of the MS of CeSb even in the paramagnetic stat
very large compared to that observed in Ce-based heavy
mion compounds, such as CeCu2 and CeCu2Si2.

35 The ob-
servedB2 dependence of MS in the paramagnetic state is
si-

d

n

n

-

l

of

at
m

e
n

e

e
e
en
is
e
e
le
T
an
n

K

e

is
r-

n

agreement with the prediction of the Maxwell relatio
@]l i /]B#s i

52@]M /]s i #B , with M the magnetic momen

per unit volume,l i the magnetostrictive strain, ands i the
stress corresponding tol i .36

The magnetostriction ofx50.15 at 3.4 K exhibits a peak
at 4.5 T and a small hysteresis compared withx50. The
peak in the MS is attributed to a metamagnetic transition
observed in the magnetization measurements at 6.5 T a
K.15 With increasing temperature the peak and hysteresis
crease and MS exhibits a maximum negative value at 11
The absolute value of the MS decreases with further incre
ing temperature. Between 11 and 30 K the MS exhib
B2-dependent behavior. A similar behavior of the MS w
observed forB'DL/L direction ~data not shown here!, ex-
cept the peak position was at 6.5 T at 3.3 K with smal
hysteresis and the zero-field length was the same before
the after the field cycle. On the other hand, the MS ofx
50.4 belowTN is positive~i.e., the length increases with th
field! with very little hysteretic behavior, while negligible
positive MS was observed aboveTN . It would be interesting
to compare the present MS results with that of Ce12xLaxSb ~
x50.2, 0.3, and 0.5! alloys.25 At 4.2 K,Ce0.8La0.2Sb exhibits
MS of 4.831024 at the 8 T field, while almost negligible
positive MS was observed for Ce0.5La0.5Sb up to the 8 T field

FIG. 7. The normalized magnetostriction vs applied field fie
(BiDL/L) for CeSbNiX (x50, 0.15, and 0.4! alloys at various tem-
peratures. The arrows show the direction of the field cycle. Fox
50, squares represent the first cycle of the field sweep~direction
shown by single arrows! after ZFC from 25 K and crosses repre
sents the second cycle of the field sweep~direction shown by
double arrows!, immediately after the first cycle.
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at 4.2 K. These results show that the large MS and the
continuous change in the length~in zero field! at TN ob-
served in CeSb disappears with either incorporation of N
an interstitial site or substitution of Ce by La. The implic
tion is that the electronic density or chemical pressure
more important than the coherent Ce lattice for large mag
tostriction as well as a thermal expansion anomaly nearTN .

For x50.15 alloy we have calculated the volume magn
tostriction ~VMS! at various temperatures in the parama
netic state asDV/V5(DL/L)i12(DL/L)', where in the
first term the field was applied parallel toDL/L and in the
second term it was perpendicular toDL/L. The VMS also
exhibits B2 dependence in the paramagnetic state~Fig. 8!.
The VMS of x50.15 alloy is very high and negative com
pared with small positive VMS observed in many Ce-bas
compounds.35 A negative VMS has been observed for Y
based compounds.35 In the paramagnetic state VMS can b
expressed asDV/V5Ckx2B2, whereC is the magnetovol-
ume coupling constant,k is the isothermal compressibility
andx is the paramagnetic susceptibility. This relation sho
that by using a temperature-dependent scaling factor
possible to obtain a unique scaling curve of VMS for
temperatures. We have scaled the VMS data of 15, 20,
30 K to that of 11 K, which exhibits good scaling behavi

FIG. 8. The volume magnetostriction~VMS! vs B2 for
CeSbNi0.15 at various temperatures in the paramagnetic state.
bottom inset shows the scaling of VMS of 15, 20, and 30 K data
that of 11 K data using a temperature-dependent scaling factor~SF!.
Here the effective fieldB* (T)5B(T)3SF(T)1/2. The top inset
shows the scaling factor vsx2 at 11, 15, 20, and 30 K. The soli
line represents a linear behavior.
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~bottom inset to Fig. 8!. The temperature dependence of t
scaling factor exhibits almost similar behavior to that
x2(T) ~top inset to Fig. 8!. This indicates that the product o
Ck is temperature independent forx50.15. From the slope
of scaling factor versusx2 and DV/V versusB* 2 curves
~insets to Fig. 8!, we have estimated the value of the produ
of Ck525.3(60.6)31024(mB

22).

IV. CONCLUSIONS

Inelastic neutron scattering studies of CeSbNiX ~x50.08
and 0.15! show a well-defined crystal field excitation at 4.0
and 5.02 meV, respectively, and the quasielastic respo
centered at zero energy. The temperature dependence o
intensity of the quasielastic and inelastic lines reveals t
the crystal field ground state is a doubletG7 in CeSbNi0.15.
The increase in the crystal field splitting withx and the iso-
tropic magnetic properties of CeSbNi0.15 compared with the
parent compound CeSb indicate that thep-f mixing has re-
duced considerably with the Ni incorporation in CeSb. T
strongp- f (G8) mixing pushes theG8 down close to theG7
level and hence gives a small CF splitting in CeSb~Ref.
7–10! compared with the value of 22.75 meV expected fro
the point charge model and using the values of other m
bers of the rare-earth compounds in this series.6 The collapse
of the p-f mixing in CeSbNix could arise through an overla
between thep band of Sb and thed band of Ni, which fills
the p holes that mix strongly with theG8 state of Ce31.
The reduction in the anisotropic magnetic exchange,
observed in the present study, has been also reporte
R12xCexSb ~R5La and Y!, but the crystal field splitting
remains almost unchanged.4,37 An elastic neutron scattering
study of CeSbNi0.15 shows the simple type-I antiferromag
netic structure with wave vectork5(010). The temperature
dependent susceptibility of CeSbNi0.15 has been analyzed o
the basis of the crystal field model and using the crystal fi
parameter obtained from the inelastic neutron scatte
study.

The thermal expansion exhibits a dramatic change in
havior with Ni composition. The thermal expansion coef
cient exhibits a first-order transition atTN in CeSb, which
disappears with incorporation of Ni composition as low
x50.035. The first-order transition was not observed in
thermal expansion coefficient measured in an applied field
8 T. The thermal expansion coefficient ofx50.15 ~in zero
field! exhibits a peak at 5.8 K, which is well below theTN
59.5 K. The estimated value of the electronic Gru¨neisen pa-
rameter of CeSb is very high compared with the value
normal metal and other Ce-based compounds.29,30 CeSb ex-
hibits a large magnetrostriction in the ordered state as we
in the paramagnetic state. In the paramagnetic statex50,
0.15, and 0.4 alloys exhibit aB2 dependence of MS, which
agrees with the prediction of the Maxwell relation. The a
solute value of the MS is reduced considerably in the
incorporated alloys, which reflects a large reduction in
magnetovolume coupling constant for these alloys. The
of x50.15 in the paramagnetic state exhibits a scaling l
from which we have estimated the product of the magne
volume coupling constant and the isothermal compress
ity.
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Beside the effect of thep-f mixing on the CF splitting in
CeSbNix alloys, there would be some contribution to th
crystal field from the Ni atoms. The Ni atoms occupy inte
stitial sites in CeSb; hence, the change in the physical p
erties of Ce ions in CeSbNix alloys is also expected due to
local ~structural and charge! distortion on the Ce neighbor
due to the random distribution of Ni atoms. This would l
the degeneracy of the excited crystal field level (G8) and
increase the linewidth of the crystal field excitations and
magnetic transition. If the local structural distortion was s
nificant, one would expect two CF excitations in CeSbNx
alloys as observed in the cubic CePd3Six (x50.07– 0.15)
J.
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~Ref. 38!: Si atoms also occupy interstitial sites in the cub
structure of CePd3. The absence of two crystal field excita
tions in CeSbNix suggests that the local structural distortio
is not very significant. On the other hand, the increase in
linewidth of the CF excitation withx reflects the presence o
the charge disorder.
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