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Neutron scattering and thermal studies of the Ni-incorporated CeSbNi system
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Neutron scattering, thermal expansion, and magnetostriction measurements have been carried out on the
cubic compounds CeSbN({x=0-0.4). Inelastic neutron scattering studies show a well-defined crystal field
(CF) excitation at 4.06+0.04 meV and 5.02+0.05 meV inx=0.08 and 0.15, respectively. The crystal field
splitting increases withk compared with the parent compound C&3H9 meV in spite of the lattice param-
eter increasing with Ni incorporation. The implication is that the increase in the CF splitting M08 and
0.15 is due to a collapse of thef mixing between the Sbb holes and the localized Cef Zlectrons. The
analysis of inelastic spectra af=0.15 shows that the ground state is a doubléf)( 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 lowkas).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 of=0.15 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.

[. INTRODUCTION level I'g has strong mixing with the holes of the valence
band of Sb B, and hence the strong-f mixing effect is
A number of interesting magnetic and transport propertiegexpected for a larger number of holes. The latter mechanism
have been reported in the Ce-monopnictides compounds Cepushes thd’g level away from the Fermi level and hence
(X=P, As, Sb, and Biwhich crystallize in the simple rock- reduces the CF splitting betweéy andI'g compared with
salt, NaCl-type, structurk.In the NaCl-type structure of that predicted by the point charge model.
these compounds, the Ce site has octahedral symmetry, The compound CeSb is well known for its complex mag-
which splits the) =5/2 ground-state multiplet in to a doublet Netic phase diagram and strongly anisotropic magnetic prop-
(T',) and a quartetI(g). For all these compounds the crystal €ies belowTy .~ Unusual and complex magnetic prop-
field ground state is a doublét,.>~® In the C&X series the ©rtiés come from thep-f (I's) mixing, while the transport
crystal field splitting ;) decreases with increasing size of Properties are due t-f (I';) mixing. The various magnetic
anion atom(i.e., with increasing cubic lattice paramet®r structures are f(_)rmed by a_perlodlc stackl_ng_of ferromagnetic
while the Nesl temperature Ty) increases with the size of (001) planes, W't.h magnetic moments pointing up or down,
anion atom: Acg=14.82 MeV(at 15 K), 13.70 MeV(at 12 and_ paramagnetic planes. The goeX|stence of t_he ferromag-
K). 3.19 MeV (at 20 K. and 0.69 meMat 120 K, anda netic and paramagnetic planes is due to a delicate balance

o - between the small crystal field splitting and the number of
=5.93, 6.08, 6.41, and 6.50 &t 300 K, andTy=8.5, 7.5, pjes in the valence band. The easy magnetization axis is

16.1, and 25.2 K foiX=P, As, Sb, and Bi, respectivefy. along the(001) direction, in contrast to thél11) easy axis
From the inelastic neutron scattering studies of CeSb at 30Bredicted by the crystal field only. The magnetic ordering is
K, the upper limit of the crystal fieldCF) splitting was put  accompanied by a large structural distortion from cubic to
to 2.15 meV: The compounds wittK=P and As show a tetragonal® The zero-field specific heat exhibits seven phase
large CF splitting and a smally, while those withX=Sb  transitions between 17 and 8 K, while the specific heat in an
and Bi show a small CF splitting and a larig. This shows applied field reveals the presence of nonmagnetic planes in
that the crystal field interaction dominates in the former,some magnetic phas&sThe P-T phase diagram of CeSb
while the magnetic exchange interaction is dominant in thealso exhibits interesting behavior, which shows the existence
latter. The crystal field splitting 3.19 meV0.69 meV} of  of a critical end point at a pressure of 2 kbar and 18 K at
CeSb(CeBi) is unusually small compared with the 22.75 which a line of critical points corresponding to the second-
meV (21.28 meV expected from the extrapolation from the order phase transition ends on a line of the first-order phase
other members of the rare-earth compounds in this s&riestransition'?

This small value of CF splitting has been explained on the Recently, we have found that Ni atoms can be incorpo-
basis of thep-f mixing model’ 1% In this model the ground- rated in the cubic CeSb, which increases the lattice parameter
state crystal field level'; has very small mixing with the almost linearly with Ni composition at a rate afa/dx
predominant Ce & conduction band, but the excited CF =0.0849 A!® Our study revealed that up to 40%e., x
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=0.4) of Ni, the material crystalizes in a single-phase cubic 200 . T —
structure. The Ni atoms occupy interstitial sites in CeSb, 5 $f132b"<\"0-08
which change the magnetic and transport properties dramati- IC;|=0_725(”'U_)
cally. This dramatic change in the magnetic property has ‘
been attributed to the considerable reduction in e
mixing,*® while the change in the transport property is due to
the increase of thd-electron concentration, which increases
thed-f mixing. A recent study by neutron diffraction using a
four-circle diffractometer on a CeShNis single crystal
showed that the Ni atom occupies ttig4, 1/4, 1/4 site in

the NaCl-type structur® In order to gain further informa-
tion about the crystal field splitting, magnetic structure, and
thermodynamical properties, such as the thermal expansion
and magnetostriction, we have carried out neutron scattering,
thermal expansion, and magnetostriction measurements on ;
CeSbNj, (x=0-0.4) alloys. The results of these studies are e
presented in this paper. The layout of the paper is as follows. o LT - ! s
In Sec. Il we outline the experimental techniques used in the 2 0 2 4 6 8
present work. The results of inelastic neutron scattering ex- ENERGY TRANSFER (meV)
periments orx=0.08 and 0.15 alloys are presented in Sec.

[IIA. A brief discussion of the magnetic structure of
=0.15 alloy is given in Sec. Ill B. The analysis of the mag-
netic susceptibility results for a single crystal of CeShyi
on the basis of a crystal field model is given in Sec. IlI C. In

Sec. IIID we present our thermal expansion results or} h ied | | fid
CeSbNj (x=0, 0.035, 0.15, and 0)&nd give a comparison rom the measurements carried out at a larger valug@ a

with the previous study on CeSb. The results of magnetosalso at different temperatures. The magnetic susceptibility of

triction measurements on=0, 0.15, and 0.4 are discussed in the CeS.ij-ﬁ single prystal was mea}sured using @ super-
Sec. IIIE. The main conclusions of the present work areCondUCtIng quantum mterferen_ce dev(&Q_UID)' magneto-
given in the final section. meter between _2 and 300 K in an a_lpplled field of 0.5 T.
Thermal expansion and magnetostriction measurements were
carried out in a parallel plate capacitance cell that had been
Il. EXPERIMENTAL DETAILS calibrated using the known thermal expansivity of Si. The
The polycrystaline samples of CeShNi (x disk-shaped samples With diameter 4.5 mm anq thickness
—0,0.035,0.08, 0.15, 0.4) were prepared by the arc meltin 1.5-2 mm were cut using a spark pu'ttlng machine for the
tecr'mi.que'a.s d'es.crit')ed in Ref. 15. The single crystal Oﬁermal_ expansion and magnetostriction measurements. A
agnetic field up to 8 T was applied in the plane of the disk

CeS_bNJ’-lf’ was grown t_)y the Bridgman method in a MO. using a superconducting magnet. The relative accuracy of the
crucible. The phase purity of the samples was checked using cthod wasiL/L~1x 10-7

the x-ray powder diffraction technique, which showed that

the materials were nearly single phase and crystallize in the

cubic structure. The thermal expansion and magnetostriction Ill. RESULTS AND DISCUSSION
samplesx=0, 0.15, and 0.4, are the same as those on which
magnetic susceptibility and resistivity studies have been
reported:® The inelastic neutron scattering measurements Figures 1 and 2 show the measured inelagiiS) re-

were carried out using the C5 triple-axis spectrometer asponse from CeSbNi(x=0.08 and 0.15 with the cubic lat-
NRU reactor, Chalk River Laboratory, Canada. The spectice parametersai=6.427 and 6.438 A, respectivelat low
trometer was operated in the fixed final energi: ( temperatures. At a low value ¢Q|=0.725(r.l.u.) and at 12
=14.56 meV) mode. We used pyrolytic graphi@G002)] K, the inelastic response shows a well-defined excitation
crystals for both monochromator and analyzer. To reducedentered at 4.06:0.04 meV with a linewidth of 2.66
higher-order contamination a pyrolytic graphite filter was(+0.04 meV for the 8% alloys and 5.020.05 meV with a
placed between the sample and analyzer. The collimationinewidth 3.3§-0.02 meV for the 15% alloy. The quasi-
used in the present experimental setting of the spectrometeiastic response is also observed centered at zero-energy
were open-4856'-open. This configuration gave us a maxi- transfer in both the alloys. The intensity of the inelastic peak
mum energy transfer of 8 meV with a typical energy resolu-decreases with either increasif@| or temperaturg50 K;

tion of 0.9 meV/[full width at half maximum(FWHM)] at  see Fig. 2 The Q dependence of the peak intensity follows
the elastic position. A standaftfe cryostat(a closed-cycle F(Q)"2 behavior, wherd=(Q) is the C&" magnetic form
refrigerator forx=0.08) was used for the low-temperature factor as calculated in the dipole approximatiérOn the
measurements. The polycrystalline sample of weight aboutther hand, the temperature-dependent intensity of the peak
18 g was sealed in a thin-wall aluminum caranadium can  shows the behavior predicted by Boltzmann statistics. We
for x=0.08) of 15 mm diameter and 62 mm length. Thetherefore conclude that the peak is of magnetic origin and the
magnetic origin of the observed excitation was confirmednonmagnetic scattering contribution such as phonon scatter-

150

100

CROSS SECTION (arb. units})

FIG. 1. Inelastic neutron scattering response from polycrystal-
line CeSbNj g in the paramagnetic state at 12 K fi@|=0.725
(r.l.u)). The solid line represents the fit, whereas the dotted lines are
the components of the fitted functigaee texk

A. Inelastic neutron scattering
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200 - . . The point symmetry of Ce ions in CeShNis cubic,
CeSbNi 15 (@ which gives only one independent CF parameter in the CF
150 1Q1=0.725 (rlu) Hamiltonian, Hc=B3(0$+50%), whereB) is the crystal
field parameter an®y), are the Stevens operatdfsUnder
100 the cubic CF potential thé=5/2 multiplet of the C&' ions
splits into a doubletI(;) and a quartetI(g), with energy
50 eigenvalues of—240BY and 12®J, respectively® This
gives a direct method of estimating the CF parameter from
0 the measured position of the inelastic excitatiohge
20072 0 2 4 6 8 =360BY.1° However, from the peak position only it is not
‘g CeSbNij 45 (b) possible to determine the sign Bf, i.e., to decide whether
S 150 L |Q[=3.725 (r.l.u.) | the CF ground state is a doublef or a quarted’g. In order
8 % T=12K to determine the ground state, one needs to compare the ob-
5 ﬂ served intensities of the quasielastic and inelastic peaks and
= 100 - . . .
5 also their temperature dependences with those calculated on
7 % ' the basis of CF modéP. At low temperatures the contribu-
2 S0 tion to the quasielastic scattering comes from the scattering
2 @g of the electrons within the ground-state CF level, but at high
© 0 : temperatures, when the excited state is populated, scattering
200 ; within the excited state also contributes to the quasielastic

[ CeSbNig 15 (c) scattering.

|Q[=0.725 (r.l.u.) To determine the ground state of the Ceion in
CeSbNj 45 the inelastic response was fitted to a sum of a
quasielastic Lorentzian line centered at zero-energy transfer
and an inelastic symmetric Lorentzian line centered at
+ A, WwhereAg is the CF splitting. The quasielastic con-
tribution was fitted by convoluting the instrument resolution
function, which is a Gaussian function. The instrument reso-
lution was estimated from measurements of a vanadium
sample under identical conditions. However, in the case of
ENERGY TRANSFER (meV) x=0.08 alloy due to the presence of strong incoherent scat-

FIG. 2. Inelastic neutron scattering response from polycrystal-j[erlng from the vanadium can and weak quasielastic scatter-

line CeSbNj 35 in the paramagnetic state) at 12 K, |Q|=0.725 ing from the sample, it was not possible to fit t_he quasielastic
(rlu), (b) at 12 K, 1Q|=3.725 (r.L.u), and (¢) at 50 K, |Q| peak accurately. Hence spectraxef 0.08 were fitted to only

=0.725(r.l.u). The solid lines represent the result of the least-On€ inelastic peak along with the elastic response. The solid

squares fit to a quasielastic and inelastic Lorentzian as described [f€S in Figs. 1 and 2 show the best fit to the data by the
the text (dotted lines represents the components of the Tihe least-squares fitting procedure. The components of the fit are
dashed lingpassing through the data pointepresents a fit based Shown by dotted lines in Figs. 1 and 2. The estimated line-
on the crystal field model wit'; as a ground statésee text width of the quasielastic and inelastic peaksXer0.15 are
1.46+0.395 meV and 3.38+0.2 meV at 12 K and 2.16

N - . +0.70 meV and 4.24+0.49 meV at 50 K, respectively.
ing is negligible in the measured temperature and ENeT9¥he position of the inelastic line at 12 K(5.82.05 meV)

range. Th_e_peak in the inelastic response is due to the CTVSté‘ d 50K(5.110.11 meV), indicates the temperature inde-
féeFldl;?;Sg'fo?hzogghieog:u_lr_]g(;sfézecr:\'/:eldevce::t(;;?iteﬁﬁ;cztnedpendgnce of the crystal_ field within gxperimental accuracy.
- Sy "' This is also the case in CeSh, while strong temperature-
CeSbNj (x=0.08 and 0.15alloys is higher than that in  gependent CF splitting has been observed for CeP and
CeSb[3.19 meV(Refs. 2—4] even though the lattice param- ceas3 Further, the width of the inelastic peak at 12 K is
eter increases witk.*® On the basis of a simple point charge sjightly higher than 2.4 0.4 meV observed in CeSb at 20
model, one would expect the CF splitting to decrease with 3 The intensity of the quasielastic peak increases with tem-
increasing cubic lattice paramet@asAcp=1/a®.3° Further,  perature, while that of the inelastic peak decreases with in-
the inelastic spectra of CeShjNk at 4.2 K also exhibit an  creasing temperature. The intensity ratio of the quasielastic
inelastic peak centered at 4(890.05 meV, with a linewidth  peaks at 12 and 50 K is 0.51, which is close to the calculated
of 3.48+0.03 meV: no clear sign of the splitting of the value of 0.63 for a doublet ground stdfer a quartet ground
inelastic peak due to the molecular field was observed. Irstate, the calculated ratio is 1)0&urther, the observed ratio
addition to the 4.89 meV peak, we also observed a weakor the inelastic peak at 12 and 50 K is 2.3, which is close to
response near zero-energy transfer, which could be fitted bethe calculated ratio of 1.6 for a doublet ground stdite a
ter with an inelastic peak centered at £8.02 meV than  quartet ground state, the calculated ratio is 1.T#is indi-
the quasielastic peak. However, our instrument resolutiortates that the ground state of CeSpNiis a doublet.
was not sufficient to resolve clearly this excitation from the To further check the proposed energy-level scheme, we
elastic scattering. have analyzed the loJQ|=0.725r.l. inelastic spectra at 12
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FIG. 3. ElasticQ scans of CeSbNjis at various temperatures. TEMPERATURE (K)
The solid lines represent the fits to a Gaussian function. The inset ) o
shows the integrated intensity of tk210) peak at various tempera- FIG. 4. Inverse magnetic susceptibility vs temperature for
tures. CeSbNj ;5 single crystal in an applied field of 0.5 T f&//[ 100].

The inset shows low-temperature behavior of the susceptibility for

) ) ] ) ) B//[100]. The solid line represents the fit based on the crystal field
and 50 K by solving the cubic crystal field Hamiltonian and model (see text

least-squares fitting the neutron scattering cross section to
the experimental data. The fits were made taking the ground Recently, the complex magnetic phase diagram of CeSh

state as a doublet as well as a quartet. A better fit to the daf,s peen explained by considering the interband exchange
at 12 K was obtained for the doublet ground state than thg o action in addition to the intraband exchange

quartet ground state. However, for the 50 K spectra the doUperaction?? The intraband exchange interactiémhich is

blet and quartet ground states gave aImo;t a similar fit. Thes@e usual Kondo exchangimduces a ferromagnetic coupling
results support the doublet ground state in Ceghii between the # moments due to the very low carrier concen-
tration, whereas the interband interactiomhich is spin-
dependent exchangfavors an antiferromagnetic correlation.
Therefore, the competition between the two interactions
To obtain information about the magnetic structure Ofgives various types of magnetic structures in the phase dia-
CeSbNj 15 we have performed various elas@cscans using  gram of CeSB? The stability of the type-I antiferromagnetic
the triple-axis spectrometer at low temperatures. We foun@nhase in CeSbNis suggests that intraband exchange has
Bragg peaks aQ|=2.24 and 3.74r.l.u.), corresponding t0  reduced considerably compared to interband exchange. The
a (210 and(321) reflections, respectively. These reflectionsincorporaﬁon of Ni in CeSb fills the Skgbholes that mix
were not observed at 12 Ke., aboveTy). This shows that  strongly with the excited crystal field levélg of Ce* ions
(210) and(321) reflections are magnetic in Ol’igin. Tl(‘IElO) due to the same Symmetry' The reduction Of t}'re.lﬂ@|e
reflection arises from (22Q)¢eart (010)magnetic While (321)  concentration should weaken both the intraband and inter-
arises from (311),geart (010)magnetic This reveals the anti-  hand exchange interactions. The intraband exchange is pro-
ferromagnetic structure of CeShjNi is type | with k  portional to the square of the-f mixing interaction, while
=(010)(T1). The type-l antiferromagnetic structure was the interband exchange is proportional to the product of the
also observed in CeBi(between 25 and 12 K  p-fmixing and thed-f mixing. Thed-f mixing is independent
CeSh gsTenos and CeSheAsy»** In order to check that the of the Sb-%-hole concentration, but increases with
magnetic structure of CeShiNis remains the same between d-electron concentration. Therefore, as thémixing is re-
Ty and 4.2 K, we measured th@10) reflection at various  duced with Ni incorporation, the intraband ferromagnetic in-

temperatures between 4.2 and 12(d€e Fig. 3 The peak teraction is weakened more than the interband antiferromag-
intensity increases almost linearly between 10 and 5 K angetic  interactions, which  stabilizes the type-l

shows a tendency to saturate below 5(iKset to Fig. 3, antiferromagnetic ground state.
which indicates that the magnetic structure remains the same
betweenTy and 4.2 K. The type-I antiferromagnetic mag-
netic structure observed in our polycrystalline sample of
CeSbNj 15 between 4 and 12 K agrees well with the recent The magnetic susceptibility of a CeSMi single crystal
neutron diffraction studies carried out on a single crystal ofwas measured between 2 and 300Rg. 4) for the B[ 100]
CeSbNj ;5 1° direction. The susceptibility exhibits Curie-Wei€BW) be-

B. Elastic neutron scattering

C. Magnetic susceptibility
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havior between 300 and 60 K and deviates from it below 60 ' ' ' ' '
K. The deviation from CW behavior is attributed to the effect
of the crystal field on the)=5/2 state on C¥ ions. The
values of effective magnetic momeni{s) and paramag-
netic Cure temperature 8f) obtained from the high-
temperature CW behavior ae.s=2.54ug and p=6.1K,
respectively. These values are comparable wijih
=2.56—2.5@,5 and 9p=5-8 K for CeSht>>*The observed
value of uo is the same compared with the value 2.54
expected for the G& ion with the J=5/2, which indicates
that the nickel atoms do not carry magnetic moments. The
observed positive sign ofp for CeSbNj 15 and CeSb sug- CeSbNij 35
gests ferromagnetic-type correlations between the Ce mo-

. C . o 2r .
ments at high temperatures, which is unusual for an antifer- 3
romagnetic ground state. Further, our low-temperature Si
(below 20 K susceptibility measurements for tBi[ 110] © 4t LaSbNig 15 i
direction show almost identical behavior to that of the
BII[100] direction?® This indicates that the magnetic proper- (b)
ties of CeSbNj ;5 are isotropic compared to the highly an- -6 L L L L L
isotropic magnetic properties observed in the parent CeSb 0 15 30 45 60 /5 90
below Ty=16.5 K.11?3 The absence of magnetic anisotropy 0 B=OT ' ' '
in CeSbNj 15 suggests that the strong anisotropi mixing o
which is present in CeSb has reduced considerably. The tem- s CeSbNig 5 - i
perature dependence of the susceptibility of Ceghi\nas RN
been analyzed on the basis of the CF model, taking the B=8T S -
ground state as a doubfét: 2L 4
X(T)=xcHT/[1=NxcHT) 1+ xo. ) CeSbNig4  (c)
wherexcr is the paramagnetic susceptibility of the3Ceon -3 0 1'5 3'0 4'5 6|0 7'5 90

in the presence of the cubic crystal field,is a molecular
field constant, ang, is the temperature-independent contri- TEMPERATURE (K)

bution to the susceptibility arising from conduction electrons £ 5 Thermal expansioaL/L vs temperature for CeSb{

and core electronsycy(T) was calculated from the crystal y—g, 0.035, 0.15, and O\4lloys. The magnetic field was applied
field parameters obtained from the inelastic neutron scatteiarallel toAL/L.

ing data at 12 K. The values af and y, obtained from the
least-squares fit were 6.25 antD.000 11 emu/mol, respec- , _
tively. The solid line in Fig. 4 represents the fit which agreeslatt'Ce parametergAa/a(6 K)=0.000 64 has also been ob-

well with the observed data. This shows that the susceptibilS€rved betweeiy and 6 K from neutron diffraction studies
on a single-crystal sampf8 The sudden change in the length

ity analysis also confirms that the CF ground state is a dou*
blet in CeSbNj 15 o_f CeS_b belowT ha§ bee'n shown to be due to the tetragonal
' distortion of the cubic unit cell arising from the presence of

a strong magnetoelastic couplihgWith increasing Ni com-
position in CeSb, the observed minimum in the length be-

Figures %a)—5(c) show the linear thermal expansion comes less pronounced and eventually almost disappears for
(AL/L) as a function of temperature for CeSRNix=0, x=0.4. Further, the change of the length beldyy also be-
0.035, 0.15, and 0)4lloys along with the isostructural non- comes smaller with increasing Ni composition, The ob-
magnetic reference compound LaSpNi Note that the ref- served first-order phase transition in the parent compound
erence length was taken at 90 K. TA&/L of LaSbNp 5 CeSb disappears for a Ni composition as lowxas0.035.
gradually decreases with decreasing temperature from 90 Khis behavior reflects the sharp change in the magnetic struc-
and becomes almost temperature independent below 20 Kure with Ni incorporation. Almost similar behavior for ther-
This is a typical behavior expected from the thermally ex-mal expansion has been reported in;CgaSh (x
cited phonons. For CeSlhe., x=0), AL/L decreases with =0.2—0.5) alloys” the observed sharp drop at 16.5 K in
decreasing temperature from 90 K, exhibits a minimumAL/L of CeSb disappears, and the minimum at 45 K be-
around 45 K, and eventually drops sharply below 16.5 K dueomes less pronounced with La substitution.
to the antiferromagnetic ordering of the Ce moments: a To investigate the effect of a magnetic field, we have
second transition iMAL/L is observed around 14.8 K. The measured the thermal expansion in an applied field
thermal expansion behavior is similar to that observed in dBIIAL/L) of 8 T for x=0 and 0.15 alloys. ThAL/L mea-
CeSb single-crystal sampfe.The relative change of the sured in tle 8 T field (samples were cooled in zero figld
length of the polycrystalline CeSb betwe&g and 3 K is  shows a dramatic effect nedg,. For CeSb the temperature
9.2x10 %, which is slightly smaller than the reported value (16.5 K) at which AL/L exhibits a sharp drop in zero field
(0.001 29 for the single-crystal CeSB.The change in the increases to 22 K in 8 T field and the second transition

D. Thermal expansion
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temperature shifts to lower temperat{isee Fig. 5)]. These 80
results are completely different from those reported on a
CeSb single crystal in an applied field of 8.54°TIn the w0l

single-crystal sample below,, the length change in the
8.54 T field is much smaller than that in zero fidkke Fig.

1 in Ref. 25, which is opposite to our results for the 8 T 20
field. This large difference between 8.54da8 T results may
be due to the presence of a phase boundary &i§aand 19

K in the B-T phase diagrart? For thex=0.15 alloy an 8 T = O
field reduces the peak heightAi /L, but the position of the mx 0
peak is nearly independent of the field. For CeSb we also o 2
investigated the effect of field cooling-C) on AL/L. The ;}

CeSh sample was field cooléd a 8 T field from 50 to 3 K,
and then the field was removed and/L was measurein
zero field with increasing temperature. It was observed that
the FC runs shows a large change in length compared with 0
zero-field cooling(ZFC) below 14 K, while above 14 K the

FC and ZFC lengths are similar. This may suggest that either

the magnetic structure or domain structure and internal -1 . . L
stresses is different in the FC state. It would be an interesting 0 10 20 30 40
to investigate the magnetic structure of CeSb in the FC state

using neutron diffraction, which may identify some new TEMPERATURE (K)

magnetic phases in the phase d'ag_ra”?- FIG. 6. Thermal expansion coefficient vs temperature for
The spin-dependerior 4f ) contribution to the thermal CeSbNj (x=0, 0.035, 0.15, and O)dalloys. The magnetic field

expansion coefficienta,(T), of CeSbNj alloys was esti- a5 applied parallel taL/L.

mated by subtracting the measuredqT) of LaSbNj s

a(LaSbNp 19 = e T) + apnod T), Where the first term is  1—4 reported for normal metad&*° The high value of),

the electronic contribution and the second term is the phonos- 10 was also reported for CePdSb compound, which exhib-
contribution. For an estimate aof(T) for the Ce alloys, we its low-dimensional ferromagnetic ordering below 17.3%.
have assumed that the electronic and phonon contributions The a,:(T) measured in an applied field 8 T exhibits

are the same as in LaShNb a4;(T) = amad T) + acg(T). very interesting behaviofFig. 6(@)]: the sharp peak ob-
Here the first term is due to spin-spin correlation in the or-served in zero field becomes very broad and moves to a
dered state as well as in the paramagnetic state and the sétgher temperaturé20 K) in the 8 T field. Further, the sec-
ond term is the contribution arising from the crystalline elec-ond peak also broadens iretl T field and moves to a lower
tric field. It is generally observed that,,{T) exhibits a temperaturg11 K). It would be interesting to compare the
peak, similar to that observed in the heat capacity, at théhermal expansion coefficient results with the heat capacity
magnetic ordering temperatuféFigure 6 showsr,(T) asa measured in an applied field of 5 and 10%.In the 5 T
function of temperature for CeSbNalloys. a4¢(T) of CeSb  field the sharp peak in th€,(T) has been observed at
(in zero field exhibits a sharp peak at 15.4 K, followed by a 22 K due to the para to ferro-pardFP1, with k
second broad peak at 12.9 K. The sharp peak4f(T) is =6/111007100O10) phase transition. For the 10 T
due to the first-order phase transition from the paramagnetifield C,(T) exhibits a broad peaksecond-order typenear

to antiferroparamagnetidAFP, k=2/3,1O | ; the open circle 25 K, which is most likely due to FP2kE 1/2, 1700) to
shows the position of the paramagnetic plapbase. It is FP (k=1/2,1770) phase transition, and a sharp pé#ist-
well known that in zero field CeSb exhibits seven magneticorder type near 19 K, which is due to FRk=1/2,1110) to
transitions between 17 and 8 %!?* However, a4(T)  the ferromagnetic phase€0). By using theB-T phase
shows only two well-resolved peaks. A very similar behaviordiagram, we attribute the peak in thg(T) at 20 K in the 8
has been observed in the zero-field heat capa€ity ©f a T field to the second-order phase transition from FR3 (
polycrystalline CeSh sample€® while seven transitions are =4/9, 1770071100) to the boundary of FPand FP4 k
observed in the heat capacity of a single crystal of CéSb. =2/5) phasegsee theB-T phase diagram in Ref)5Further,
The ratio of the heights of the two peaks in the thermalthe B-T phase diagram does not show any possibility to as-
expansion and heat capacity of the polycrystalline samplesign the peak at 11 K in 8 T field, which may reveal the
agrees well. This is expected thermodynamically @s existence of new phases in the ferromagnetic region.
=0¢kC,/3Vy,, where(), is the electronic Gnueisen pa- The a4 (T) of x=0.035 alloy exhibits two broad peaks
rameter,« is the isothermal compressibility, and, is the  (of second-order typeat 12.3 and 8.9 K, respectively, with a
molar volume. From this relation we can estimdg by  considerable reduction in absolute value compared=+®
scalinga(T) andC,(T) with the assumption that the value alloy. The position of the first peak agrees with the observed
of « is known and it is temperature independent. We havepeak at 12.5 K in the dc magnetic susceptibiftywe at-
estimated the value d.=68 by scalinga(T) and C,(T) tribute this peak to the paramagnetic to antiferromagnetic
data nearTy and taking the temperature-independent valughase transition. The second peakaigy(T) is attributed to

of k=1 Mbar %, a typical value for Ce-based compourds. the change in the magnetic structure be® K asalso indi-
This value of(), is very high compared with the value of cated by the rise in the magnetic susceptibility below 9 K.
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This study shows that a Ni composition as lowxas0.035

in CeSb is sufficient to suppress the first-order phase transi-
tion. Theay,:(T) of x=0.15 alloy rises sharply below 10.3 K
and exhibits a broad peak at 5.8 K. The susceptibility and
neutron scattering studies on=0.15 reveal the type-Ik
=(010), antiferromagnetic ordering witliy=9.5K. This
shows that the peatat 5.8 K) in a,(T) of x=0.15 alloy is
well below theTy=9.5K. A very similar behavior has been
observed in the ferromagnetic compound CePdgh(
=17.5K), where the heat capacity and thermal expansion
coefficient exhibit a broad peak at 10 K, which is well below
Tc=17.5K31330n the other handg,(T) of x=0.4 alloy
rises below 13.6 K and exhibits a peak at 11.8 K, which is in
agreement with thd=12.5K observed through magnetic
susceptibility. It is interesting to note that in the paramag-
netic statea,;(T) of x=0 exhibits a shallow minimum

(negative thermal expansipmat 25 K, which becomes () . .
weaker with increasing Ni composition and finally disap- '0'30 5 4 5 8 10
pears forx=0.4 composition. A very similar minimum in 0.3 . . . T
a,4¢(T) has been observed in Ndgwhich has been attrib- CeSbNig 4
uted to the effect of the crystalline field on the thermal 02 F (g
expansior* Further, the positive sign ofA«(Ty) for
CeSbNj alloys indicates a positive pressure dependence of
dTy/dP, which agrees with the reported value ef0.7
K/kbar for CeSb up td®= 2.5 kbar'?

-0.15 | CeSbNij 45

Fract. Ext. 10* (AL/L)

0.1

E. Magnetostriction 0 2 4 6 8 10

Figures Ta)-7(c) show the magnetostrictiofMS) iso-
therms at various temperatures up to the 8 T fi@tAL/L) FIG. 7. The normalized magnetostriction vs applied field field
for CeSbNj (x=0, 0.15, and 0.4 Due to the presence of a (BIAL/L) for CeSbNj (x=0, 0.15, and 0.4alloys at various tem-
large hysteresis in CeSb, the magnetostriction isotherms &eratures. The arrows show the direction of the field cycle.X¥or
each temperature were measured after ZFC the sample from0, squares represent the first cycle of the field swietection
25K (i.e., aboveTy). At 4.8 K, with increasing field MSor shown by single arrowsafter ZFC_from 25 K ant_j crosses repre-
AL/L) exhibits a sharp drop, followed by a minimum at 4 T S€nts the second cycle of the field sweefirection shown by
and eventually becomes field independent above 6 T. Thaouble arrows immediately after the first cycle.
decreasing field MS exhibits a minor hysteresis loop between ) . ,
4 and 8 T and a major hysteresis loop below 4 T. After the?dreement with the prediction of the Maxwell relation
first field cycle, the temperature was held fixed8 K) and  [INi/9Blo=—[dM/dai]g, with M the magnetic moment
the field was swept up and dowi@® T-8 T-O T; double- per unit volume,\; the magnetostrictive strain, ang the
arrows show the direction of field cyglethe crosses in Fig. Stress corresponding tq 36
7(a) represent the change of the MS during this cycle. The The magnetostriction of=0.15 at 3.4 K exhibits a peak
third cycle of the field gave the same results as that of thet 4.5 T and a small hysteresis compared with0. The
second cycle. The above behaviors were reproduced whepeak in the MS is attributed to a metamagnetic transition as
the sample was heated up to 25 K and ZFC to 4.8 K. Thi®bserved in the magnetization measurements at 6.5 T at 1.5
shows that the hysteresis is an intrinsic property of theK.*® With increasing temperature the peak and hysteresis de-
sample. It is interesting to note that, after the field cycles, therease and MS exhibits a maximum negative value at 11 K.
zero-field length can be recovered by heating the sampl@&he absolute value of the MS decreases with further increas-
aboveTy and ZFC. The sharp decrease in the MS below 4 Ting temperature. Between 11 and 30 K the MS exhibits
is due to an abrupt change in the magnetic structure at aB2-dependent behavior. A similar behavior of the MS was
applied field of 3.7 T as seen through magnetizationobserved foBL AL/L direction (data not shown hejeex-
measurements. At 15 K a very small hysteresis was ob- cept the peak position was at 6.5 T at 3.3 K with smaller
served in the MS, while no hysteresis was observed at 20 Kysteresis and the zero-field length was the same before and
and above it. At 25 and 30 K, the MS exhibitB4 depen- the after the field cycle. On the other hand, the MSxof
dence up to 8 T, while a small deviation fraBf-dependent =0.4 belowT) is positive(i.e., the length increases with the
behavior is observed at 20 K. The latter may suggest théield) with very little hysteretic behavior, while negligible
presence of spin-spin correlation just abdyg. The magni-  positive MS was observed aboVg . It would be interesting
tude of the MS of CeSb even in the paramagnetic state i compare the present MS results with that of Gé&a,Sb(
very large compared to that observed in Ce-based heavy fex=0.2, 0.3, and 0)palloys?® At 4.2 K,Ceg, gLa, ,Sb exhibits
mion compounds, such as CeCand CeCuSi,.>® The ob- MS of 4.8<10 4 at the 8 T field, while almost negligible
servedB? dependence of MS in the paramagnetic state is ipositive MS was observed for gg a, Sb up to the 8 T field
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(bottom inset to Fig. B The temperature dependence of the
scaling factor exhibits almost similar behavior to that of
x2(T) (top inset to Fig. & This indicates that the product of
Ck is temperature independent fer=0.15. From the slope
of scaling factor versug?® and AV/V versusB*? curves
(insets to Fig. 8 we have estimated the value of the product
of Ck=—5.3(+0.6)X 10 *(ug?).

IV. CONCLUSIONS

Inelastic neutron scattering studies of CeSpi=0.08
and 0.13 show a well-defined crystal field excitation at 4.06
and 5.02 meV, respectively, and the quasielastic response
centered at zero energy. The temperature dependence of the
intensity of the quasielastic and inelastic lines reveals that
the crystal field ground state is a doublét in CeSbN 15
The increase in the crystal field splitting withand the iso-
tropic magnetic properties of CeSkNi compared with the
parent compound CeSb indicate that i mixing has re-
duced considerably with the Ni incorporation in CeSb. The
strongp-f(I'g) mixing pushes thd’g down close to thd';
level and hence gives a small CF splitting in Ce@ef.
7-10 compared with the value of 22.75 meV expected from
the point charge model and using the values of other mem-
bers of the rare-earth compounds in this seti€ke collapse
of the p-f mixing in CeSbNj could arise through an overlap
between thep band of Sb and thd band of Ni, which fills

the p holes that mix strongly with thd'g state of C&".

FIG. 8. The volume magnetostrictiofVMS) vs B2 for ~ The reduction in the anisotropic magnetic exchange, as
CeSbNj ;5 at various temperatures in the paramagnetic state. Thebserved in the present study, has been also reported in
bottom inset shows the scaling of VMS of 15, 20, and 30 K data toR; _,Ce Sh (R=La and Y), but the crystal field splitting
that of 11 K data using a temperature-dependent scaling f@&r  remains almost unchangé&d’ An elastic neutron scattering
Here the effective field8*(T)=B(T)xSF(T)"% The top inset study of CeSbNj;5 shows the simple type-l antiferromag-
shows the scaling factor vg® at 11, 15, 20, and 30 K. The solid netic structure with wave vectdr=(010). The temperature-
line represents a linear behavior. dependent susceptibility of CeSkNi has been analyzed on

the basis of the crystal field model and using the crystal field
at 4.2 K. These results show that the large MS and the diggarameter obtained from the inelastic neutron scattering
continuous change in the lengtin zero field at Ty ob-  study.
served in CeSb disappears with either incorporation of Ni at The thermal expansion exhibits a dramatic change in be-
an interstitial site or substitution of Ce by La. The implica- havior with Ni composition. The thermal expansion coeffi-
tion is that the electronic density or chemical pressure igient exhibits a first-order transition aj, in CeSb, which
more important than the coherent Ce lattice for large magnedisappears with incorporation of Ni composition as low as
tostriction as well as a thermal expansion anomaly figar  x=0.035. The first-order transition was not observed in the

For x=0.15 alloy we have calculated the volume magne-thermal expansion coefficient measured in an applied field of
tostriction (VMS) at various temperatures in the paramag-8 T. The thermal expansion coefficient ¥ 0.15 (in zero
netic state ax\V/V=(AL/L)II+2(AL/L)L, where in the field) exhibits a peak at 5.8 K, which is well below tAg,
first term the field was applied parallel toL/L and in the =9.5K. The estimated value of the electronic Geisen pa-
second term it was perpendicular Ad /L. The VMS also rameter of CeSb is very high compared with the value of
exhibits B2 dependence in the paramagnetic stdtigy. 8). normal metal and other Ce-based compouiidSCeSb ex-
The VMS of x=0.15 alloy is very high and negative com- hibits a large magnetrostriction in the ordered state as well as
pared with small positive VMS observed in many Ce-basedn the paramagnetic state. In the paramagnetic stat@,
compounds?® A negative VMS has been observed for Yb- 0.15, and 0.4 alloys exhibit B> dependence of MS, which
based compoundS.In the paramagnetic state VMS can be agrees with the prediction of the Maxwell relation. The ab-
expressed adV/V=Cky?B?, whereC is the magnetovol- solute value of the MS is reduced considerably in the Ni-
ume coupling constants is the isothermal compressibility, incorporated alloys, which reflects a large reduction in the
and y is the paramagnetic susceptibility. This relation showsmagnetovolume coupling constant for these alloys. The MS
that by using a temperature-dependent scaling factor it isf x=0.15 in the paramagnetic state exhibits a scaling law
possible to obtain a unique scaling curve of VMS for all from which we have estimated the product of the magneto-
temperatures. We have scaled the VMS data of 15, 20, aneblume coupling constant and the isothermal compressibil-
30 K to that of 11 K, which exhibits good scaling behavior ity.



PRB 62 NEUTRON SCATTERING AND THERMAL STUDIES ®. .. 12 189

Beside the effect of the-f mixing on the CF splitting in  (Ref. 38: Si atoms also occupy interstitial sites in the cubic
CeSbNj alloys, there would be some contribution to the structure of CePgd The absence of two crystal field excita-
crystal field from the Ni atoms. The Ni atoms occupy inter-tions in CeSbNj suggests that the local structural distortion
stitial sites in CeSb; hence, the change in the physical progs not very significant. On the other hand, the increase in the
erties of Ce ions in CeSbNalloys is also expected due to a linewidth of the CF excitation wittx reflects the presence of
local (structural and chargelistortion on the Ce neighbors the charge disorder.
due to the random distribution of Ni atoms. This would lift
the degeneracy of the excited crystal field levEk) and
increase the linewidth of the crystal field excitations and the
magnetic transition. If the local structural distortion was sig- One of us(D.T.A.) would like to thank Professor B. D.
nificant, one would expect two CF excitations in CeSpNi Rainford and Professor W. J. L. Buyers for many stimulating
alloys as observed in the cubic CgBil (x=0.07-0.15) discussions on neutron scattering results.
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