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We studied the effect of Ni incorporation on the magnetic properties of CgSENéx=<0.35) using
resistivity, susceptibility, and magnetization measurements under high pressure and magnetic field. With in-
creasing pressure antiferromagnetic transition temperaiyge ¢f CeSb increases continuously leading to a
high pressure phase. Similarljj, of CeSbNj increases with pressure fg<0.15 while increasing pressure
weakens a Cr-like anomaly found in the resistivity of CeSfi\i Interestingly, resistivity of CeSblig under
higher pressure becomes very similar to that of CeSb at ambient pressure. Magnetic hysteresis, metamagnetic
transition, and saturation behavior, which are absent in the ambient-pressure magnetization of, gz&®lNi
CeSbNj ¢, begin to appear with pressure too. On the other hand, pressure effects in both resistivity and
magnetization of CeSb}lisand CeSbNjsare different from those of CeShiNj;and CeSbNjqg. We discuss
these findings with regard to possible Ni-induced changes in the nature of the magnetic interactions of CeSb.
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. INTRODUCTION energyA cgr between thd'; ground state and thég excited
_ o _ state of C&" ion, and the other is the hole concentration of
Cerium monopnictides Ce(X=P, As, Sb, and Bihav-  sp 5p band. While magnetic field acts on the crystal field
ing a very low carrier concentration show various interestingeyels and reduced cgr, pressure increases tipef mixing
magnetic properti_e]s‘.s_Although crystal structure of CeSb is strength. Therefore, despite the different mechanisms of
cubic and isotropic with a modest Bletemperature of 16 K, - magnetic field and pressure, their overall effects are more or
its magnetic properties are very anisotropic in the ordereghcs the same.
phase with an easy axis aloijg01] direction: Estimated Recently Ni atoms were successfully incorporated into the
anisotropy field is substantially larger than 100 T. Moreover,(1/4' 1/4, 1/3 interstitial site of CeSh, while keeping the

In spite of the.relatlvely S|mple.NaCI—type str_ucture. the Mag-c ibic structure intact up to the solubility limit of=0.4 in
netic phase diagram of CeSbh is very complicated: altogethe

no fewer than fifteen different magnetic phases are found irtli:1e forr_nula _Of CeSbNi.** SOth the absence .Of stro_ng
the (H,T) phase diagrarft’ For example, at 16 K there is a magnetic gmsptropy_ and an mcreased.crystal—ﬂe.ld splitting
first-order transition to an antiferroparamagnetiaFp) &S Seen in inelastic neutron scattering experiments for
phase with the periodicity of three lattice spacings along th&€SbNb.1s have been attr_'b“'&%d to the collapsepsf mix-

c axis: which is then followed by successive five new AFpiNg due to Ni mcorporapoﬁa_ Recent transport property
transitions with slightly different periodicities. Belog K is ~ measurementSof CeSbNj pointed out too that the decrease
another AF-IA state found, and it remains unchanged to th@f Sb 5p hole concentration due to Ni incorporation might as
lowest measured temperature. With increasing magnetigrell be important to understanding the observed magnetic
field, CeSb moves from these AFP phases to new ferro-panaroperties of CeSbNi Furthermore, we found a sharp in-
phases while the AF-IA state changes to an antiferro-ferracrease just belowy in the resistivity forx=0.08 that arises
phase before entering into a ferromagnetic state above 4 from the formation of a superzone gap as the type-I antifer-
Interestingly enough, most these phases are also found in tmemagnetic state is stabilized at low temperatures. It is also
(P,T) phase diagram; of which origin will be discussed interesting to note that the unit cell volume increases with
shortly. It is noticeable too that a critical end point exists atincreasing Ni concentration, thus giving rise to a negative
2.5 kbar: at which the first-order AFP transition meets an-chemical pressure effect.

other transition of second-order type, and for higher pressure To our best knowledge, it is not quite clear at the moment
a new transition of AF-I type is found. At 10 kbar there is a which one of the two effects of Ni incorporation: one is the
horizontal phase boundary between the AFP and AF phasesegative chemical pressure effect and another the decrease of
These complex magnetic phases found in CeSbh have be¢he Sb P hole concentration, is more important in determin-
qualitatively explained by the so-called anisotropid¢ mix- ing the magnetic ground state of CeSpNAt this particular

ing model® Apart from thep-f mixing effect, two other ef- point, our pressure-dependent studies of CeSl#Nuiseful,
fects are also known to be equally important in determiningand thus help us understand how the magnetic properties of
the magnetic states of CeSh. One is a crystal field splittingeSbNj, evolve withx and, more importantly, how Ni incor-
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poration affects thg-f mixing in CeSb. In this study, we
investigated the effects of both Ni incorporation and pressure
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1.00

CeSbNi,,

on the magnetic properties of CeShNx=0, 0.05, 0.08,
0.15, and 0.3p

Il. EXPERIMENTAL DETAILS %‘

Polycrystalline samples of CeShN{x=0, 0.02, 0.05,
0.08, 0.15, and 0.35vere prepared by arc melting stoichio-
metric amounts of the constituent elements on a water-coolec %%
copper hearth under a high-purity argon atmosphere. The 0.80F ¥ %
composition and crystal structure of the samples were deter- %
mined by electron probe microanalysis and x-ray powder )
diffraction. Cubic lattice parametéa) increases almost lin- 0.76} 2
early at a ratela/dx=0.085 A withx. Details of the sample & 3
preparation and characterization were described in Ref. 9. 8

Resistivity measurements were made on bar-shapec
samples using a standard four-probe dc method at the KoreiZ
Basic Science Institute. We used a Be-Cu pressure cell=
which is capable of producing pressures up to 9 kbar, with &
distilled petroleum as a pressure transmitting medium. Abso-
lute pressure values were calibrated against the pressure
dependentl, of Pb? All our measurements were made in | &
the temperature range of 2 to 300 K while warming.

We also measured magnetic susceptibility and magnetiza-
tion measurements under pressures up to 12 kbar and mac 08f '
netic field up to 12 T at the Institute of Solid State Physics, ,
University of Tokyo. We used a pressure cell made of a 06}
high-purity TiCu alloy with flourinert as a liquid pressure
medium. Susceptibility measurements were made in a mag- 04b A i
netic field of 5 kOe after zero-field cooling in the tempera-
ture range of 2 to 60 K. We also measured magnetization 02t
measurementstd K up to 12 Tafter zero-field cooling.

40.90
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ll. RESULTS Temperature (K)

A. Effects of Ni incorporation at ambient pressure o ) )
FIG. 1. Resistivity data taken at ambient pressure for several Ni

In order to help one better understand our results otompositionsTy are marked by arrows in the figure.
pressure-dependent measurements, we summarize below the
effects of Ni incorporation observed at ambient pressure.
Temperature dependence of the susceptibility and resistivity Figures 2 and 3 show temperature- and pressure-
of CeSbNj shows a nonlinear variation dfy with varying  dependent resistivity of CeShNix=0, 0.08, 0.15, and
x: Ty decreases rapidly witk reaching a minimum at 8.5 K 0.35 up to 9 kbar. We normalized the resistivity with respect
for x=0.08 and then increases slowly upxe 0.4 (see Fig. to the room-temperature resistivity values at ambient pres-
1). Thisx dependence of is in good agreement with pre- sure for the sake of presentation. Arrows indicate antiferro-
vious studies:™ At the same time increasing weakens magnetic transition temperatur@g« of AFP type andT, of
metamagnetic behavior and smears out a hysteresis found AF-| type as determined from pressure-dependent suscepti-
the magnetization data of CeSbh. Furthermore no magnetigility measurementgsee Fig. 4 For CeSb does a sudden
anisotropy was observed in the magnetization of Ce§pNi  drop in the resistivity coincide with a sharp peakTag in

What is also noticeable is that(T) begins to increase the ambient-pressure susceptibility. With increasing pressure,
rapidly below Ty for x=0.08 (see Fig. L This p(T) Tn+ increases continuously and, at the same time, a strong
anomaly is suppressed upon applying magnetic field largefesistivity peak develops in good agreement with published
than a value at which a metamagnetic transition is observedesults'® At pressure higher than 2.5 kbar, an AF-I high pres-
The rapid rise inp(T) coincides with a strong increase in sure phase appears in CeSb as observed in high-pressure
|R4(T)| obtained from Hall coefficient measuremehts. neutron scattering experimersTransition temperature of
These observations can be ascribed to the formation of Afhis AF-1 phase was marked Bl in Fig. 2.
superzone gap as magnetic structure of CeglbNanges to p(T) of CeSbNj ggat ambient pressure shows a minimum
an AF-I type forx=0.08; elastic neutron scattering studiesaroundTy=8.5 K followed by a Cr-like anomaly at lower
found that CeSbNji;s has a simple type-I AF structur8. temperature; which was previously attributed to formation of

B. Pressure-dependent resistivity
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FIG. 2. Temperature dependence of resistivities for Qesand FIG. 3. Temperature dependence of resistivities for CeSNi

CeSbNj g (b) at different pressures. Arrows indicalg, of the  (a) and CeSbNjs5 (b) at different pressures. Arrows indicalg as
AF-I phase andl'y+ of the AFP phase as obtained from suscepti- obtained from susceptibility data. Resistivity of CeSpNimea-
bility data (see the tejt sured at 2.45 kbar is almost the same as the ambient-pressure data.

an antiferromagnetic superzone gapWith increasing pres- that of CeSbNj g while T_N increases continuously. Or! the
sure,Ty, increases quite rapidly at a rate of approximately 1,3°ther hand.Ty of CeSbNp g5 is found at 10.5 K at ambient
K/kbar. At the same time, the Cr-like anomaly gets subdued@’€SSure, and with increasing pressdrg increases only

and becomes absent altogether above 5.6 kbar. Previo§ddhtly. Surprisingly enough, this pressure dependende,of

studies on CeSbNishowed that the low temperature mag- ©7 C€SPbNb 35 is exactly opposite to what we would expect
netic state of CeSbhg is an AF-I phas¥ while that of from thex d_ependence of bothy and the lattice parameter:
CeSb is an AF-IA phas&That the Cr-like anomaly is weak- Tn hf a rrrw]mlmum at ar%urwl:g.OS. Here ]:Ne sdho_uldbporllnt
ened by pressure implies that the AF-1 phase of CegkNi out that the pressure dependence af ound ‘in bot
becomes unstable against pressure and a new magnetic stgt%Sb.Nb-lf’ and CeSbNjs5 cannot be explained at all by
is formed at high pressure. InterestinghyT) of CeSbNj,gg negative chemical pressure effects. _Therefore, our re_sults
measured under 9 kbar appears very similar to the ambien%—ugg(:“St that therg should pe a considerable change in the
oressure(T) of CeSh. These results suggest that CeSgNi nature of magnetic properties between below and above
under pressure should have very similar magnetic properties
to that of CeShb. Therefore, we propose that pressure
strengthens th@-f mixing interaction in CeSbNiyg that is
weakened by Ni incorporation. Similar behavior was also Figure 4 shows the magnetic susceptibility of CeSb,
observed in our magnetization measurements under pressu®eSbNj g, and CeSbNj;s measured with 5 kOe. A sharp
which will be discussed later. peak at 16.5 K in the ambient-pressure susceptibility of CeSb
p(T) of CeSbNj ;5 also exhibits a minimum aroun@ly  corresponds to a first-order transition to an antiferroparamag-
and increases continuously at lower temperatures. We noigetic (AFP) phase. This transition temperature denoted by
that a small dip &3 K in the ambient-pressurp(T) disap- Ty« in Fig. 5 increases almost linearly with pressure, reach-
pears with pressure. With increasing pressure, the Cr-liking 23.5 K at 12 kbar. It is noticeable that the sharp peak in
anomaly in thep(T) of CeSbNj 45 hardly changes unlike the ambient-pressure data becomes all of sudden much less

C. Pressure-dependent susceptibility
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(C) mined from susceptibility data. Solid line is guide to the eye.
1 surement are consistent with thl?,(l’?LI phase diagram from
0.0 R S S SR earlier neutron scattering experimetts.
0 10 20 30 40 50 Susceptibility of CeSbNigg displays a peak afy and
Curie-Weiss behavior at higher temperatures. Thel &m-
Temperature (K) perature increases considerably with pressure: for CegpNi

. . Tn=28.5 K obtained at ambient pressure increases to 24.3 K
FIG. 4. Pressure dependence of magnetic susceptibility for CesgN P

(a), CeSbNi,oq (b), and CeSbNjy (c) measured with 5 kOe after t 12 kbar. We also note that the peak in the susceptibility of
Sero-fiold co'(c))ﬁing’ 1 CeSbNj o3 becomes sharpened with pressure, but even at 12

kbar it is not quite as sharp as the AFP peak observed in the
ambient-pressure susceptibility of Ce&Siee Fig. 4b)]. Sus-
pronounced in data taken at 4 kbar before gaining strength &eptibility of CeSbNj ;5 shows similar behavior todEy in-
higher pressure; which is due to the fact that there exists greases from 9.5 K at ambient pressure to 17.5 K at 12 kbar.
critical end point at 2.5 kbar. For pressures above 4 kbar, A steep rise seen at lower temperature in the susceptibility of
new broad feature is observed at higher temperature thaBeSbNj q5is likely to be due to a small amount of nonmag-
Tn* - This broad feature is identified as a second-order trannetic impurities present in the sample. Pressure dependence
sition to the high pressure AF-I phase, and this second-ordef Ty is shown in Fig. 5 for all the three samples.
transition temperature Tg) increases continuously with o
pressure Ty in Figs. 1 and 4 indicates this second-order D. Pressure-dependent magnetization
transition. Pressure dependence of the magnetic transition Magnetization of single crystal CeSb exhibits three step-
temperatures of CeSb obtained from the susceptibility medike metamagnetic transitions with a large hysteresis as it
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FIG. 7. High field magnetization for CeShjN; (@) and
CeSbNj 15 (b), measured at 4 K after zero-field cooling.
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FIG. 6. High field magnetization for CeSla) and CeSbNjys
(b), measured at 4 K after zero-field cooling.
state like CeSb above 6 T. On the other hand, magnetization

crosses field-induced phase boundatig®or comparison, of CeSbNj ggat ambient pressure exhibits much smaller hys-
magnetization of our polycrystalline CeSb sample taken ateresis and only a weak metamagnetic transition around 4.5 T
12 kbar shows three weak metamagnetic transitions at 2, 3yithout saturation behavior up to 12[$ee Fig. 7a)]. At 12
and 4 T reflecting polycrystalline nature of our samidee  kbar, however there also appear a larger magnetic hysteresis
Fig. 6(a)]. This observed hysteresis at high pressure demorand two metamagnetic transitions at 3.9 and 6.2 T with a
strates that even at 12 kbar the metamagnetic transition stitllear sign of saturation behavior above 10 T. This implies
remains to be of first-order nature. The magnetization satuthat a ferromagnetic state is realized above 10 T and 12 kbar
rates above 6.5 T as it enters into a high-field ferromagnetifor CeSbNj o5 too. All these results indicate that although at
State. ambient pressure the magnetic properties of CeggNind
Figure @b) shows the high-field magnetization of CeSbNj g are different from that of the parent compound
CeSbNjgsup to 12 T at both ambient pressure and 12 kbarCeSb, upon applying external pressure the magnetic proper-
The magnetization of CeSbj\j; taken at ambient pressure ties of CeSbNj o5 and CeSbNjyg become similar to that of
shows only one metamagnetic transition at 2.2 T with a relaCeSb. These findings are also consistent with the results of
tively smaller hysteresis. Moreover the magnetization doepressure-dependent resistivity measurements.
not saturate even at 12 T. However the hysteresis becomes Figure 7b) shows the pressure-dependent magnetization
larger at 12 kbar and two metamagnetic transitions ar@f CeSbNj,5; from ambient pressure to 12 kbar. The
clearly observed at 1.6 and 5.2 T with increasing field. Interambient-pressure magnetization shows a small magnetic hys-
estingly enough, saturation behavior now appears in théeresis and a very weak metamagnetic transition. However,
magnetization above 10 T, which means that the high-fieldhe hysteresis is made larger and the metamagnetic transition
magnetic phase of CeShj\i at 12 kbar is a ferromagnetic becomes clearer with increasing pressure. The metamagnetic
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transition field also increases with pressure reaching 6.2 T atith increasing Ni amount as shown in the Hall coefficient

12 kbar. Even at 12 kbar, however, only one metamagnetimeasurements; which subsequently weakens thp-f

transition is observed and the magnetization still continues tonixing.

increase without a clear sign of saturation behavior. These For CeSbNj,5, however, the resistivity and magnetiza-

observations confirms our conclusion drawn from the resistion show qualitatively different behavior under pressure

tivity measurements that there should be a significant changeompared to CeSbg. First, the continuous increase By

in the nature of the magnetic properties of CeStiditween  with pressure is not anticipated from the obserxedepen-

below and above=0.15. dence ofT (Refs. 9,11 (see Fig. % Second, although pres-
sure of 9.2 kbar is larger than the calculated value of 4.3
kbar; which is estimated to fully compensate for the volume

IV. DISCUSSION expansion due to Ni incorporation &t 0.15, the resistivity

, i ) __anomaly at low temperature is not affected as much as one
The complex and strongly anisotropic magnetic propertieg, o 14 expect. Finally, the high-field magnetization of

of CeSb were explained by the nonlinear mixing interactionCeSbl\]&15 under pressure shows quite different behavior

8 .
between Sb b valence holes anilg state Of,ie 47 ThiS  {om those ofx<0.08 as described previously: neither clear
so-callgdp-f mixing effect gets stronger W't_ pressure assign of saturation behavior nor hysteresis is found. These
shown in the pressure dependence of our resistivity and mag,serations lead us to conclude that the magnetic state of

netiz.ation. results. O.n th_e other hand, strong supp_re_ssion QEeSij( for x=0.15 has different nature compared to that of
Ty with Ni incorporation implies that thereby thef mixing CeSbNj for x<0.08. Here, one might have to invoke that

gets considerably weakened; of which main effect is ObV"the hole concentration of ShoSband decreases with Ni in-

ously t?fe volukrre expansion, 1.€., tlhe negauv; Chhem'Calfprhe%orporation; which according to our results seems to be more
sure effects. However, it Is not clear yet which one of t eimportant than the negative chemical pressure effects. This

Eelganve chemu_:al [()jressurlg_e_ffect and _the _decrlea_selopsb Yecrease in the hole concentration together with the increase
noie concentratlon u_e_to : lncorporatlc_)n IS relatively more ¢ e crystal field splitting energyAcgp) as observed in
important in determining the magnetic ground state of.

bNi q hi ) h | 4nelastic neutron scattering experimetftsye believe, tip the
CeSbN; . In or er o 'answert Is question, we have analyzeq, energy of CeSbNiin favor of the much simpler AF-|
our results quantitatively so as to separate pure pressure f}f

0

! ase
fects from nonpressure related ones in our results. In order

X Therefore, our studies reinforce a long-held view that the
do this, we used bulk modulus value of 715 kbar for CeSbcomplex magnetic states of CeSb arise through a delicate

(Ref. 19 and estimated that abotv/V=—0.14% of frac-  )313nce among the three factors; the strength optienix-

tional volume contraction can be induced by 1 kbar of PréSing, the hole concentration of StpSbands, and the crystal

sure. Using the observeddependence of the lattice constant fie|q splitting. Furthermore, our results together with previ-
pansion forx=0.1 is aboutAV/V=0.4%. Therefore, purely cespNj systems can be used as a test ground for any real-

from the point of view of volume changes pressure of 4 kbajstic theories of the magnetic phases of CeSb, including the
is expected to induce a bigger volume contraction than inisotropicp-f mixing model.

possible with Ni incorporation fok=0.1.

As we commented om(T) of CeSbNjqg, the Cr-like
anomaly disappears with pressure arfd) at high pressure
looks similar to the resistivity of CeSb taken at ambient pres-
sure. We interpret this pressure dependence that the magneticWe measured pressure-dependent resistivity, susceptibil-
properties of CeSbhNpg under pressure become similar to ity, and magnetization of CeShNsystem for B=x<0.35 to
that of CeSb. This conclusion is also consistent with ourinvestigate effects of Ni incorporation on the magnetic prop-
high-field magnetization under pressure. From these resultgrties of CeSbNi. For CeSbNjg, a resistivity anomaly
we can therefore assume that the weakemddmixing due  was suppressed with pressure and the temperature depen-
to Ni incorporation is at least partly recovered by externaldence of the resistivity became very similar to that of CeSb
pressure. If we consider the lattice constant changes eithevhile p(T) of CeSbNj for x=0.15 does not show such be-
due to pressure or Ni incorporation alone, howeverhavior. Metamagnetic transitions, magnetic hysteresis, and
CeSbNj gg under pressure of 12 kbar is expected to be alsaturation behavior become clearly observable with pressure
ready at a similar state of CeSb at 9.7 kbar. Neverthelesdn the magnetization of CeSbior x<0.08 while such fea-
there is a clear difference between the high-pressure phase wires are not found for CeShNi; either at ambient pressure
CeSbNj gg and the ambient-pressure phase of CeSb. For exer high pressure up to 12 kbar. From these results, we con-
ample, we cannot observe a sharp peak in the susceptibilitslude that there is clearly different pressure dependence of
of CeSbNj ggunlike CeSh(see Fig. 4. This then implies that the magnetic transitions between below and abowd.15.
apart from the negative chemical pressure effect there ougMoreover, we find that apart from the volume expansion due
to be other effects of Ni incorporation on the magnetic prop-to Ni incorporation, the concomitant decrease in the number
erties. One obvious, and natural candidate for such effects isf Sb 5p hole is also necessary for us to understand both the
a change in the Sbb hole concentration that is reduced x and pressure dependence of our data.

V. SUMMARY
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