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Results are presented for lattice-parameter and magnetic-susceptibility measurements on a
series of solid solutions SmSb,S,_,. Low-temperature magnetic-susceptibility measurements indi-
cate an inhomogeneous mixed valence for alloys containing low antimony concentrations and a
homogeneous intermediate valence at larger concentrations. The susceptibilities of antimony-rich
samples illustrate the disappearance of the antiferromagnetic ordering observed in pure SmSb.
The alloys of intermediate composition display a nonmagnetic ground state associated with inter-
mediate valence of the samarium cations. The effect of slight sulfur substitution in SmSb on cry-

stalline electric fields is also discussed.

I. INTRODUCTION

The samarium monochalcogenides (SmX, where
X =S,Se,Te) have attracted increasing attention to
their intermediate valence behavior since the first re-
ports' 3 of pressure-induced semiconductor-to-metal
transitions in these compounds. The transitions ob-
served in SmSe and SmTe were continuous, whereas
SmS exhibited a spectacular discontinuous transition
from a black semiconducting phase to a golden metal-
lic phase at 6.5 kbar. The transition in SmS is accom-
panied by a discontinuous isostructural contraction of
the NaCl-type crystal owing to the smaller cationic ra-
dius of Sm**(4/° configuration). The results of lattice
parameter measurements* and optical studies® provid-
ed an estimate of ~2.8 for the average samarium
valence in the "collapsed" gold phase of SmS.

Investigations into the electrical,>%7 optical®3:7~°
thermal,® !° and magnetic*'' properties of SmS in both
the semiconducting and metallic phases helped to es-
tablish the nature of the electronic transition. A most
intriguing result of the magnetic susceptibility meas-
urements* performed on metallic SmS was the ap-
parent nonmagnetic ground state exhibited by the ma-
terial. An admixture of Sm>* ions in the metallic
phase might have been expected to contribute either a
Curie-like behavior or magnetic ordering at low tem-
peratures as a result of the $Hs), ground state of
trivalent samarium. However, the susceptibility was
found to saturate to a constant value as 7 —0 with no
evidence of antiferromagnetic ordering from room
temperature to 1 K.

The collapsed gold phase of SmS can be stabilized at
atmospheric pressure'?™!” through the process of alloy-
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ing the compound with a number of other rare-earth
monosulfides. Although many of the properties exhi-
bited by the alloys are analogous to those observed in
pressurized SmS, the two processes are not strictly
equivalent. The size'®'® of the substitute ion in the
alloy was shown not to be the sole determinant of lat-
tice collapse. Substantial differences have been ob-
served between the two series of alloys, Sm,;_,Yb2*S
and Sm;_,Nd}*S. Although the lattice parameter of
divalent YbS is smaller than that of trivalent NdS, Yb
substitution in SmS failed to initiate a lattice collapse
while Nd substitution caused a collapse at ~15-at. %
Nd. Clearly, the electronic structure of the substitute
cation is crucial in the determination of lattice collapse
in alloy systems of SmS.

In addition to cation substitution, the collapsed
phase has been observed in the anion-substituted sys-
tem'2'* SmAs,S;_,. The samarium ion is trivalent in
SmAs and the compound seems to be a semimetal.
From the observed lattice collapse in the solid solu-
tions, the samarium valence appears to increase with
increasing As concnetration x from divalent in SmS to
trivalent for x =0.4. There is a very abrupt change in
volume at x =0.05 indicating a change in the samari-
um valence from 2.2 to 2.8. Here, as in the cation
substituted alloys, it is clear that the electronic proper-
ties of the substitute ion plays an essential role in in-
ducing the collapsed state. With the As substitution
the trivalent character of the ion is being exploited.
However, the size of the substitute ion is also expect-
ed to be important. The As’~ has significantly larger
ionic radius than S?~, however the lattice parameter of
Sm>*As is ~1% smaller than that of Sm?*S.

This observation of intermediate valence in the
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SmS,_,As, solid solutions suggests the study of solid
solutions of SmS with the other samarium monopnic-
tides. Here we present the results of lattice parameter
and magnetic susceptibility measurements for the
SmSb,S,_, solid solutions. The samarium ion is also
trivalent in SmSb and the compound exhibits only a
slightly more metallic character than SmAs. However
the Sb>~ ion is sufficiently larger than the AS®~ that
the lattice constant of Sm>*Sb is 5% larger than that of
Sm2*S. Therefore a comparison of the SmSb,S;_, and
SmAs,S|_, systems is of interest.

II. EXPERIMENTAL METHODS

Alloy samples for this investigation were prepared
in the following manner. The initial reaction of the
elements in sealed evacuated (1077-mm) quartz tubes
was controlled by a slow heating (~1 deg/min) to
500 °C. The reaction was continued at this tempera-
ture for 18 h at which time the temperature was set to
850 °C for an additional 2 h before cooling. The inho-
mogeneous product of this reaction was then
transferred to a small tantalum capsule and sealed
under vacuum (107mm). After induction heating to
~2100 °C, the sample was quenched from the melt.

It was found that a slow cooling from 2100 °C occas-
sionally resulted in phase separation as evidenced by
broadened x-ray diffraction lines. The process of
quenching permitted uniform solid solutions to be
prepared throught much of the alloy composition
range. However, our alloys of SmSb,S,_, in the re-
gion 0.20 =< x =<0.40 proved to be multiphase and,
consequently, are not included in the present report.

Lattice parameter measurements of the alloy sam-
ples were obtained with a Guinier—de Wolff focusing
camera using Cu K « radiation and an internoal ThO,
standard. Lattice parameters within =0.01 A were
readily obtainable with this arrangement. Meore-
precise measurements (+0.001 A) were performed on
SmS and SmSb with a 114.6-mm Debye-Scherrer
cylindrical camera offering high resolution in the
back-reflection region. In addition, modifications in
this camera permitted low-temperature x-ray measure-
ments tn 77 K. Cooling was achieved through the
controliled flow of vaporizing nitrogen across the sam-
ple capillary, and temperature was monitored by a
chromel-alumel thermocouple in close proximity to
the sample.

The magnetic-susceptibility apparatus, described
elsewhere,'® operates in the temperature interval 1.5
to 300 K. Thermal stability is generally 0.3 K near
room temperature, improvirig to £0.05 K below 4.2
K. Typical errors associated with measured gram sus-
ceptibilities have been found to be within 1.5%. Sys-
tematic errors in computed molar susceptibilities aris-
ing from possible variations in the reported composi-
tions are not expected to exceed 1% based on the
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small difference between the mass of sample after
reaction and that of the starting elements.

I1I. LATTICE PARAMETER VERSUS COMPOSITION

The dependence of the alloy lattice parameter on
composition is illustrateod in Fig. 1. The values ob-
tained for SmS (5.970 A) and SmSb (6.269 A) are in
agreement with those previously reported.2’ No ap-
parent discontinuity in the alloy lattice parameter is
observed with the available data. Although no gold
phase samples were attained in the preparation of
SmSb,S,_, alloys, the samples in the composition
range 0.45 < x =< 0.85 exhibited a more metallic, sil-
very luster than was evident in either SmS or SmSb.

An estimate of the average samarium valence in an
alloy sample may be deduced from the measured lat-
tice parameter when a model of hard-sphere mixing of
Sm2*, Sm®*, S?~, and Sb*~ ions is assumed for the lat-
tice."* A lattice parameter of 5.62 A for Sm®*S has
been interpolated from the lattice parameters?! of
neighboring trivalent rare-earth sulfides. Designating
a, and aj as the lattice parameters of Sm?*S and
Sm3"S, respectively, the average samarium valence of
the anion-substituted alloy SmSb,S,_, is obtained
from
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FIG. 1. (a) Lattice parameter vs concentration and (b)
average samarium \valence as calculated from latiice parame-
ters vs concentration in the alloy sysiem SmSb .S,

Dl I



1336 BEEKEN, SAVAGE, SCHWEITZER, AND CATER 17

The first term (2 +x) represents the inherent effect of
the substitution of trivalent anions. Electrons released
by the samarium cations, according to this term, be-
come localized at the Sb>~ sites. The second term,
however, provides a measure of the nonbonding elec-
trons present in the alloy sample. It is calculated from
the observed deviation of the lattice parameter from
Vegard’s rule. This term gives an estimate for the
number of electrons delocalized through the mechan-
ism, 4% — 45 +conduction electron.

The dependence of the average samarium valence
on alloy composition is also shown in Fig. 1. The
valence deduced from lattice-parameter measurements
effectively sturates to 3+ at the antimony concentra-
tion x ~0.95. In addition, the existence of nonbond-
ing electrons in a concentration of ~0.1 electron per
samarium is indicated for nearly the entire alloy com-
position range. The absence of a gold phase is seen as
the consequence of an insufficient concentration of
conduction electrons to move the reflectivity
minimum to high enough energies in any of our alloy
samples.

IV. MAGNETIC SUSCEPTIBILITY VERSUS
COMPOSITION

Room-temperature magnetic-susceptibility measure-
ments of the SmSb,S,_, alloys provide an additional
estimate for the average samarium valence as it varies
with antimony concentration. The susceptibility data
in Fig. 2 display a number of interesting features. An
initial increase in magnetic susceptibility is seen to oc-
cur at low antimony concentrations. A similar
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FIG. 2. Room-temperature magnetic susceptibility vs alloy
concentration for the system SmSb, S, _,.

effect*!” has been reported in pressurized SmS for
pressures up to 6.5 kbar and has also been observed in
the cation-substituted systems Sm,_, La,S and
Sm,_,Y,S for small x. An enhapcement of the ex-
change interactions between Sm?* ions owing to the
introduction of conduction electrons into the crystal
lattice has been proposed to explain this effect.

The magnetic susceptibilities of the alloys containing
high antimony concentrations indicate that samarium
trivalency is effectively achieved at a concentration
x ~0.85. This value differs slightly from the
corresponding result obtained using lattice parameter
data. However, the two methods appear, for the most
part, to yield consistent results.

Finally, it should be noted that the general trend in
the magnetic-susceptibility values of Fig. 2 indicates
that a continuous change in samarium valence
through the composition range of poor miscibility ap-
pears likely. This is similar to the results observed in
the lattice-parameter measurements.

V. MAGNETIC SUSCEPTIBILITY VERSUS
TEMPERATURE

Figure 3 illustrates our measured thermal depen-
dence of magnetic susceptibility for SmS, SmSb, and
several of their mutual solid solutions in the tempera-
ture interval 1.5—300 K. SmS exhibits an exchange
enhanced!' Van Vieck susceptibility associated with di-
valent samarium in which the J =0 ground state is
separated by 421 K from the first excited state (J=1).
A Curie-like rise in susceptibility at the lowest tem-
peratures is attributed to a small amount (<1%) of
Sm’* in the lattice and to possible impurities of other
rare earths. Iron impurities, found to exist in the ori-
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FIG. 3. Magnetic susceptibility vs temperature from 1.5 to
300 K for SmS (upper solid line), SmSb (lower solid line),
and alloys of concentration x =0.08, 0.15, 0.45, 0.55, 0.75 in
the system SmSb, S, _,.



ginal samarium metal*? in a concentration under 0.006
at. %, should not contribute significantly to this effect.
The magnetic susceptibility of SmSb reveals several
features associated with the Sm’* ions present in the
crystal. The material exhibits an antiferromagnetic
transition at Ty =2.8 =0.1 K. An additional anomaly
in the magnetic susceptibility appears near 30 K which
is interpreted as the result of crystalline electric field
effects. Specific-heat studies?**2* of SmSb have
demonstrated a corresponding Schottky anomaly at
that temperature. The cubic crystal field in SmSb
splits the J =—§- ground-state manifold of Sm3* into a

['; doublet and a I'y quartet, separated by —65 K. A
suppression of magnetic susceptibility as compared
with the free-ion Curie law is expected to become
significant at temperatures below approximately one-
third the crystal-field splitting.?* At high temperatures,
Curie-law behavior is not apparent owing to Van
Vleck paramagnetism and the increasing population of
higher moment (J =%) states.

A comparison of the low-temperature magnetic sus-
ceptibilities among the SmSb,S,_, alloys indicates that
a substantial enhancement in the Curie-like rise below
20 K exists in alloys containing small antimony con-
centrations. Although not shown in Fig. 3, the mag-
netic susceptibility of SmSbgsSgs; rose to 17 x 1073
emu/mole at the lowest temperature attained (1.5 K).
It is expected that Sm3* jons stabilized near the Sb’~
sites in dilute alloys are responsible for the enhanced
Curie rise. It is not surprising that local environment
effects can be very important in the anion-substituted
alloys, particularly in the dilute range. This interpreta-
tion of the susceptibility data as evidence for non-
homogeneous mixed valence in dilute alloys is sup-
ported by electrical and magnetic studies?® of the
SmAs, S, system which indicated the existence of
Sm?* clusters centered on the As*~ anions for
x < 0.05.

A small anomaly in the magnetic susceptibility of
SmSby 5Soss near 160 K appears similar to larger
anomalies observed in samples of other SmS alloy sys-
tems'? 31 which undergo a temperature-induced
valence change. These alloys exhibit a corresponding
lattice-parameter anomaly and, in the case of first-
order transitions, show a thermal hysteresis effect.
Lattice-parameter measurements of SmSbg ;5Sg0s in
the temperature range 90—300 K, however, did not
indicate any substantial variation near 160 K, except
for the expected lattice contraction with decreasing
temperature. No significant hysteresis was discernable
in magnetic susceptibility under thermal cycling. It is
clear that any possible temperature-induced valence
transition in this sample must be quite small and con-
tinuous. The problem of miscibility in solid solutions
where 0.20 < x =<0.40 is indeed unfortunate since al-
loys in this composition range might be expected to
offer significant contributions concerning this
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phenomenon.

The alloys containing high antimony concentrations
exhibit magnetic susceptibility curves which indicate
the existence of intermediate valence at the samarium
sites. The Samples Smeo 4550 55 and Sme0_55SO_45, for
instance, show neither magnetic ordering nor substan-
tial paramagnetic divergence at low temperatures. The
susceptibility of SmSby 75S, 25 shows a slight decrease
below 2.8 K which is not apparent in Fig. 3. The ex-
istence of magnetic ordering in our alloys is discussed
in Sec. VL.

An intriguging feature observed in the low-
temperature magnetic susceptibility of antimony-rich
alloys is the disappearance of crystalline electric field
effects which are present in pure SmSb. The suscepti-
bility data presented in Fig. 3 show that the effect of
crystal fields has vanished in the SmSbg 75Sg.2s sample.
Measurement of additional alloy samples at tempera-
tures below 80 K clearly reveals the disappearance of
crystal-field effects with as little as 5% sulfur substitu-
tion in the SmSb lattice as illustrated in Fig. 4. Since
the 4f level is at the Fermi energy when there is inter-
mediate valence, one should expect a significant effect
on the crystal-field splitting of the J =% ground state
of trivalent samarium. However, the crystal field
effects are seen to vanish even in the SmSbyg¢5Sg¢s al-
loy where lattice-constant and room-temperature sus-
ceptibility measurements suggest the samarium ions
are all trivalent. Therefore, it is not clear whether the
disappearance of crysal-field effects is attributable to
intermediate valence or to the extra conduction elec-
trons contributed by the sulfur acting as donors in
SmSb. Electrical measurements are planned which
will investigate the effect of sulfur substitution in the
SmSb lattice.
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FIG. 4. Magnetic susceptibility vs temperature from 2.8 to
70 K for alloys of concentration x =0.85, 0.95, 1.00 in the
system SmSb,S, _,.
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VI. MAGNETIC ORDERING

The occurrence of an antiferromagnetic transition in
pure SmSb provides an excellent opportunity to exper-
imentally observe the effect of intermediate valence
on magnetic ordering. Mott?’ has discussed the condi-
tions under which ordering may be expected to occur
in systems which exhibit intermediate valence assum-
ing the 4 f electrons form a narrow band at the Fermi
energy. Ordering is most likely to happen if the mean
number of electrcas on each ion differs by no more
than a small number A» from an integer. Then the
lifetime of the residual rmoment at the ionic site is
given by 7 ~ #/IAn, where I is the overlap energy in-
tegral for 4/ orbitals on neighboring sites in Mott’s
discussion, but might also include the effects of hy-
bridization with the valence band. If /Anis less than
the magnetic-coupling energy for adjacent ions, then
magnetic ordering should be observed. In pressurized
SmS, where a samarium valence of ~2.8 is obtained,
no magnetic ordering has been found.

The effect of sulfur substitution into the SmSb lat-
tice on magnetic ordering is illustrated in Fig. 5. The
rather large difference in the low-temperature suscep-
tibilities of SmSb and SmSby 95S¢ o5 is the result of cry-
stal fields discussed in Sec. III. The disappearance of
magnetic ordering with increasing sulfur content is
evidenced by a noticeable rounding of the susceptiblity
cusp and a trend toward the leveling of susceptibility
at temperatures below 2.8 K. All measured alloys
with antimony concentration x =0.75 exhibited a
maximum susceptibility at 7 =2.8 =0.1 K. The data
clearly indicate that the ordered antiferromagnetic
state is destroyed by sulfur substitutions as small as
15% where the samarium is very nearly trivalent.
Méssbauer measurements on samples in this composi-
tion range may establish this more precisely. The sus-
ceptibilities of samples where x < 0.70 are similar to
those observed in pressurized SmS and chemically col-
lapsed Sm;_,Y,.S. The nonmagnetic ground state of
SmSby 5550.45 is apparent in Fig. 5 since its suscepti-
bility shows no evidence of magnetic ordering and is
seen to saturate to finite value as 7 —0.

VIiI. CONCLUSION

Strong evidence for the intermediate-valence
configuration in SmSb,S;_, solid solutions is provided
by the lattice parameter and magnetic susceptibility
measurements. The intermediate valence state of the
samarium cations results purely from chemical alloy-
ing in this system. The large size of substitute Sb*~
anions in SmS appears to prohibit a collapse to the
gold phase as observed in arsenic-substituted SmS.

The SmS alloys with dilute concentrations of Sb ex-
hibit an inhomogeneous mixed valence state. Some
evidence for the possible existence of excitonic-type
states?® in these alloys has been found. The estimates
of the number of nonbonding electrons in these alloys
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FIG. 5. Magnetic susceptibility vs temperature from 1.5 to
7 K for alloys of concentration x =0.55, 0.75, 0.85, 0.95, 1.00
in the system SmSb,S,_,. The right ordinate refers to the
x =0.55 alloy (top) and SmSb (bottom). The left ordinate
refers to the three remaining alloys.

according to lattice parameter data were comparable to
those calculated for the samples containing higher an-
timony concentrations (~0.1 electron/samarium).
However, preliminary resistance measurements on
small, irregularly shaped alloy crystals indicate that a
substantial difference may exist in electrical conduc-
tivities between the two groups of alloys. SmSb,S;
samples in the composition range x =0.45 exhibit
metallic conductivities consistent with their silvery ap-
pearance, while the conductivities of SmSby 3So > and
SmSbg 155035 appear comparable to semiconducting
SmS.

The low-temperature magnetic susceptibilities of
SmSb,S,_, alloys indicate a homogeneous intermedi-
ate valence in alloys containing antimony concentra-
tions 0.45 < x < 0.85. The antiferromagnetism ob-
served in SmSb seems to disappear with the oc-
currence of intermediate valence. We believe that the
magnetic-susceptibility data obtained in this investiga-
tion which illustrate the disappearance of magnetic
ordering in the SmSb,S,_, alloys is the first such evi-
dence presented for any samarium compound. We
plan to prepare additional samples in the composition
range 0.85 < x =< 1.0, and perform Md{ssbauer meas-
urements to test the predictions of Mott?’ for the oc-
currence of magnetic order in intermediate valence
compounds.
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