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Suppression ofp-f mixing and formation of a superzone gap in CeSbNi
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We report electrical resistivity, Hall coefficient, magnetic susceptibility, magnetization, and magnetoresis-
tance measurements on CeSp{i<x=0.4), where the Ni atoms are incorporated interstitially into the cubic
cell of CeSh. The Nel temperatureTy drops from 16 K forx=0 to 9 K for x=0.05 and then gradually
increases to 12.5 K fox=0.4. The initial depression of bothy and saturation moment is ascribed to the
collapse ofp-f mixing by the decrease of thepghole concentration in the semimetallic CeSb. The resistivity
for x=0.08 shows a sharp rise just bel@y, which is quenched by the application of magnetic fields higher
than the metamagnetic transition field. This finding indicates that a superzone gap is formeddretretton
band of CeSbNifor x=0.08 as a result of the type-I antiferromagnetic order.

Cerium monopnictides Ceé (X=P, As, Sh, Bi) are anti- magnetic and transport properties using well characterized
ferromagnets with low-density carriers. They have long beersamples with different values of In the present paper, we
studied experimentally and theoretically’ because of their report such measurements on a single crystal of CeSBNi
unusual magnetic properties such as complex magnetic phasad polycrystalline samples of CeShNO<x<0.4). The
diagram? large magnetic anisotropy,small crystal-field effects of Ni incorporation will be discussed by comparing
splitting? etc., in spite of the simple NaCl-type structure. It with those of the substitution of Te for Sh.
has been shown that the magnetic properties of CeSh are Polycrystalline samples of CeShNwith x=0, 0.02,
very sensitive to any perturbation such as application 00.035, 0.05, 0.08, 0.15, 0.25, 0.35, and 0.40 were synthesized
pressuré® and partial substitutiofi:*? For example, the sub- by arc melting. Electron-probe microanalysis indicated that
stitution of Te for Sb in CeSh by only 5% results in a largethe impurity phases of CeNigbCeNyLSh,, and CeNj were
drop of the Nel temperaturdy, from 16 to 4 K12 Thisis  less than a few vol %> X-ray powder-diffraction analysis
accompanied by a substantial decrease in the saturation mghowed that the cubic lattice parameteincreases almost
ment from 2.1 to 0.%g/Ce and an increase in the crystal- linearly with x, at a rateda/dx=0.085A. The method of the
field splitting A from 37 to 49 K whereA is the energy  growth of single crystal CeSh}ljswas described in Ref. 15.
splitting from the ground-state doublEt to the excited-state The magnetic susceptibility=M/B was measured in a field
quartetl’s of Ce" ion. These observations were explainedof 0.5 T in the temperature range 2—300 K. Hall effect was
by taking account of nonlineap-f mixing between the measured by the use of the conventional four-probe dc
5p-hole valence band of Sb and thé(#g) state of Ce, as method in a field of 1 T. Measurements of electrical resistiv-
follows.**'*#The Te atoms substituting for Sb have additionality p(T) were done by a standard four-probe dc technique for
5p electrons which should fill thehole band of semime- 1.3<T<300K andB=<15T. Magnetization curves were re-
tallic CeSb. This in turn weakens thpef mixing and causes corded up to 15 T by an extraction method.
significant effects on the physical properties mentioned The temperature dependenceyofor all the samples of
above. CeSbNj (0=x=<0.4) was found to obey the Curie-Weiss

Recently, we have reported that Ni atoms can be incorpolaw at temperatures above 60 K. The effective magnetic mo-
rated interstitially into CeSb with keeping the cubic structurement ueg is essentially independent of and is close to
intact up to the solubility limit ofx=0.4 in the formula 2.54ug/Ce, the value expected for a trivalent Ce ion. How-
CeSbN;j . For a single crystal ok=0.15, the magnetic ever, the paramagnetic Curie temperatégedecreases from
susceptibility reveals an antiferromagnetit-) order atTy 12 K for x=0 to 0 K for x=0.4. The low-temperature data
=9.5 K. The magnetization isotherm at 1.5 K shows a metaof x(T) are shown in the inset of Fig. 1. Fer=0, x(T)
magnetic transition at 6.4 T with neither hysteresis nor anexhibits a sharp peak @{= 16 K followed by a minimum at
isotropy. The disappearance of complex and anisotropic nat0 K, below which an AF phase of the type IA is stabiliZed.
ture in the magnetic properties suggested thaptienixing For x=0.05x(T) is characterized by a broad maximum, of
in CeSb is strongly reduced by the Ni incorporation. Thesevhich temperature was taken @g, because it agrees with
observations are analogous to those in Gegbe,, men-  an anomaly inp(T).
tioned above. The mechanism of the collapse-dfmixing Temperature variations @f(T)/p(300 K) are represented
in CeSbNj remains to be examined by the careful study ofin Fig. 1. Because of the presence of microcracks, the data
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FIG. 1. Temperature dependence of electrical resistiy{ty) o B // 1100 -
for polycrystalline samples of CeSbN{O<x=<0.4). The data are 2 [100] 0.2 st-"
normalized to the value at 300 K. The inset shows the magnetic g 15K /
susceptibility measured in a field of 0.5 T. 0.5F 01 e I
.9"
. . 0.0
are normalized to the room-temperature value. Typical val- 0.0 . o 1 2 3
ues at 300 K are 150 and 56&X)cm for x=0 and 0.4, 0 5 10 15
respectively. As the temperature is loweredT) for x=0 B(T)

passes through a broad maximum at 30 K and drops sud-
denly atTy=16 K. Forx<0.05,p(T) decreases on cooling,
while that forx=0.08 increases just beloW, . The sharp
rise found forx=0.15 is tentatively ascribed to an AF super-
zone gap. If this is the case, the gap should be suppress
when the AF order is destroyed by a sufficiently high mag-
netic field. To confirm this supposition, we measured themetamagnetic-transition field iM(B). Therefore we may
resistivity as the functions of andB for the single crystal conclude that the superzone gap is eliminated by the meta-

FIG. 2. Upper panel: magnetic-field dependence of resistivity
p(B) for the single crystal CeSbp\js at various temperatures for
BIllI[100]. The inset shows(T) in several constant magnetic
fields. Lower panel: magnetizatiod (B) of CeSbNj ;5 at 1.5 K.

e inset shows the low-field data bf(B).

with x=0.15. magnetic transition from the AF state to a field-induced fer-
The inset of the upper panel of Fig. 2 shows the results ofomagnetic state.
p(T) for BIIII[100]. As expected, the sharp rise p(T) The dependence &fl (B) onx was studied by using poly-

below Ty is suppressed on increasing the applied field, conerystalline samples of CeSbNi0<x<0.4). Figure 3 shows
comitant with the decrease @i . In fields above 10 T, no theM(B) curves at 4.2 K up to 15 T™M(B) for x=0 exhib-
anomaly is noticed down to 1.3 K. It is noteworthy that theseits a strong hysteresis with two metamagnetic transitions at 2
effects are very similar for two configurationB|11/[ 100] and 4 T, as reported previoushgnd the saturation moment
and BL11I[100] (not shown in Fig. 2 This observation is of 1.85u5/Ce equals the average value reported for
consistent with the absence of magnetic anisotropyxfor BI[100], [110], and[111].%> With increasingx up to 0.05, the
=0.15"° Another interesting observation is the different be-metamagnetic behavior with hysteresis is weakened but the
havior between the zero-field cool€dFC) and field cooled saturation moment is unchanged. ker0.08, however, both
(FC) data. It is assumed that the ZFC state consists of manghe hysteresis and the metamagnetic transition at 2 T disap-
AF domains, while the FC state may have mono domain wittpear. The saturation is not achieved in the highest field of 15
Ce magnetic moments parallel to the direction of appliedT, whereM (B) reaches a value of about Lg/Ce. No sig-
field if the anisotropy energy is sufficiently low. The differ- nificant change in théM(B) curve occurs with further in-
ent domain structures may cause the observed variations grease ok to 0.4. The measurement bf(B) up to 55 T for
the zero-field data. x=0.15 indicated thaM (B) at 4.2 K gradually increases to
The close relation between the magnetoresistar(®  2ug/Ce.
and the magnetizatioM (B) for BI[100] is demonstrated in To examine the change of carrier concentration in
Fig. 2. We observed that the virgin curvesmfB) for Bl CeSbNj with x, we measured the Hall coefficieRt,(T). In
andBL1 at 1.5 K show a sudden jump and a drop at 1.7 T,Fig. 4, the data for the single crystal CeSpNiare com-
respectively. TheM(B) curve also exhibits a weak hyster- pared with that reported for Ce$bThe absolute value of
esis at the same field, as is noticed in the inset of the loweRr,,(T) for CeSbNj ;5 is approximately half that for CeSh.
panel of Fig. 2. Therefore the anomaliespi(B) at 1.7 T is  This fact suggests that the electron-carrier concentration is
ascribed to the effect of reorientation of domains, as menincreased by the Ni incorporation. The Hall effect in the
tioned above. With a further increase of field up to 5 T, bothparamagnetic state is generally analyzed by using the empiri-
p(BIll) and p(BL1) decrease significantly andp/dB has cal ansatzR,(T)=Ry+4mx(T)Rs, whereR, andRg are
the maximum aB=6.5T. This field value agrees with the the normal and anomalous Hall coefficiehtdHowever, it
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FIG. 3. Magnetization curves for polycrystalline samples of
CeSbNj (0=x=0.4) at 4.2 K upon increasing and decreasing
magnetic field.

was reported that this equation cannot describe the data for

CeSh!® On the other hand, the fit to the data for CeSppi

is rather good as is shown by the solid line, which gives the

values of Ry=-5.08x10 3cm’/C and Rg=+1.17
X 102 (cm®/C)/(emu/mo). The semimetallic nature does

not allow us to estimate the carrier concentration solely from

the value ofRy. In the inset of Fig. 4, the strong increase of
|[R4(T)| just belowTy=9.5K coincides with the rapid rise
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in p(T). This fact indicates the sudden loss of the carriers[emperaturegP’ (c) Neel temperaturdy, (d) magnetizatiorM at

due to the formation of the superzone gap.
The data for CeSbNi (0<x=<0.4) obtained by the

15 T, and(e) crystal-field splittingA for CeSbNj and CeSh_,Te,
as a function ok andy, respectively. The data for CeShyTe, are

present studies are summarized in Fig. 5; the cubic latticgken from Refs. 7 and 10.

parametera, paramagnetic Curie temperatufg, magneti-
zationM atB=15T, and Nel temperaturd as a function
of x. In the lowest panel, the crystal-field splittidgobtained
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FIG. 4. Temperature dependence of Hall coefficiep{T) for

300

by recent studies of inelastic neutron scattefirig shown.
Let us now discuss these data by comparing with those re-
ported for CeSh ,Te, (0<y=0.5)."'° The lattice constant
for CeSbNj increases almost linearly witkh while that for
CeSh_,Te, decreases witly. Nevertheless, the traces of
0p, M, Ty, andA are similar as the functions of andy,
respectively. In fact, bothT, and M for CeSbNj and
CeSh _,Te, strongly decrease in such a small concentration
range, x<0.05 andy=<0.05. The magnetic anisotropy in
CeSb disappears for=>0.05 andy>0.05, where the type-I
ground state is stabilizédt® The anomalous effects in
CeSh_,Te, were explained as follows. The substitution of
Te for Sb adds the (5 electrons which fill the p-hole band,
and thus weakens thef mixing. This collapse op-f mixing
strongly depresseg, and increased.’® In CeSbNj, the
state of Ni may overlap with theband of Sh, and then
reduce the p-hole concentration. This results in similar col-
lapse ofp-f mixing as in CeSp ,Te,.

In order to understand the mechanism of the collapse of
p-f mixing, we should recall the unique magnetic structure of

the single crystal CeSbiis The solid line represents the best fit CeSb in the ground state. The ferromagnetically coupled
(see text The data of CeSb are taken from Ref. 16. The data ofdouble layers are stacked antiferromagnetically along the
Ry(T) andp(T) for CeSbNj ;5 are compared in the inset. [100] direction with the sequender +——).* The competi-
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tion of ferromagnetic and AF couplings between the ferro-to the sharp rise ip(T) just belowT,. On the other hand,
magnetic layers have recently been explained by considerintipe effect of substitution of Te for Sb in CeSb is predomi-
intraband(ferromagnetit and interband AF) exchange in- nantly the decrease in thg&ole concentration. Thereby no
teractions between the localized 4pins and two types of significant change would occur in the electron bands, and its
carriers™® Following this model, we discuss now why both Fermi level does not come to the midpoint betweeandI’

Ty andM in CeSbNj and CeSh._, Te, strongly decrease for points. Therefore no superzone gap opens at the Ferml_ level
such small amounts of Ni and Te=<0.05 andy<0.05. In N the type-l phase of Cegb,Te,. When high magnetic
both systems, the reduction opshole concentration should fi€ld is applied to CeSbNi we found that the rapid rise of
weaken both the intraband and interband interactions, as dé{T) _b_eIOWTN_ fo_r x=0.08 is quenched b_y the_ metamagnetic
scribed below. The intraband interaction is proportional totransition. This indicates that the gap S e"m'”ated by the
the square of the-f mixing interaction, whereas the inter- transition from the type-l AF state to a field-induced ferro-
band one is to the product of thgf mixing and thed-f masgnetlc'state. died the eff FNi i .
mixing.X® As the p-f mixing is reduced with the Ni incorpo- umming up, we studied the effects of Ni incorporation
ration, the intraband ferromagnetic interaction is mor on the electrotransport and magnetic properties of the low-

e : . X
: . density carrier system CeSb. The decreas¢Rin(T)| was
;trongly weakened than the interband AF one. This argumer?ﬁterpr)(/ated as anyindication of the decrease in thezs[hcﬂe
is supported by the steady decreasedpfwith x, as was  oncentration. The drastic depression of bbthandM with
shown in Fig. &). When the AF interaction dominates the  inicates the collapse @-f mixing due to the reduction of

ferromagnetic one, the double ferromagnetic layers are des, poje concentration. This collapse is also responsible for
stabilized and instead the type-l ground state is realized iy o increase ofA from 37 K for x=0 to 58.3 K for x
; 1 .
CeSbNy (XZO:OS) (Ref. 18 and CeSp.,Te, (y%0.0S). .=0.15. Furthermore, the magnetic structure changes from
Next, we discuss the reason for the opposite change i, type IA forx=0.05 to the type | fox=0.08. Although

p(T) below Ty for CeSbNj and CeSb_,Te,. Below Ty, these facts are analo
) gous to those reported for Ce3k, ,
p(T) for x=0.08 increases abruptly but that fp¥ 0.05 de- the superzone gap is formed only in the type-I phase of

creases, although both undergo the transition into the type eSbNj for x=0.08. We therefore propose that the super-
AF phase. It should be recalled that the Fermi surface o one gap is open in thedselectron band at the midpoint
CeSb consists of the Skpghole bands centered &t point betweenX and I' points as a result of the increase of the

+at 20,21 _ - o .
and Ce &i-electron bands centgred Xipoint: T_he elec 5d-electron concentration through the hybridization between
tron bands are mostly responsible for the electrical conducNi 3d states and Cedsstates

tivity because the mobility of electrons is much higher than

that of holes'® In CeSbNj, the effect of addition of Ni @ We wish to thank F. Iga for valuable advice, and T. Fujita
electrons is not only the decrease of the-fole concentra- and T. Suzuki for the generous use of their superconducting
tion but also the increase of thed&lectron concentration quantum interference device magnetometer. We thank Y.
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tron band may across the midpoint betwéémndI” points  ment Center for Chemical Analysis, Hiroshima University.
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