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From ultrasonic wave velocity measurements the hydrostatic pressure dependences of the
second-order elastic constants of the semiconducting form of SmS have been obtained up to 6 10?
Pa—just below the pressure (6.5 10® Pa) at wlich the isostructural first-order phase transition
takes place. The major objectives have been to assess how the elastic behavior and the interatomic
forces in SmS alter as the phase transition is approached. The results are compared and contrasted
with those of TmSey 3,Teg 63, Which also undergoes an isostructural transition but of closely second-
order character. An isostructural volume collapse is associated with the identical irreducible repre-
sentation 71 (=1m1;+722+733) and consequently bulk modulus instability. As SmS approaches the
transition from the semiconducting side, its bulk modulus does decrease under pressure above about
3% 10% Pa but not to a great extent. This behavior is in contrast with that of TmSe, 3, Teq ¢s Whose
bulk modulus decreases continuously under pressure to a small value at the transition. The elastic
constant C;, reduces rapidly with pressure above about 3 10® Pa but, unlike that in TmSeg 3, Teq ¢,
does not go through zero before the transition pressure is reached. C,;; softens somewhat at high
pressure, but Cy and %(C” —C},) show pressure dependences typical of rocksalt-structure crystals.

The third-order elastic constants at atmospheric pressure have also been measured. Much of the
largest third-order elastic constant is Cy;;, for which the nearest-neighbor repulsive forces are large-
ly responsible. The anisotropy of the acoustic-mode Grineisen y parameters in the long-wavelength
limit is explicable in terms of the strong influence of the nearest-neighbor repulsive forces on the
third-order elastic constant C;;. At a pressure of 6X10® Pa (just below P,), 8Cy;/0P=—6.3,
0C), /0P = —22.8, and 3B /0P = —17.3—anomalous pressure dependences which arise (i) from
enhanced interatomic binding due to an increase in the electron density in the delocalized d band as
the gap between the highest f level and the bottom of the d band is reduced by application of pres-
sure, and (ii) a reduction of the nearest-neighbor repulsive force at high pressure. This decrease in
interatomic repulsive forces as P, is neared is consistent with the breathing-mode model of the iso-
structural collapse. To provide an assessment of the elastic behavior under pressure in an alloy in
the intermediate-valence state, the effects of the pressure on C;; and C4 for the metallic alloy
Smy 576 Y .424S have also been measured; 0C,; /9P (= + 37.5) is large because the effect of pressure
is to drive the crystal away from the transition, thereby stiffening the longitudinal mode.
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I. INTRODUCTION

Samarium sulfide SmS undergoes a first-order iso-
structural phase transition at 6.5X 10® Pa.! This transi-
tion has been associated with a bulk modulus instabili-
ty;~* to understand the nature of the transition it is
necessary to ascertain the behavior of the interatomic
forces as the transformation region is approached. To ob-
tain information on this problem, the second-order elastic
constants (SOEC) of SmS have been measured as a func-
tion of hydrostatic pressure into the vicinity of the phase
transition. To enhance understanding of the interatomic
forces, the third-order elastic constants (TOEC), which are
usually dominated by the repulsive forces, have also been
measured.

At atmospheric pressure SmS, which has the rocksalt
structure, is an ionic semiconductor and is nominally
Sm2+82~. Samarium has an outer electronic configura-
tion 4f°5525p%5d%s? and sulfur 3s?3p*. In rare-earth
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chalcogenides the d levels are broadened into a -band,
which is hybridized with the 6s band, while the localized
4f wave functions remain more or less the same as in the
atom.”~® When hydrostatic pressure is applied to SmS,
the lower of the crystal-field split d bands broadens and
its energy gap relative to the highest f level decreases until
the f level and the d-band edge cross”~!! A
semiconductor-metal transition takes place near the pres-
sure where the f-d gap tends to zero. This transition in-
volves a delocalization of a 4f electron from the samarium
ion (4%5d%—4f°5d") as the valence state changes from
2 4+ towards 3 + ; the material changes dramatically in
appearance from black to a golden metallic luster."!>!
Owing to strong shielding by the 4f electrons of the outer
5s and 5p electrons from the nucleus, when a 4f electron is
added to a rare-earth ion the ionic radius increases. Hence
Sm2*(4£°) has an almost 20% larger ionic radius than
Sm3+(4f%), and at the transition pressure P, a large
(~10%) volume change occurs; this is accompanied by a
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sharp decrease in resistivity resulting from the delocaliza-
tion of the f electron.! To account for the unusual mag-
netic properties of SmS above P;, the metallic form has
been considered to be in an intermediate-valence state.!* !>
This metallic state can also be induced by alloying with
cations of a smaller size than Sm>* (see Refs. 16—19) or
with trivalent anions.?

The elastic behavior and the lattice dynamics of a com-
pound in the intermediate-valence state can be most
unusual. The second-order elastic constants (SOEC) of
SmS itself>~* at atmospheric pressure are not atypical of a
rocksalt-structure crystal, although, in common with the
mixed ionic-covalent semiconductors PbTe and SnTe, C,
is smaller than Cy.* Alloys Sm;_, Y, S with yttrium con-
tent x greater than approximately 0.15 (=x,) are stabi-
lized in the golden metallic form. The bulk modulus of
these alloys is approximately linearly dependent upon the
yttrium concentration x, and becomes very small as x ap-
proaches the critical concentration x, which constitutes
the stability limit of the metallic phase at atmospheric
pressure and room temperature.>® For a crystal to be
stable its bulk modulus must be positive. The decrease in
the bulk modulus as the yttrium concentration is taken to-
wards x. is consistent with the symmetry nonbreaking,
volume collapse at P, being a Cowley?' type-O transition
occurring through a bulk modulus instability.?° Inspec-
tion of the elastic constant data®® for the Sm;_,Y,S al-
loys with x between approximately 0.25 and 0.4 shows
that Cy, is negative. This unusual characteristic has also
been found for other intermediate-valence compounds
Tmg oSe (Ref. 22) and TmSe, 3,Teq ¢5.2> To follow the
evolution of the intermediate valency, Boppart et al.?
measured the ultrasonic wave velocities in TmSey 3,Teg 3
as a function of hydrostatic pressure through the
pressure-induced continuous-phase transition to the metal-
lic state at approximately 1.5 GPa. They observed that in
the semiconducting state the bulk modulus goes to a small
value and C;, becomes negative well below P,. The elastic
behavior under pressure of SmS has been examined previ-
ously,* but a complete set of elastic constants was not ob-
tained throughout the existence region of the semicon-
ducting phase. This has now been achieved. One objec-
tive has been to resolve the important question of whether
there is any pretranslational softening of the acoustic
modes in SmS. In contrast to the continuous nature of the
phase transition in TmSe 3,Tey g3, that in SmS is strongly
first order. Hence the SmS results enable an interesting
comparison between the elastic behavior under pressure of
a rocksalt crystal up to a discontinuous transition with
that of TmSe; ;,Tey ¢s Which undergoes a similar but al-
most continuous transformation.

The isentropic strain-energy density of a crystal is given
by the power series expansion in Lagrangian strains 7 by

pOU(ﬁ)z’;_Ciﬁ'yS'rlaﬂ’”y&"' %Ciﬁysegnatmyﬁne;‘i' T
(1)

where U(7) is the strain energy per unit mass, and p, is
the density at atmospheric pressure. The coefficients

pol ( o U(S,ﬁ)/aﬂaﬂaﬂysaneg)s ]77=0
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of the cubic term in strain are the adiabatic third-order
elastic constants (TOEC) Ciﬂy&eg and quantify the vibra-
tional anharmonicity to first order. Physical properties
which depend upon thermal motion of the atoms are
greatly influenced by anharmonicity, and knowledge of
the TOEC provides quantitative understanding of thermal
expansion, nonlinear acoustic behavior (phonon-phonon
interactions), and particularly relevant in the present in-
stance, crystal stability when a strain-tensor component is
the order parameter corresponding to the phase change.
An isostructural transition involving a bulk modulus in-
stability is associated with a volume change 7,
(=711+722+733). The reduction of volume at P, implies
a collapse against the interionic repulsive forces: informa-
tion about these forces should assist in developing a physi-
cal understanding of the influence of hydrostatic pressure
on SmS. The pivotal importance of the TOEC in assess-
ment of the interionic repulsive forces can be highlighted
by consideration of a simplistic interatomic potential
comprised of the sum of attractive and repulsive contribu-
tions, respectively,

#(R)=—A/R"+B/R™, 2)

where R is the interatomic separation. As an elastic con-
stant Copyseg,... of order a is the ath derivative
(3%6(R) /01,837,507 - - - ) of the interatomic potential,
successive differentiations of (2) show that the higher the
order of the elastic constant, the greater is the influence
on it of the repulsive term B /R™, because (to ensure crys-
tal stability) m > n. The shorter range and larger exponent
of the repulsive potential usually require that those TOEC
which dominate the third-order elasticity of a crystal are
negative. It is to provide further information about the
interionic repulsive forces in the semiconducting state that
the TOEC of SmS have been measured.

The phonon dispersion curves of SmS have the form
typical of those of an ionic semiconductor.?* However,
when they are compared with those of EuS, effects due to
the smaller 4f-5d energy gap in SmS compared with that
in EuS are observed: the LO branch is lowered, the bulk
modulus is smaller. The lower energies at the I and L
points have been ascribed, respectively, to an increased di-
polar (I';s) and to an electronic deformability (I";) ™, aris-
ing from virtual 4f-5d excitations, of the Sm ions. At the
L point the “breathing” self-energy reduces the bulk
modulus of SmS by about 15% as compared with that of
EuS (Refs. 14, 25, and 26). The breathing deformability is
linked closely with the isostructural transition.?® The
breathing mode involves simultaneous motion of the six
sulfur ions surrounding a samarium ion along the lines
joining these sulfur ions to the samarium: The relevant
force constants are the nearest-neighbor ones correspond-
ing to the attractive and repulsive forces between the un-
like ions. Bulk modulus data have previously been used to
assess the degree of ionmicity involved in the attractive
interatomic binding forces of the rocksalt structure rare-
earth chalcogenides.”’” In a rocksalt-structure crystal the
TOEC C,; is determined primarily by these forces and so
can provide some information about them.

The ultrasonic signal is lost when SmS undergoes the
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transition. Hence to ascertain the effect of pressure on the
elastic constants in the metallic phase, measurements have
been made of the hydrostatic pressure dependences of Cy;
and Cy4 in a small (001) slice of Smg 576Y . 424S. As the
preliminary results obtained on this material add to the
argument about the changing influence of repulsive forces
on the elasticity of the rare-earth chalcogenides (by sug-
gesting the resurgence of the nearest-neighbor repulsion
on the other side of the transition) they are reported brief-
ly here.
II. EXPERIMENTAL DETAILS

The single crystals of SmS and Smyg s76Y¢.424S Wwere
grown by a Bridgman technique. These materials cleave
readily to expose {001} faces so that [100] samples are
easy to make, but specimens of a different orientation
than this are singularly difficult to cut and polish. In fact
the metallic alloy Smyg s7¢Yo.424S crystal was in the form of
a [001] plate which was too small to cut further into
another specimen, so that the results on this material are
restricted to those available from shear and longitudinal
modes propagated down the [001] direction under the in-
fluence of hydrostatic pressure. In the earlier stages of the
work on SmS the ultrasonic signals in the [110] direction
were lost at quite low pressures;* however, this has been
rectified with new samples: enough ultrasonic mode ve-
locities could be measured to enable determination of all
three SOEC as a function of hydrostatic pressure up to
the near vicinity of the isostructural phase transition.
Measurements of the ultrasonic velocity of the shear mode
propagated in the [001] direction (pv}=Cj4) were made*
right up to the phase transition which occurred at
6.5 10® Pa, as reported by Jayaraman et al.! However,
at that pressure the crystal disintegrated. As the rest of
the crystals were needed for studies of the effects of uni-
axial pressure, measurements have been restricted to an
upper limit of 6X 10® Pa. A pulse-echo overlap system
was used to measure the changes induced by hydrostatic
pressure on the ultrasonic wave velocity. Hydrostatic
pressure was applied by a piston and cylinder equipment
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and uniaxial stresses using a screw press; the applied force
was measured with a proving ring. To obtain the elastic
stiffness constants of SmS under substantial hydrostatic
pressure, an iterative correction procedure utilizing bulk
modulus and compression V(P)/V, was used.

Determination of a complete set of TOEC requires ac-
curate measurement of the initial slopes of the hydrostatic
and uniaxial pressure dependences of ultrasonic wave ve-
locities. To measure the small changes in ultrasonic wave
velocity induced by uniaxial pressures of up to 2 10 Pa,
an automatic frequency-controlled gated-carrier pulse su-
perposition with a resolution of better than 1 part in 10’
(Ref. 28) was employed. To take into account the changes
in crystal dimensions and density with pressure, the
“natural velocity” W method?® was used, the experimental
data for the pressure-induced change in the ultrasonic
wave transit time being converted to change of natural
velocity (W/Wy—1).

III. EXPERIMENTAL RESULTS AND THEIR
PHYSICAL SIGNIFICANCE

The SOEC of SmS measured at 293 K are compared
with those?® of TmSey 3, Te; 63, Which also undergoes a
semiconductor-to-metallic transition, in Table I. The
SOEC at atmospheric pressure, which have been given be-
fore,* are in reasonable agreement with those obtained by
other workers.>® Similarities in interatomic binding usu-
ally lead to a general pattern of SOEC for isostructural
crystals. For rocksalt-structure crystals, it is usual for Cy;
to be several times as large as Cyy; this is so for SmS. The
elastic constants resemble those of the IV-VI compound
semiconductors PbTe [C;;=1.053, C;,=0.070, and
C,=0.132, in units of 10! Nm~2 (Ref. 30)], and SnTe
(C11=1.043, C,=0.0178, and C4=0.113 (Ref. 30).
This is consistent with mixed ionic-covalent binding
forces in the semiconducting form of SmS.3! For a more
nearly ideal ionic crystal such as NaCl the forces are cen-
tral so that the Cauchy relation {C;,=Cy,) holds. How-
ever, for SmS, like PbTe and SnTe, there is a considerable

TABLE 1. The elastic properties of SmS at room temperature. Units of the stiffnesses are 10!
N m~2 and those of compressibility are 107! m®>N~!. The parameters for TmSey 3,Teo.¢s have been ex-
tracted from the data given in Ref. 23. The elastic constants at atmospheric pressure have been given

previously in Ref. 4.

SmS TmSeOAngeMg
Hydrostatic pressure P
3x10° Pa  6Xx10® Pa
1 Pa (3 kbar) (6 kbar) 1 Pa

Elastic stiffness Cu 1.270 1.301 1.282 0.974

Cp, 0.12 0.115 0.047 0.0367

Cu 0.2690 0.2688 0.2685 0.218

C'=+(C;;—Cp)  0.575 0.593 0.618 0.469
Bulk modulus B 0.503 0.510 0.458 0.37
Anisotropy ratio Cyu/C’ 0.47 0.45 0.43 0.43
Volume compressibility = K, 1.988 1.96 2.183 2.7
Linear compressibility K, 0.66 0.67 0.75 0.9
Lattice parameter a (1071 m) 5.970 5.958 5.945
Compression V(P)/V, 0.994 0.987
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deviation with Cy, < Cy4, such a deviation being tradition-
ally associated with covalency. The elastic constants ob-
tained at 3 10% and 6 10® Pa are also given in Table I.
At 6X10% Pa, which is close to the phase transition at
6.5 10® Pa, the deviation from the Cauchy relation is
substantially greater than at atmospheric pressure suggest-
ing that the interatomic forces become more decentralized
as the transition is approached. These findings conform
with the breathing-shell model which suggests that the
breathing force deformability should result in
A(Cy, —Cys) <0,% an effect that should be enhanced near
P,.
The hydrostatic pressure dependences of the elastic
stiffness constants Cy;, Cyy, and C'=[5(C;; —C;,)] mea-
sured up to 6X 10% Pa are shown in Fig. 1. There is no
significant acoustic shear mode softening in SmS as it ap-
proaches P,. The modulus -;-(C 11—C12), associated with
shear in a (110) direction in a {110} plane, increases al-
most linearly with pressure in the normal way. Although
Cy does decrease slightly right up to P,,* this is not
behavior peculiar to SmS. Small values of 0Cy, /0P are
the norm for rocksalt-structure crystals. As the pressure
derivatives dCj; /9P collected in Table II indicate, it is not
uncommon for 8Cy4, /3P to be negative. The influence of
volume conserving shears is not of central importance for
the isostructural volume collapse.>> The modulus C;;, ob-
tained from velocity measurements of the longitudinal ul-
trasonic mode propagated down the [100] direction, is
unusual in that it decreases with pressure above approxi-
mately 3X10® Pa: there is some softening of the
longitudinal-acoustic mode.

Knowledge of the bulk modulus is central to an under-
standing of the interatomic binding forces of SmS. The
bulk modulus measured at atmospheric pressure (Table I)
is in reasonable agreement with values obtained previously
for single crystalline material: 0.48+0.05x 10'" Nm—2
from bulk compressibility measurements under hydrostat-
ic pressure,'® 0.475x 10! Nm~2 from elastic constant
data.® The bulk modulus of both phases has been estimat-
ed from lattice-parameter determinations made under hy-
drostatic pressure up to 70X 108 Pa;*® a linear fit to the
data points for the semiconducting phase up to the phase-
transition pressure 6.5 10® Pa gave a bulk modulus of
(0.42+0.03)x 10" Nm~—2 The consensus is that the bulk
modulus of SmS is significantly less than that of EuS
(Ref. 27) as a result of the “breathing self-energy.”!+2%26
Since it has not proved possible to make ultrasonic mea-
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FIG. 1. Hydrostatic pressure dependences of the elastic stiff-
ness moduli C;;, Cy4, and C’ =%(Cu —C1,)] of SmS.

surements at pressures beyond the transition point, the
bulk modulus (0.52X 10'"" Nm~2 at the transition pres-
sure) and its large pressure derivative By (+11%2) mea-
sured by Keller and his co-workers>? for the high-pressure
form are particularly interesting. Alloying SmS with suf-
ficient smaller size cations such as Y** to produce a ma-
terial in the intermediate-valence state does not actually
simulate the high-pressure form of SmS as their bulk
modulus measurement demonstrates: that of Sm;_,Y,S
with x close to x, (~0.15) being more than an order of
magnitude smaller.>® The large value of + 37.5 found
here (Table III) for dC,; /0P for the Smy 576Y0.424S crystal
suggests that dB /0P is even larger in the “chemically sta-
bilized” Sm,_,Y,S alloys than in the metallic phase of
SmS itself.

It is useful to compare the SOEC of SmS with those
made under pressure of TmSej 3, ey 65 (Ref. 23) in which
the pressure-induced transition to an intermediate valence,
metallic state takes place at 1.5 GPa. As the pressure is

TABLE II. Hydrostatic pressure derivatives of SOEC for SmS at atmospheric pressure and 6 10
Pa in comparison with those of other crystals with the rock-salt structure.

aC,, /3P aC,, /9P 9C44 /0P aC'/dP 3B /3P
SmS P=1 Pa + 10.4 —1.6 —0.08 +6.0 +24
P=6x10% Pa —6.3 —22.8 —0.08 + 82 —17.3
TmSe 3, e 68 +7 —4 + 0.4 +5.5 —0.3
PbTe (30) +13.4 + 1.0 +0.19 +59 +5.1
SnTe (30) + 14.0 +15 +0.14 +6.2 +5.7
NaCl (32) +11.7 +2.1 +0.37 +4.8 +5.3
KCl (32) +12.8 + 1.6 —0.39 +5.6 +5.3
KBr (32) +13.5 +1.6 —0.30 + 6.0 +5.6
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TABLE III. The elastic properties of a single crystal of
Smyg s76Y0.424S at 293 K are given in (a). In (b), the parameters
have been estimated by including data obtained from Refs. 2
and 3. Errors in C;; and Cy4 are *2% and in 9C,, /9P,
6C44/8P, (C]” +2C112), and (C144+2C|(,(,) they are +6%.

(a)

C1|=1.52X10“ Nm™?
Cu=0.31x10"" Nm~2
Ci11+2C13=—35.0X 10" Nm~—?
C1M+2C166=—0.46X10“ Nm™?
Lattice parameter ay=5.62 A

9C,, /0P =317.5
dC4 /0P =—0.83

(b)
C122—032X 10” Nm"z
C'~+0.92Xx10" Nm~?
Anisotropy ratio ~Cy/C’'~0.34
Bulk modulus B~0.29X 10" Nm~—2
Compressibility X~3.45X 107! m*N~!

increased on TmSej 3, Teg¢s, Caq increases slightly,
+(Cy;—Cy,) rather more so and with a continuously
steepening gradient (because C;, becomes more negative).
The longitudinal-mode softening at high pressures is also
evident for this material, the pressure dependence of Cy;
changes slope above approximately 0.5 GPa. The
pressure-induced changes in the elastic constants of
TmSe, 3,Tey ¢ are larger than those in SmS especially as
the transition is neared, when the continuous nature of the
transition in TmSeg 3,Tey s becomes apparent. The
behaviors of C;, and the bulk modulus B, which have
been followed through the continuous transition in
TmSe 3,Tey 63, are most unusual. C),, which is small and
positive at atmospheric pressure (Table I), goes negative
above approximately 0.6 GPa—Poisson’s ratio then be-
comes anomalously negative. The bulk modulus softens
under pressure, reducing to a small value at P,. There are
two ways by which the bulk modulus could go towards
zero: either (i) both C;; and C;, vanish or (ii) if Cy, is
negative and the magnitude of 2C;, becomes equal to
C1.2 The latter case is responsible for the small bulk
modulus near P, in TmSey 3, Tey ¢, this decrease of the
bulk modulus being consistent with enhancement of the

J
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FIG. 2. Hydrostatic pressure dependence of Cj, for SmS.

breathing deformability as the valence transition is ap-
proached.?

The strongly first-order character of the phase transi-
tion in SmS, as distinct from the continuous nature of that
in TmSeg 3,Teg 63, results in different behavior of C;, and
B for the two materials. Thus although C;, decreases ap-
proximately linearly with pressure above about 3 10® Pa
for SmS, it remains positive up to 6X 10® Pa (Fig. 2); a
linear extrapolation gives C;, equal to +0.35x10!°
Nm~2 at P,. The bulk modulus behaves similarly (being
dependent upon the change in C;;) and extrapolates to
4.5%10'° Nm~2 at P,: still, however, a large value com-
palgd with that (6X10° Nm~2) of TmSe, 3,Tey ¢3 near
P,.

For a cubic crystal the elastic strain energy (which must
be a positive definite for stability) is given by>**®

¢= +(C1y +2C1) 1+ +(C1y — Cp2)F4+103) + 3 Cas(i+15+13)

+ 2 (Ci11 +6C113 +2C 12310+ 15 (Ci1y — Craa mo(mi+73)

1
+ —24—1/§(C”1 —3C 112 +2C 1231} —303) + +(Ciras +2C 155 Y3 +15+13)
1
+ 17—‘3‘((7144*—6'155 1203 =15 —13)+ 5 (Craa — Ci55)02(05—13) + Case 137475 » (3)

where the eigenvectors, in terms of Lagrangian strain-
tensor components ’V]U N are MNo=M11 -+ N2 -+ N335
m=3""22n3—n2—11),  M=nNn—Ti, MV=7u
7N4=113, and 75=11,. An isostructural transition is asso-
ciated with the identical irreducible representation 7,

lwhich relates to a volume change only—there is no sym-
metry breaking and the distortion is not carried by an
acoustic wave. The change in volume at the transition en-
sues through a bulk modulus instability (Fig. 3), which
develops continuously in TmSej 3;Tey ¢, but occurs



29 ELASTIC BEHAVIOR UNDER PRESSURE OF SEMICONDUCTING SmS

5.2 T T T T T T

Bulk modulus { 10°N/m?)
b
[o ]
T
1

I

[..l‘ 1 1 1 1 ] 1
0 1 2 3 4 5 6 R 7
Pressure (10%Pa)
FIG. 3. Hydrostatic pressure dependence of the bulk

modulus.

discontinuously in SmS. The pressure measurements of
the elastic constants enable a quantitative determination
of the coefficients of 7, in the strain-free-energy expan-
sion. Since
3B Cii+6C11,+2C; @
P 9B ’
the terms out to third order in 7, can be shown, using Eq.
(3), to be

21
Bng 6

oB

oP

¢<no>=% m

2.29% 1093 +1.3x 1093 for SmS at P, .

(5)

Hence, the strain-free energy in the identical irreducible
representation 7 is dominated by the quadratic term
when 7o is a small quantity. This is quite different
behavior from that found at a soft acoustic-phonon mode
transition of nearly second-order character where the
higher-order terms in the symmetry-breaking eigenvector
become increasingly important as the phase transition is
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tudinal ultrasonic wave, and B, a shear ultrasonic wave pro-
pagated in the [100] direction of SmS.

approached and the anharmonicity of the soft mode drives
the structural transformation.’*33

The changes induced by uniaxial pressure applied in the
[010] direction on the velocity of shear and longitudinal
ultrasonic wave propagated down the [001] direction are
shown in Fig. 4. The measured TOEC calculated from
the hydrostatic and uniaxial pressure dependences of the
ultrasonic wave velocities are compared, as there are no
other sets of TOEC for an R2* monochalcogenide, with
those of some rocksalt-structure crystals in Table IV. For
all these crystals C;;; has a large negative value while the
other TOEC are about an order of magnitude smaller.

The hydrostatic pressure dependences of the velocities
of ultrasonic waves propagated down the [001] direction
of a single crystal of the gold-colored metallic
Smy s76Y0.424S were also measured. The values for Cy;
and Cy (Table III) are in reasonable agreement with those
of other alloys in the series Sm,;_,Y,S.!%" C,, is nega-
tive for these metallic alloys'®!® (so that Poisson’s ratio

TABLE IV. The experimental values of the TOEC of SmS at room temperature in comparison with
those of other rocksalt-structure crystals. Units are 10'' Nm~2. The sources of the TOEC data of crys-

tals other than SmS can be found in Ref. 30.

Cin Cin Cis Cias Cies Ciss
SmS —28.2 +49 —2.85 4 0.25 —0.95 0
PbTe —18.5 +0.35 —0.97 + 0.44 —0.98 +0.12
NaCl —84 —0.50 + 0.46 +0.29 —0.60 + 0.26
NaF —14.8 —2.70 + 2.80 + 0.46 —1.14 0
KCl —7.26 —0.24 + 0.11 +0.23 —0.26 +0.16




1854

should be negative) like those of Tmg gsSe (Ref. 22) and
TmSeq 3,Tey 65.> The effect of hydrostatic pressure on
these [001] modes in the metallic Smy 576Y.424S alloy is to
decrease the shear-wave velocity slightly and to increase
considerably that of the longitudinal wave (Fig. 5). As a
result, dC4, /0P has a fairly small negative value (Table
IID) like that of semiconducting SmS (Table II). The cor-
responding volume conserving shear has no more unusual
effects in the intermediate valent state of the alloy than it
has in the semiconducting state of SmS. However,
9C1, /0P has a very large positive value (Table III) [about
three times that which is normal in a rocksalt-structure
crystal (Table II)]. A large value of dC,; /9P represents a
pronounced pressure-induced stiffening against compres-
sion and thus corresponds to an enhanced magnitude of
0B /3P, which should also be large in the alloys. Applica-
tion of pressure in the metallic state takes a crystal away
from the phase transition.

IV. RELATIVE CONTRIBUTIONS FROM
ATTRACTIVE AND REPULSIVE FORCES
TO THE ELASTIC CONSTANTS OF SmS

At atmospheric pressure the SOEC, their hydrostatic
pressure derivatives, and the TOEC of SmS follow a simi-
lar pattern to those of the rocksalt-structure alkali halides.
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FIG. 5. Relative change induced by hydrostatic pressure on
the natural wave velocity of ultrasonic modes propagated down
the [001] direction in a Smygs76Y0.424S crystal. Line 4 corre-
sponds to the longitudinal mode [ ¥, =(C}; /p)!/?] and line B to
the shear mode [Vs=(Cy/p)'?].
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Anderson and Nafe’® found that there is an empirical
scaling law between the bulk modulus B in terms of the
equilibrium interionic distance for a given class of related
compounds. The data for B, and r, for the R>*X and
R3* compounds fall on two separate straight lines, which
are parallel to that of the alkali halides, demonstrating the
important role played by ionic binding in these com-
pounds. By comparing the bulk modulus ratio for a rare-
earth chalcogenide to the alkali halide with the same
unit-cell ~volume, the effective ionic charges
Z=(Z1Z35)? of the constituent ionic species have been
estimated as 1.70+0.03 and 1.85+0.05 for R?** and R3*
compounds, respectively.”’ These effective ionic charges
are somewhat smaller than the values of 2 and 2.45,
respectively, which would be expected from the valence
products. SmS was not included in this study; however,
with the bulk modulus of 0.503% 10" Nm~2 (Table D)
and the unit-cell volume a; equal to 266 A*, SmS comes
just below the straight line for the semiconducting R2*
chalcogenides. Since this behavior is roughly consistent
with the Born-Mayer central-force model, it is of interest
to see how closely such a model describes the second- and
third-order elastic constants of SmS. A detailed study of
this question clearly shows that an ionic model cannot be
used in this way. This is not unexpected since central
forces require the Cauchy conditions: (i) on SOEC
Ca=Cy; (ii) on TOEC Cj33=Cys56=Cras; C112=Cl1ss;
and for SmS Cy~2C;, at atmospheric pressure and
Cy44~5Cy, at 6 kbar. While all five TOEC involved are
small, the Cauchy requirements on third-order elasticity
are not obeyed.

The lattice energy of a rigid-ion crystal with Coulombic
binding and a Born-Mayer—type central-force repulsive
interaction between neighbors is

dur)=—N[(aZ,Z,w/r)—b exp(—r/p)] . (6)

Here a is the Madelung constant, which equals 1.747 56
for the rocksalt structure. For a mixed ionic-covalent
compound the model suffers from its failure to take ac-.
count of noncentral, nonionic forces, and so its predictions
can only be qualitative. The attractive forces are balanced
by the repulsive forces, which oppose interpenetration of
the ions so that the crystal does not collapse but exists
with an equilibrium separation 7, between the neighboring
cations and anions. Typically these repulsive forces
reduce the binding energy by about 10%. The repulsive
parameter p can be determined from the volume derivative
of the equation of state, which gives the condition for
crystal equilibrium and compressibility as
ro 9cr8
° P K,aZke’ 2 7
where ¢ is 2 for the rocksalt structure. Hence p is ob-
tained from the experimental values of the nearest-
neighbor distance 7y and the compressibility K,,. Using an
effective charge Z.g [(=Z1Z%)'/?] of 1.7 determined”’
for the R** monochalcogenides gives a value of 0.365 for
p for SmS.
On the basis of the Born model formulated by Krishnan
and Roy?®! these values of Z and p lead to 0.93x 10"
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Nm~2 and 0.29x 10! Nm~2 for C;; and C,,, respective-
ly. The assumption that an effective net charge, deter-
mined by Z.¢, can be ascribed to each atom can be viewed
as an attempt to resolve the difficulty that the ionic and
overlap contributions cannot be isolated and defined. In
spite of the inadequacy of the model some useful con-
clusions can be drawn about the elastic behavior and in-
teratomic binding in SmS. For C;; the repulsive contribu-
tion Wy from nearest neighbors is about twice the long-
range Madelung term. TOEC are even more dependent
upon repulsive forces. Expressions for the TOEC (at 0 K)
of rocksalt-structure crystals have been obtained by
Ghate®® in the Born-Mayer model, including the short-
range repulsive interactions up to next-nearest neighbors.
For ions with an effective valence Z his expression for
the largest TOEC C;;; can be reformulated as

Zhe?  $lro) |3 3 3
Cin=+9.2375x10"0——— I - A
P P A

d(V2ro) [3v2 6  2V2 ®)
_—2— p) +—+ 2 .
P ro Pro p

Here the second and third terms arise from repulsive in-
teractions between nearest and next-nearest neighbors,
respectively. For SmS taking Z ¢ as 1.7 and the repulsive
parameter p as 0.365, we find that the Madelung contribu-
tion to Cyy; is +8.6Xx 10! Nm™2 the nearest-neighbor
repulsive term gives —21.0x 10! Nm~2 while the next
nearest-neighbor repulsion provides only —0.9x 10!
Nm~2 Cy; has a large negative value because it is dom-
inated by the repulsive forces between nearest-neighbor
(samarium and sulfur) atoms which give a contribution
several times larger than that of the attractive forces. Ow-
ing to the short range of the repulsive forces, the contribu-
tion to Cy;; from repulsion between next-nearest neighbor
(like atoms) is about 2 orders of magnitude smaller than
that from the nearest neighbors. The ionic model breaks
down for Cj, and C;,; for which it even predicts the
wrong sign; C,;, is dominated by forces between next-
neighbor ions.

In the rocksalt structure a shear distortion ¢,
(=0dv/0z +0w /dy), where v is a displacement in the y
direction and w is one in the z direction, is associated with
C44 and Cys¢. This shear corresponds to sliding of planes
of constant z over each other in the y direction so that
there is no change in nearest-neighbor distance to first or-
der in strain and no nearest-neighbor repulsive contribu-
tion to these elastic constants. Hence C,s¢ is very small
(and difficult to measure).

It is customary to discuss the anharmonic behavior of
crystals in terms of generalized Griineisen parameters
which measure the strain dependence of the lattice vibra-
tional frequencies w,(g) resulting from hydrostatic
pressure-induced changes in the lattice potential. In the
elastic continuum model at the long-wavelength limit the
acoustic-mode Griineisen parameters y(p,N), where p
denotes the branch and N is a unit vector in the propaga-
tion direction, are given by>’
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v(p,N)=—(1/6w)(3B +2w +k) 9)
where
w(p,N)=CK;+CyK,+C,K3,
k(p,N)=C,K,+CoK,+C:K; ,
with
K,(p,N)=NiU{ +N3U3+N3U3
Ky(p,N)= (N,U3+N3U,)*+(N3U, +N, U3 )?
+(N,U,+N,U, 2,
K3(p,N)=2(N,N3;U,U3+N;3;N,U3;U; +N,N,U,U,),
Ci=Cin+2Cyy,
Cy=C1raa+2C66 »
C3=Ci3+2Cyyz .

N; and U; are the direction cosines for the propagation
and polarization directions. Since these mode Griineisen
v parameters relate only to hydrostatic pressure, they can
be determined from the elastic constants and their hydro-
static pressure derivatives alone. The three required
TOEC combinations C;, C,, and C;, evaluated from the
measured hydrostatic pressure derivatives of the SOEC
are given at atmospheric pressure and 6X10® Pa (just
below P,) in Table V. The orientation dependences of the
acoustic-mode Griineisen y parameters, y(p,N), for each
of the acoustic branches of the phonon dispersion curves
at the Brillouin-zone center [Fig. 6(a)] have been obtained
at these two pressures by substituting the values of C;, C,,
and C; into Eq. (9); the mode velocities for a given propa-
gation direction N have been computed by solving the
Christoffel equations. At atmospheric pressure the orien-
tation dependence of y(p,N) resembles that of the rock-
salt-structured alkali halides and of PbTe and SnTe.*
Consider the y(p,N) for acoustic modes propagating
along a fourfold (001) direction. For the longitudinal
mode y(p,N) is large (+ 1.83) but that for the degenerate
shear [polarization vector in the (001) plane] is small and
negative (—0.28). The physical reasons for this are as fol-
lows. The mode equation for y;[001] involves C,
(=Cy11+2Cy;) which is large and negative. Therefore,
v.[001] is dominated by C,;;. Now Cy;; is the largest

TABLE V. Experimental values of the TOEC combinations
available from the hydrostatic pressure dependences of the elas-
tic stiffness constants. Units are 10! Nm~2. Data at atmos-
pheric pressure have been given previously in Ref. 4; data for
TmSeg 3,Tey 65 have been calculated from results in Ref. 23.

SmS Tmseo_ngeo.sg
Atmospheric Atmospheric
pressure 6x10° Pa pressure
Cin+2Ci2 —18 + 6.8 —-7.9
Ci23+2Cyp —3.8 + 36.2 —-5.1
Claa+2Cyg6 —1.6 —1.7 —1.2
Y + 1.10 —0.34 + 0.75
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FIG. 6. Long-wavelength acoustic-mode Grilineisen parame-
ters of SmS as a function of mode propagation direction (a) at
atmospheric pressure and (b) at 6 X 10® Pa.

TOEC because of the predominance of the nearest-
neighbor repulsive force: these also dominate y;[001].
The resistance of the nearest-neighbor ions to being
pushed together causes the frequency and energy of the
[001] longitudinal mode to be quite strongly volume
dependent. In contrast, for the shear wave propagating in
the [001] direction K| =0, so that C;;; is not involved in
the expression (9) for y[001] while C; (=C144+2C1g),
which is much smaller than C; (=C;;;+2C\y,), is.
Hence y7[001] is much smaller than y;[001] because the
nearest-neighbor repulsive force does not influence it. The
transverse mode propagating along the [001] direction in
the rocksalt structure is one in which the z planes of
atoms vibrate, as a unit, perpendicular to direction of
nearest-neighbor bonds not in the plane. All the changing
bond lengths would increase, if the atom planes were to
move rigidly, so that the Grineisen parameter y[001]
can be slightly negative, as indeed it is for SmS. Nearly
zero, often negative, yr[001] values are the norm for
rocksalt structure IV-VI and alkali halides.’® In general,
the magnitudes of y(p,N) for SmS at atmospheric pres-
sure can be accounted for by considering whether a com-
ponent of Cy;;, and thus of the nearest-neighbor repulsive
force, is included in them.

As the hydrostatic pressure is increased towards that at
which the phase transition takes place, SmS and
TmSey 3,Teg s have similar pressure derivatives of the
SOEC (Table II). For both materials 0B /3P, 0C,, /0P,
and dC,, /3P become large and negative, while the shear
mode derivatives remain similar to their values at atmos-
pheric pressure. These hydrostatic pressure dependences
give the three TOEC combinations in Table V. The
change in sign from negative to positive for the third-
order combinations Cy;; +2C1j, and Cy3+2Cy;, as both
materials are squeezed from atmospheric pressure to just
below their transitions shows that the balance between the
attractive and repulsive contributions to the interatomic
binding has altered completely near P,. The positive
values of both Clll +2C112 and C123 +2C112 near P, indi-
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cate that attractive interatomic forces now dominate the
third-order elasticity. This can be brought about by two
effects, both of which may be operating. In the semicon-
ducting form of SmS the energy separation AE, (~0.2
eV) between the highest occupied f levels and the bottom
of the 5d band is reduced considerably [d (AE;)/dP =10
meV/10% Pa (Ref. 40)] when pressure is applied. While
the f levels are more or less atomic in character, the d lev-
els are broadened into a band, hybridized with the 6s
band. Hence with increasing pressure the probability of
promotion into the d band becomes greater and the conse-
quent delocalization of the electrons increases the shared
electron contribution to the interatomic binding. An in-
crease in electron sharing will cause C;;, to become even
more positive, as the large positive value found for
C1y3+2Cy1, (Table V) near P, suggests. The enhancement
of d-band electron density as P, is approached should have
a smaller effect on the attractive interatomic contributions
to Cyy; than on C;;, because the ionic binding contribu-
tion to C;y; will become smaller as its electron sharing
contribution gets larger: These two influences act in the
opposite sense. The second effect which could make
Ci11+2Cyy; become more positive under high pressure is
a decrease in the repulsive force between nearest neighbors
as the transition is approached. This would drive C;;; in
the positive direction. It would also be just the effect to
enable the transition to take place. As the nearest-
neighbor repulsive force decreases, the breathing mode, in
which the six sulfur ions move simultaneously towards
(and then away from) the samarium ion which they sur-
round, would become much easier. The transition occurs
when the enhancement of the attractive forces combined
with the reduction of the nearest-neighbor repulsive forces
becomes sufficient to allow the crystal to collapse.

Thus the positive values of the TOEC combinations
Ci11+2Cy1; and Cyy3+2Cyy, near P, provide evidence for
the enhancement of the crystal instability against the
breathing mode which drives the isostructural transition
in SmS. The influence of the lattice instability near P, on
the mode Griineisen parameters also attests to this: The
v(p,N) for all the longitudinal and quasilongitudinal
modes are anomalously negative, as these modes soften
under pressure [Fig. 6(b)]. The shear-mode y parameters
essentially retain their atmospheric pressure characteris-
tics.

The hydrostatic pressure derivatives of the SOEC and
the TOEC have provided detailed information of the elas-
tic behavior of the semiconducting form of SmS and have
led to knowledge of the way in which the interatomic
forces change as the densification phase transition is ap-
proached. The large volume decreases which onsets at the
transition and the consequent degradation of the crystal
have precluded study of the elastic properties of the low-
volume SmS itself. However, the preliminary results ob-
tained for the Smg 576Y( 424S alloy crystal (Table III, Fig.
5) provide an indication of the elastic behavior under pres-
sure in the metallic modification. The large positive
0C,,/0P(+37.5) and resultant large negative value
(—35.0x 10" Nm~2) (Table IID) found for C;;;+2Cyy,
for this metallic alloy indicate that C;;; has returned to a
large negative value. This establishes one more point im-
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portant for development of an understanding of the elastic
behavior of a material undergoing an intermediate-valence
transition. As the transition is approached from the
high-volume side, the interatomic repulsive forces de-
crease but once the transition has been completed the large
repulsive force between nearest neighbors comes back into
play and determines the higher-order elasticity in the me-
tallic state.
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