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A review is given of the theoretical and experimental data on the isostructural first-order
semiconductor-metal phase transition in samarium monosulfides and Sm,_ Ln}*S solid solutions (Ln is a
rare-earth metal). Phase transitions occurring under hydrostatic pressures and as a result of change in
temperature are considered. Electrical, magnetic, galvanomagnetic, thermoelectric, thermal, optical and
mechanical properties are discussed, as well as the energy band structure of the semiconductor and metal
modifications of the investigated materials. Special attention is given to the experiments confirming the
fractional valence of the samarium ion in the metal phase of these materials (the experimental evidence for
this valence is provided by the Mossbauer effect, magnetic susceptibility, shifts of x-ray K lines, x-ray
emission spectra, and specific heat).

PACS numbers: 72.60.+g, 71.25.Tn, 72.20.—i, 78.70.En
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1. INTRODUCTION. RARE-EARTH ~10% cm™3, The energies of these levels may lie within
SEMICONDUCTORS—A NEW CLASS OF MATERIALS the forbidden band (band gap) of a semiconductor and can
then act as “impurity levels,” This is a unique feature
because it has never been possible to attain such an
enormous density of local impurity levels in standard
semiconductors. When the 4 f levels of a rare-earth
semiconductor have energies inside the forbidden band,

A new class—rare-earth—of semiconductors, which
includes the samarium chalcogenides considered in the
present review, is currently attracting considerable
interest. One must point out immediately that we are
dealing here not with a quantitative accumulation of
standard materials for investigation but with a basically
new class of compounds. Many effects observed in

these compounds have forced theoreticians and experi- TABLE I. Electron configura-
mentalists to modify the usual points of view established  tons of 4f-element ions.
in the course of investigations of standard semiconduc- Electron g‘;",‘,‘"di
: o fi lowest
tors (such as Ge, Si, or III-V compounds, etc.). fon |08 1 5 @ r | g Uowes
xe) 47" Féﬁén i
A. Special properties of rare-earth semiconductors !
. . Lad*, | 4 | 0 oo |15
1) A rare-earth semiconductor contains a rare-earth ge;: PP U R R
: - I s s €
ion with a partly filled inner 4f shell, This shell grad- Pra+ 4);2 el I ! H
. . ) 3+ 4
ually fills along the series from La to Lu'? (second col- e zi HEl I G sﬁ"z
umn in Table 1).”” The f levels are located deep inside o I A B I B B<CE
2,86 Sm“”
an atom and are scfreened by the 5s% elect.rons from Gas | 4n |72 ] o | 12| sy
external perturbations. When a compound is formed, Eutt
. 1
the f shells do noE overlap one ancther (the radius of the ,T)iﬁi ‘;;i;a 5/2 2 125:}2 -gffﬁ,z
g~ . -~ s Ho* | 4 8 J
4 tf sh‘elld}st 0.3 Ab, which represents ~0.1 of the inter- o 4;:1 32 | o |13 f;s "
i i Tms+{ 4s12 | 4 5
atomic distance) but form localized levels of density [l I I P B P -
Lust, | 474 | 0 0 | 0o |15,

DTable I gives also the quantum numbers L, S, and J repre-
senting the orbital, spin, and total angular momenta, as well
as the symbols for the lower level of the term in question.
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these levels dominate the transport phenomena and op-
tical properties, give rise to various phase transitions,
ete.

2) The presence of ions with partly filled 4 f shells
in rare-earth semiconductors is responsible for the
lack of compensation of the spin and orbital angular
momenta. The appearance of magnetic ordering may
be expected for these compounds. However, the pres-
ence of partly filled shells is a necessary but not a suf-
ficient condition for magnetic ordering. Therefore,
not all rare-earth semiconductors are also magnetic
materials.

3) The conduction band of a rare-earth semiconduc~
tor is formed from the s and d electrons (the valence
electrons in rare-earth metals are 54'6s2). The for-
mation of compounds may give rise to narrow allowed
dbands. There may be cases when the 4f levels are
“dislodged” to the d band; in this case, the f=d ex-
change interaction may transform them into a very nar-
row {~107-10% eV) band. The presence of narrow
bands requires the development of a new theory and
forces the abandonment of a number of assumptions in
the standard theory of semiconductors (energy band
spectrum, assumption of weak electron—electron cor-
relation, hypothesis of the validity of the transport
equation, etc. ).

It follows that investigations of rare-earth semicon-~
ductors present a number of problems.

B. Type of material belonging to rare-earth
semiconductors

The rare-earth elements (including yttrium and
scandium) represent over 16% of all the elements known
at present. Combinations of rare earths with other
elements in the Mendeleev table give an enormous num-
ber of all kinds of compounds, some of which are semi-
conductors. Semiconductor properties are exhibited
by chalcogenide series of the LnX, Ln,X;, LngX, and
more complex types (here, Ln is a rare-earth element
and X is O, S, Se, or Te), and by some borides. In
principle, pnictides LnB (B is N, P, As, Sb, or Bi)
should be narrow-gap semiconductors.? Wide-gap
semiconductors include halides (L.nC,, LnC,, etc.,
where C is F, Cl, Br, or I), oxychalcogenides
(Lny0,X), rare-earth orthoferrites (LnFeQ;), and iron
garnets (LngFes0;,). There are many complex (terna-
ry, quaternary) semiconductor compounds formed from
rare-earth and 3d elements. Of the compounds which
exhibit all three characteristic features of rare~earth
semiconductors, the most thoroughly investigated at
present are the rare-earth monochalcogenides LinX
(X is S, Se, Te, and O but only in the case of EuO;

Ln is Sm, Eu, or Yb). All the LnX monochalcogenides
-crystallize in the NaCl structure and, depending on the

Y Because of the difficulties in synthesis and the insufficient
purity of the starting rare-earth metals, it has not yet been
possible to prepare samples of LnB with semiconductor
properties.
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valence state of the rare-earth ion, can be either met-
als or semiconductors (metals when the rare-earth ion
is trivalent and semiconductors when it is divalent).
Since the Sm, Eu, and Yb ions (and—in some com-
pounds—Tm ions) are divalent in the stable state, their
monochalcogenides are semiconductors.

Figure 1 shows the dependence of the lattice period
a of LnX on the atomic number of the rare-earth ele-
ment. '*? An increase in the atomic humber of the tri-
valent rare-earth element is accompanied by a mono-
tonic fall in a because of the lanthanoid compression of
the cation. The lattice constants of the monochalco-
genides of the divalent rare earths (Sm, Eu, Yb, Tm)
depart from this monotonic dependence, forming sharp
maxima, The greatest amount of work has been done
recently on the EuX monochalcogenides.

Europium monochalcogenides are magnetic semi-
conductors and have a number of unique properties.
The oxide EuO exhibits a low-temperature {near 50 °K)
insulator—metal phase transition which alters the elec-
trical conductivity by 15 orders of magnitude; and the
EuX monochalcogenide group as a whole is character-
ized by a giant magnetoresistance (up to 10%) near the
magnetic ordering temperatures and a high absolute
red shift of the absorption edge. Doping the EuX mono-
chalcogenides alters their electrical properties and,
consegently, changes greatly the magnetic character-
istics; moreover, giant magnetooptic effects are ob-
served. These materials exhibit pure Heisenberg
magnetism and simple crystal lattices, and this facili-
tates theoretical calculations. Over 200 papers have
been published already on europium monochalcogenides.
Readers interested in fuller details of these compounds
are directed to the published reviews,!t»3¢

L.ess work has been done on ytterbium and thulium
monochalcogenides. Samarium monochalcogenides
will be considered in the present review.

2. REASONS FOR INTEREST IN SAMARIUM
MONOCHALCOGENIDES

In the last five years, samarium monochalcogenides
(particularly SmS) have attracted the attention of many
investigators. This increased interest is due to a num-
ber of factors.

1) The “self-doping” effect in rare-earth semicon-
ductors, mentioned in the preceding section, was first
discovered in the semiconductor modifications of SmX
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(X is S, Se, or Te). The 4f levels of samarium mono-
chalcogenides lie close to the conduction band and act
as donor impurities, {1+7714

2) It has been found that SmS has a wide homogeneity
range within which its physical properties may vary

from those typical of semiconductors to semimet-
alg:[10:14,15)

3) The SmX monochalcogenides may be regarded as
“magnetoexciton” semiconductors. (181 This class of
materials has J =0 in the ground state (see Table I) but
the energy of its transition to the state with a finite J
(for example, J =1) is low. 1721

4) In 1970, Jayaraman et al. 1 discovered an iso-
structural (NaC1-NaCl) first-order semiconductor—
metal transition in SmS subjected to a hydrostatic pres-
sure of P,.=6.5 kbar (300°K). The low absolute value
of the critical pressure P, and the retention of the
crystal lattice type after the transition are very rare
in solid-state physics.

5) In contrast to SmS, both SmTe and SmSe go over
to the metal modification under hydrostatic pressure
not abruptly but gradually. The type of crystal struc-
ture is retained but “metallization” occurs at fairly
high pressures (~ 60 kbar for SmTe and ~ 50 kbar for
SmSe'#1),

6) It has been found that the metal modification of
samarium monosulfide, obtained at pressures P,
> 6.5 kbar (we shall call it the high-pressure phase)
has unusual properties and is completely dissimilar
from neighboring metals which are rare-earth mono-
sulfides. Consequently, this monosulfide (together
with certain other materials) can be assigned to a sepa-
rate class of metals whose principal distinguishing
characteristic is the fractional valence of the rare-
earth ion.

The unusual nature of the phase transition in SmS
under hydrostatic compression and the possibility of
the fractional valence of the rare-earth ion have trig-
gered off an avalanche of theoretical papers'®* %7 at-
tempting to construct a model of this phase transition
and to explain the very unusual experimental results.
The leading Soviet (loffe Physicotechnical Institute,
Leningrad) and non-Soviet (IBM and Bell Laboratories,
USA, Solid-State Physics Institute in Zurich, etc.)
research establishments have joined the research ef-
fort. A very large amount of experimental data has
now been accumulated. Attempts at the partial sys-
tematization of these data (at various stages of the re-
search) have been made, #3:8,%:81~81 A common short-
coming of these limited reviews has been the concen-
tration on some specific effects or summing up of the
work done only in the authors* own laboratory.

We shall consider two topics:

1) the semiconductor—metal phase transition in SmX,
and

2) the fractional valence of the Sm ion in the metal
modification of these compounds.

We shall be interested in the experimental work and
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in the theoretical interpretations. We shall need: a) to
know the main parameters and the energy band struc-
ture of the semiconductor and metal modifications of
SmS; b) to review the data obtained at the phase transi-
tion point or in its direct vicinity; and c¢) to discuss the
experimental results confirming the fractional valence
of the Sm ion in the metal phase. We shall follow this
scheme in our review., Investigations of the semicon-
ductor—metal phase transition in samarium mono-.
chalcogenides have revealed that the metal modification
can be obtained not only by hydrostatic pressure (but
also by other methods). Therefore, before considering
the basic experimental data, we shall briefly review
the methods used to prepare the metal modification of
SmX.

3. METHODS FOR PREPARATION OF THE METAL
MODIFICATIONS OF SmX '

At present, we know of one method {No. 1) for ob-
taining the metal modifications of SmTe and SmSe and
three methods (Nos. 1, 2, and 3) for SmS.

The first method involves the use of hydrostatic pres-
sures exceeding P =6.5, 50, and 60 kbar for SmS,
SmSe, and SmTe, respectively. 12921291 ginee the
trivalent samarium ion has a smaller radius (7;) than
the divalent ion (v, =1.14 A for Sm® and 0. 96 A for
Sm® ™), it is natural to expect that hydrostatic pres-
sure can produce the Sm?* ~ Sm®* transition and the high-
pressure metal phase.® The advantage of this method
is its ability to produce the metal modification in fairly
large volume. Its disadvantages are as follows:

a) studies of the physical properties have to be carried
out in special bombs at high hydrostatic pressures;

b) removal of the pressure results in fracture of the
sample during the reverse metal-semiconductor transi-
tion (see Sec. 4).

The second method involves mechanical polishing of
thin films of the semiconductor modification of
SmS§. 191181 Thig method was developed at the Ioffe
Physicotechnical Institute in 1974, 11001 The history of
this method is as follows. In 1964, some investigators
at the Institute'® discovered an interesting effect (also
observed by others latert?'1"123)): polishing (and, in
the case of a freshly cleaved surface, even light touch-
ing with a finger) single-crystal and polycrystalline
samples of the semiconductor phase of SmS altered its
black surface to a golden-yellow color. The optical re-
flection data™'!?® indicated that this procedure produced
a thin surface layer of the metal phase of SmS. This
layer retained its properties indefinitely at atmospheric

9 The isostructural (NaCl-NaCl) semiconductor—metal phase
transition in LnX under hydrostatic compression occurs also
in the case of other divalent rare-earth ions. The value of
P, for YbTe, YbSe, and YbS is ~ 150-200 kbar, and that for
EuO is ~ 300 kbar. In the case of TmTe there is a gradual
transition in the 1--40 kbar range. Up to pressures cor-
responding to the transition to the metal phase the europium
chalcogenides EuTe, EuSe, and EuS exhibit the NaCl-CsCl
structural transition at ~110, ~ 145, and ~ 215 kbar, re-
spectively. [?3.81]
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pressure and room temperature. However, it was dif-
ficult to investigate its physical properties (apart from
the reflection coefficient) because of the shunting effect
of the relatively thick semiconductor substrate. The
metal modification of SmS, stable at atmospheric pres-
sure, was first produced in 1974/ by polishing thin
semiconductor films of samarium monosulfide. This
metal phase was created throughout the film.? This'
was confirmed by x-ray investigations and visually: the
film was golden-yellow on the free and substrate sides.
Such a film could be converted back to the semiconduc-
tor phase by heating to 200-300 °C.

The advantage of this method is the feasibility of
preparing samples of the metal modification of SmS
stable at atmospheric pressure in the temperature
range T <200-300°C. The disadvantages of the meth-
od are that a) the metal modification is obtained in the
form of a thin film representing a small amount of the
material and b) some physical measurements give
somewhat indeterminate results because of the pres-
ence of the substrate on which the film is evaporated.

The third method involves the formation of solid so-

lutions of trivalent rare-earth monosulfides in
SmS [81~84,124~155]

This method can be used to prepare the metal mod-
ification stable at atmospheric pressure. The first
experiments were carried out in 1973 by Jayaraman
et al."®*) on the Sm,.,Gd,S system. The idea of the
method was as follows: the lattice constant of GdS
(5.563 A) was known to be considerably smaller than
that of SmS (5. 97 A) so that the replacement of Sm with
Gd should result in lattice compression, equivalent to
the application of hydrostatic pressure to the Sm sub-
lattice. This produced an “internal lattice pressure”
in the crystal and, for a certain critical value of the
lattice constant a..~ 5.7 A (corresponding to the ~ 15
at .% Gd concentration) could initiate the isomorphous
semiconductor—-metal transition in Sm,.,Gd,S (this ef-
fect is sometimes known in the literature as the “chem-
ical collapse”). Gadolinium stablilizes the SmS metal
phase at atmospheric pressure. Subsequently, the
elements La, Ce, Pr, Nd, Tb, Dy, Ho, Er, Tm, Lu,
and Y were used as the “lattice press.” It has been
found that chemical collapse is possible not only as a
result of the formation of solid solutions with Ln®S but
also on the replacement of Sm with the quadrivalent
Th jon {Sm,.,Th,S) and the replacement of S with arsenic
(SmS,.,As,). The advantage of the method is the feasi-
bility of obtaining the metal modification of SmS stable
at atmospheric pressure but its disadvantage is the dif-
ficulty of interpreting the experimental results because
of the presence of a considerable “background” due to
the presence of a high concentration of Ln® or other
ions acting as the “lattice press.”

In all the above three methods, the phase transition
is due to hydrostatic compression. The situation is a

9The metal modification can be produced by polishing in films
up to 0.5 p thick, and by combination of polishing and uni-
axial pressure in films up to 1~2 u thick.
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little more complex in the case of retention of the metal
modification at atmospheric pressure in the second
method, 1581

Subsequent experiments (see Sec. 4) have shown that
the metal modifications of SmS produced by the first
and second methods are completely identical. The met-
al modification resulting from the formation of solid
solutions has certain special features. Apparently, the
role of Ln* and other ions is not limited to their ac-
tion as the “press.” Moreover, a necessary condition
for the collapse is the identity of the energy band struc-
ture of the dopant and SmS. This has made it possible
to consider solid solutions based on Sm$S as a special
class of materials which will be discussed in Sec. 5.

4. SAMARIUM MONOCHALCOGENIDES

A. Semiconductor madification

A model of the semiconductor-metal phase transition
in SmX can be constructed if we know the energy band
structure of the compound in question before and after
the phase transition.

The most interesting and sufficiently thoroughly in-
vestigated material among samarium monochalco~
genides is SmS. The present review will be mainly
concerned with its properties. Samarium sulfide crys-
tallizes in the NaCl structure and, at 300°K, its lattice
constant is 5. 97 A, which is close to the sum of the
ionic diameters of the cation and anion (the ionic radii
in angstroms are 1. 14 for Sm?* and 1. 84 for $¥).5’ Be-
fore considering the available data on the energy band
structure of the semiconductor phase of SmS, we shall
deal with at least two of its special properties that have
to be allowed for in the interpretation of the experi-
mental results,

1) As pointed out in Sec. 1, SmS has a wide homo-
geneity range which extends from 50 to 54 at. % Sm but
does not extend in the direction of excess sulfur, i.e.,
SmS is a unilateral unlimited variable-composition
phase. A comparison of the experimental and calcu-
lated densities shows that the excess samarium oc-
cupies interstices of the crystal lattice (at the same
time, a certain number of vacancies appears in the sul-
fur sublattice). Samarium sulfide always has n-type
conduction. Within the limits of its homogeneity range,

there is a variation from semiconductor to metal prop-
erties, 11+10,14,15,15718)

2) The presence of an adjacent first multiplet of SmS
with J= 119201581 hag 3 congiderable influence on the
‘magnetic susceptibility, " 1%15 optical prop-
erties, 144140148 gnecific heat,'!®:1%13 and transport co-
efficients,[157

The compounds SmSe and SmTe have lattice constants of
6.22 and 6.60 A, respectively, and ionic radii of Se?” and
Te?" in these compounds are 1.98 and 2,21 A. 9

6)The carrier density in the homogeneity region varies from
~10'? to ~10% cm™; there are large changes in the thermal
characteristics, lattice constant, and density; the color of
the sample remains black. [r10:14,15]
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FIG. 2. Energy levels of electrons in SmS[#120). ) free ions;
b) crystal with allowance for the Madelung energy; c) crystal
with allowance for the Madelung and polarization energies; d)
crystal with allowance for the Madelung and polarization en~
ergies, and for splitting of the d states in the crystal field.

The energy band structure of samarium monochaico-
genides has been considered by applying the Born-
Haber method to crystalline SmS on the basis of the ex-
perimental data for free samarium and sulfur ions'®:12%1
(Fig. 2). Unfortunately, this theory only gives a qual-
itative picture of the energy band structure and does
not tell us which of the subbands (that formed by the 54
or 6s states) is lower on the energy scale and what is
the absolute gap (#,) between the 41 levels and the con-
duction band edge. In the first approximation, this in-
formation can be obtained only from an analysis of the
experimental results on the transport phenomena. The
absolute value and temperature dependence of the
Lorenz number, deduced from the electron component
of the termal conductivity,162:183) gefinitely show that
the s band of SmS is located lower on the energy scale
than the d band. The temperature dependences (in the
range 80-1000 °K) of the electrical conductivity o, Hall
coefficient R, ™10:14:1571 maonetic susceptibility, 184
and electron component of the thermal conductivity[m]
indicate that &, of SmS is ~0.23~0.25 eV."

Thus, the conduction band of the semiconductor mod-
ification can be represented as shown in Fig, 3. Fig-
ure 3 is a schematic diagram of the conduction band of
Sm, gy5S at T =500 °K. %1 This model applies through-
out the homogeneity range of samarium monosulfide,
except that, for compositions close to stoichiometry,
the Fermi level is in the s band and approaches the
bottom of the d band only at temperatures 7 > 100 °K.
The density-of-states effective masses in the s and d
bands are m¥ =0. 78m, and m} = 1. 4my"*'®1 and the
forbidden band width AE,, representing the band gap
between the valence (3p) and conduction bands (Fig. 2)
is ~ 2. 3 eV, [H2,120]

It should be pointed out that in the case of the semi-
conductor modification of SmS with the band structure
shown in Fig. 3 it is impossible to determine &, by
simple optical measurements because the f-s transi-

In the case of SmSe and SmTe, approximate estimates give
values of %, of 0.5 and 0.7 eV, respectively. 81 There is no
published information on the relative positions of the s and d
subbands in these compounds.
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FIG. 3. Schematic representation of the conduction band of
the semiconductor modification of SmS, [1821 The data are given
for a sample of Sm, 458 at T =500 °K with the following param-
eters: A=0.08eV, €,=0,1eV, and %,~0,09 eV, the
levels ¢; are associated with the presence of impurities.

tions are forbidden by the selection rules since the
orbital quantum number then changes by 3.

It is worth considering specially the interpre-
tation of the numerous optical data obtained for
S X181, 83, 92,54, 108, 111~ 120,122,123, 131133, 185~ 1191 10 sy ge they
reveal a special feature of ionic rare-earth semicon-
ductors: the optical data association with the f-d tran-
sitions cannot be used in determing the energy band
structures of these compounds.

The optical absorption spectrum of SmS reveals the
localized atomic nature of the f electrons. The initial
(ground) state has the 4/® configuration with L=3, S
=3, J=0, i.e., 4/%("F,) (see Table I). One of the f
electrons is excited optically to a higher energy state.
In a free atom, this is the 5d state. In an SmS crys-
tal, the crystal field splits the 54 state into a lower
triply degenerate 4, level and a higher doubly degener-
ate e, level. We shall now consider where the remain-
ing 5 f electrons are located.

Since the total momentum of one f electron is 5/2 or
7/2, it follows that, after removal of one electron
from the 47% shell, characterized by J =0, the remain-
ing 5f electrons are characterized by J =5/2 and 7/2,

The value of L for the remaining 4/° shell should be
such that the total parity of this shell and of the elec~
tron transferred to the d state is the same as for the
odd 4f 8("Fo) state, i.e., the 4f° state should be odd
and L should assume only the odd values 5, 3, or 1.
According to the Hund rule, the energy of the state
with L =5 is the lowest and it should be followed by the
states with L=3 and L=1, Thus, the final states in the
4 f5 shell after optical excitation of one electron may
be, in increasing order of their energy: 47°(H),
475(°F), 41°(°P), the separation between the first and
second level amounting to 1 eV, and that between the
second and third being 2. 25 eV. ®) Thus, the final
states of a system of five f electrons and an excited d
electron may be as follows: 47°(CH)5d(%,),
a7 (CH)sdle,), 4 CF)BdlL,,), 41°CF)5dle,),
475(°P)5dlt,,), and 4/°(®P)5d(e,). We shall use this in-
formation fo analyze the optical absorption spectra
of SmS, SmSe, and SmTe. These spectra are shown
in Fig. 4. The localized 4f shells of the samarium ion
in the three compounds should be practically identical,
and the crystal splitting between the #,, and e, states
should depend on the lattice constant a. Therefore,
the separations between the peaks of the transitions to
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300°K. b) Schematic representation of the splitting of the 54
levels of Sm** by the crystal field: I) influence of the cubic
crystal field on the 54 levels; II) splitting of the 4f° multiplets;
III) observed absorption peaks, (81

states with the same d levels but different 4f° levels
should be identical for all the crystals and the separa-
tions between the transitions to states with the same

4 f5 levels but different d levels should decrease with
increase in the lattice constant. It is clear from Fig.
4 that E,, E,, and E;, E, form pairs with the same dif-
ferences E; = E; and E, - E;, amounting to ~1 eV for
all the crystals, but the separation between the pairs
should decrease rapidly with increase in the lattice
constant., It follows from this analysis that E, corre-
sponds to a transition from the state 4%("Fy) to the
state 475(CH)5d(t,,), E, corresponds to a transition to
the state 4/°(°F)5d(t,), Es to 4°(*H)5d(e,), and E4 to
475(°F)5d(e,). The splitting of the levels ¢, and f,, in
SmS is ~2.3 eV,

Thus, the f levels are definitely of atomic nature and
little affected by the crystal environment.

We shall now consider the nature of the optically ex-
cited d states in an SmS crystal. Although the f-elec-
tron energy is close to the bottom of the conduction
band, the f electrons cannot be regarded as ordinary
shallow donors because the wave function of an f elec-"
tron is very strongly localized, has the momentum I=3,
and in no way resembles the hydrogen-like wave func-
tion of an electron with I =0 localized at a shallow do-
nor level. This also applies to an excited d electron:
it is localized in a region of atomic size and has 7 =2.
Therefore, the usual picture of the optical excitation
of hydrogen-like donor levels or of the ionization of
donors accompanied by the transfer of an electron to
the conduction band is inapplicable. An excited 4 state
is strongly coupled to its own ion and is of an exciton
nature. Its energy lies well above the bottom of the
conduction band (E,~0. 8 eV). The excitation is of a
nonequilibrium nature because optical excitation of the
Sm ion does not provide sufficient time for a change in
the lattice. (It is interesting to note similar optical
absorption spectra of the Sm® ion in CaF,, SrF,, and
BaF, crystals,!18!! which differ mainly by the crystal-
field splitting,) Hence, we may conclude that the na-
ture of the spectrum under consideration is not gov-
erned by transitions to the conduction band of the crys-
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tal but by the excitation of excitons which largely re-
tain the properties of atomic states,

The absorption peaks of SmS considered here are
fairly wide, of the order of 1 eV, Clearly, this width
represents the excited state and it is governed by a
number of factors, including the overlap with the same
states at the neighboring samarium ions. An exciton
of this kind can move across a crystal but does not
carry a charge. However, the dissociation of this
exciton may result in the transfer of an electron to the
conduction band, which—as pointed out above—is
formed from the 4/%s and 4 %54 states (i.e., an elec-
tron, roughly speaking, is transferred to a neighboring
Sm ion as an additional particle). This results in
charge transport, i.e., photoconductivity is exhibited.
The states in the 4/%s band differ, in principle, from
the optically excited states 4 F°5d not only because the
excited electrons are different but also the f shells are
different. A conduction electron in SmS, provided by
an impurity or as a result of thermal excitation from
the 41° shell, travels through the crystal in the 4/%8s
band because it is not linked to its original site. This
is the difference between a conduction electron and an
optically excited exciton-type 4 f°5d state.

B. Semiconductor-metal phase transition

Figures 5-11 give some of the experimental data ob-
tained for the semiconductor-metal phase transition
in samarium monosulfide under the action of hydro-
static pressure. We shall now consider certain fea-
tures of these data.

100

A7\
040,
FIG. 6. Dependences of
080 V/V, on P for SmS, SmSe,
) and SmTe.
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FIG. 7. Dependences of the
relative electrical resistance
on P for the SmS,_Se, solid
solution system!18) at 300 °K.

1
i :_» FIG. 8. Dependences of p and Ry
'nd 1
) ! \ 1072 on P for SmS single crystals: 1)
“or - 15 composition close to stoichio-
/@4‘ i metric; 2) samarium content
20\ o 107 & ~50.2 at.%, 300°K (only the de-
a0 \ i 15 pendences obtained under rising
AN ., : 97
e o pressures are given). Here,
TF"’ p is in units of 10 @ -cm and Ry
s is in units of em®/C.
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FIG. 9.
mobility « and density Ny in SmS
crystals on P%7. 1), 2) same sam-
ples as in Fig. 8 (300°K). Here, u
is in units of cm? « V™! - sect,

TABLE II.
High~pressure
Compound | Semiconductor phase | metal phase
SmS Black Golden-yellow
SmSe Black with bluish Bright copper
tinge

SmTe Gray Purple
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FIG. 10, Wavelength dependences of the optical reflection coef-
ficient R of SmS (300°K): 1), 1’} bulk samples!®:%); 1/} mea-
surements carried out under a hydrostatic pressure of 8 kbar;
2), 2’) films. %7 Curves 1 and 2 represent the semiconductor
phase and curves 1’ and 2’ the metal phase; in the case of

curve 2’ the metal phase was obtained by mechanical polishing
of a semiconductor film 2,

1) The transition from the semiconductor to the
metal modification under hydrostatic pressure is
abrupt in SmS and gradual in SmTe and SmSe (Figs.
5 and 6).

2) Solid solutions of the SmS;. Se, type exhibit a
gradual change from the abrupt to continuous phase
transition”®” (Fig. 7). The value of P_, rises almost
linearly with the selenium concentration and the resis-
tance discontinuity at P, decreases, tending to 0 at x
=0.8.

3) The resistivity p of the metal phase of all the
SmX compounds is ~10™ @ cm,

4) The phase transition alters the color of the sam-
ples (Table II). The process of phase transition under
pressure in SmS has been followed visually under a
microscope. '*! At 6 kbar, the “yellow spots” of the
metal phase are still isolated but, at 6.5 kbar, the
whole crystal becomes golden-yellow.

5) An anomalously large change in volume occurs
on transition from the semiconductor to metal modifi-
cation.

6) The absolute value of the carrier mobility in Sms,
deduced from R, /p, is 20-25 and ~1 cm?- V1o gec?

e
[
3
o ]
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w08} a f¢
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R 4 5 FIG. 11. Temperature—-pressure
/ % phase diagram of SmS. %] Here, §
a5y 4 M is the semiconductor phase and M is
4 ! the metal phase.
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TABLE III. Physical properties of semiconductor and metal phases of SmS.

Physical property Semiconductor phase Metal phase
Type of structure NaCl NaCl
Lattice constant, A 5.97 5.70
Typical value of oy, 87 cm™! ~20-30 ~104
(stoichiometric
composition)
Electron density at 300 °K, cm™ ~101? ~10%
(stoichiometric
composition)
Color Black Golden-
yellow
Forbidden band width AE,, eV (gap between valence and conduc- 2.3 —
tion bands)
Separation between 4f levels and bottom of s conduction band ~0,23+0.25 _—
S‘) ev
Carrier mobility at 300°K, cm? -V - gec™! 20-25 ~1
Bulk modulus, kbar ~475 ~1100
References to the papers from which these properties are taken can be found in the text.

for the semiconductor and metal phases, respectively
(Figs. 8 and 9). In each phase, the mobility is constant
and independent of the applied hydrostatic pressure.
Hence, we may conclude that the fall in p with rising
pressure (Fig. 8) in the semiconductor phase (up to
the transition point) is entirely due to an increase in
the carrier density. This allows us to calculate the
value of d&,/dP. For sample No. 1, whose composi-
tion is close to the stoichiometric (Fig. 8), it amounts
to ~-10 meV/kbar. The value of d&,/dP is less for
sample No. 2 with excess Sm (Fig. 8).

7) The carrier density in SmS changes at the phase
transition point from ~ 10% to ~ 10”2 cm™ (Fig. 9).

8) In the homogeneity range of samarium monosul-
fide, an increase in the excess samarium concentration
is accompanied by an increase in the absolute hydro-
static pressure at which the phase transition takes
place (Fig. 8). This effect may be attributed to an in-
crease in the lattice constant observed in the homo-
geneity range of Sms, [19:14151

9) The sign of the thermo-em{ changes from nega-
tive to positive at the phase transition in SmS, 1%

10) The dependences of p, magnetic susceptibility
X, and reflection coefficient R on the pressure P ex-
hibit a hysteresis on the removal of pressure (Fig. 5b).
The reverse transition to the semiconductor modifica-
tion occurs at 1.5-2 kbar and is accompanied by a con-
giderable increase in volume, which frequently resuits
in fracture of the sample.

11) The hysteresis effects become weaker at higher
temperatures (Fig. 11). Linear extrapolation for the
stoichiometric material gives zero hysteresis at 670~
730°C and a pressure of ~ 6. 8 kbar. 1%

An analysis of the experimental data {(constancy of
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the structure before and after the phase transition,
weakening of the hysteresis of the transition with rising
temperature, and anomalously high compressibility of
the semiconductor phase) led Tonkov and Aptekar*t%!

to the conclusion of the existence, above 700°C, of a
critical point of the liquid—vapor type in the 7—P phase
diagram of Sms.®

The generally accepted description of the semicon-
ductor-metal phase transition in SmX compounds un-
der pressure is!]

Sm2* (4% J=0) L smer (4f% J =5/2)+-¢ (d, 3).

A theoretical model of this transition in SmS, SmSe,
and SmTe will be discussed in detail in Sec, 6. We
shall conclude the present subsection with Table II,
which summarizes the main properties of the semicon-
ductor and metal modifications of SmS.

C. Metal modification. Experimental data confirming
fractional valence of the Sm ion

Figures 12-19 give some of the experimental results
obtained for the metal modification of Sms.® Careful
examination of these results is sufficient to show that
the metal phase of SmS differs basically from similar
metallic nonsulfides of trivalent rare earths. The dif-

8 Before SmS, only one example of the T—P.phase diagram with
a critical point in the solid state has been known: this is the
disgram showing the y—a transition in Ce. {%]

91t is worth noting the full identity of the metal modifications
of SmS prepared by hydrostatic compression and polishing of
thin semiconductor films (see, for example, Fig. 10). In
both cases the lattice constant is 5.7 A, the temperature
dependences of the electrical resistivity p and its absolute
values are similar.

1. A. Smirnov and V. S. Oskotskil 124




FIG. 12. Dependence of ¢ on
P for SmS¥?1 at 300 °K.

ferences are discussed below.

1) Crystal lattice constant and AV/Vy= f(P). The
lattice constant of the semiconductor phase of Sm**S is
5.97 A, Extrapolation of the dependence of the lattice
constant ¢ on the atomic number of the rare earth in
the Ln®*S series between the nearest neighbors SmS,
NdS, and GdS (dashed line in Fig. 1) gives the lattice
constant 5. 62 A (denoted by a cross in Fig. 1) for the
hypothetical metal modification Sm*S. The experi-
mental value of a for the high-pressure phase of SmS
(P ~6.5-10 kbar) is 5.7 A, %1% Thys, we may as-
sume that, in the high-pressure phase, the samarium
ion has some intermediate valence between +2 and + 3.

An increase in the hydrostatic pressure (P > 20 kbar)
causes the valence of Sm in Sm monosulfide to ap-
proach gradually +3 (Fig. 12).!®%81 Figure 12 shows
the dependence of the relative volume change e on the
pressure Ple=AV/V,=3Aa/a;,, where Aa is the deviation
of the lattice constant from the value g4 obtained at at-
mospheric pressure; the continuous line corresponds to
AV/V,(P) for Sm*], Special technological measures'!?®
make it possible to prepare films of the metal modifica-
tion of SmS stable at atmospheric pressure and with a
lattice constant of 5,63 A, which is very close to the
value of a for the hypothetical phase Sm3*S, 1

The greatest theoretical interest lies in the metal
phase of samarium monosulfide with the lattice con-
stant 5.7 A, which exhibits the fractional (interme-
diate) valence of the Sm ion,

There are two possible ways of approaching the frac-
tional valence of the Sm ion in SmS.

Variant A. The metal modification of samarium
monosulfide is a mixture of Sm ions in the Sm?* and
Sm®* states, which are distributed randomly throughout
the lattice, and there are no changes from one state to
the other (this is the case analogous to Eu,S,, Fe;O4,
and other materials'!’),

Variant B. The samarium ion has mixed configura-
tion and the electron wave eigenfunction of SmS con-
sists of the sum of the wave functions of the localized
4f® electrons ¢; and of the wave functions of the mix-
ture of the 4f° states and the conduction electrons
Peondt ¥ = P cona + by¥s. The probability of finding an
electron in the conduction band states is n=73,| aklz,
where the summation is carried out over all the oc-

101y the film variant it is possible to prepare SmS stable at
atmospheric pressure and characterized by a range of lattice
constants from 5. 97 to 5.63 A (beginning from a=5.7 A the
metal modification is observed). [100,109,1103

125 Saov. Phys. Usp. 21(2), Feb. 1978

(cgs emu/mole) X 107

FIG. 13. Temperature dependences of the magnetic suscepti~
bility ™% 1) SmS; 2) SmSe; 3) SmTe; 4) SmS (under a hydro-
static pressure of 6 kbar); 5) SmS (P~7.5-12 kbar); 6)
Sm2[n3.

cupied states and the probability of finding an electron
in the f state is 1 =», If an external perturbation local-
izes an electron in the f state, its lifetime in this state
is governed by the width (A) of the f levels: 7, =h/A.
The experiments in which the measurement time is
Emeas <Ty; may reveal the f electrons separately in the
478 and 45 states, whereas experiments carried out
with #,,,,> 7,, may reveal electrons in the mixed state.

The experimental data on the lattice constants simply
indicate that the average valence of the Sm ions in Sms
is fractional but they are insufficient to decide which of
the above variants applies. This can only be done by
analyzing the experimental data on the magnetic suscep-
tibility and Mossbauer spectra.

2) Magnetic susceptibility. As pointed out above,
the ground state of the Sm* ion ("Fy) of the semicon-
ductor phase Sm®*S is nonmagnetic (/=0) and it cannot
exhibit magnetic order at any temperature. The mag-
netic properties of such Van Vleck ions are governed
by the higher multiplet levels (J >0). Their magnetic
susceptibility y should decrease with rising T (at high
temperatures) because of the thermal filling of the
multiplet and should be constant at low temperatures
because, in this case, the thermal transfer is a weak
effect and the “mixing” of the levels with J =0 and J
=1 by an external magnetic field is the dominant fea-
ture. (This contribution to x is known as the Van
Vleck temperature-independent magnetic susceptibil-
ity.) The experimental data for y of the semiconduc-~
tor phases of SmS, SmSe, and SmTe are in good
agreement with this hypothesis!!®8%13%184) (cyrves 1,
2, and 3 in Fig. 13).'V

If the semiconductor-metal phase transition occurs
in accordance with the scheme Sm? ~Sm* + ¢”, the
presence of the trivalent samarium ions (ground state
°H5 jes d = 5/2) may result in low-temperature magnetic
ordering, However, the experimental results obtained
down to ~ 0. 4 °K show no sign of magnetic ordering and
no contribution to y of the component obeying the Curie
law. The value of x of the metal modification of SmS
decreases, in the absolute sense, compared with the
value for the semiconductor modification but remains
independent of T below 100°K, in contrast to other

D The slight rise of x at low temperatures is explained by the
presence of a small amount of magnetic impurities in the in-
vestigated samples.
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FIG. 14. Dependences of the x-ray shift on the type of line:

1) calculated dependences (see text); 2) calibration curves for
SmF3—SmCl, (I) and SmF;—semiconductor phase of Sm$ (II)
pairs; 3) metal phase of SmS at P29 kbar (III) and Sm,_gGd,_,S
(IV) at 300 °K; 4) low-temperature (77 °K) phase of Sm, 4Gd, ,S.
All the experimental shifts are given relative to uncompressed
SmS at 300 °K, (193

compounds containing Sm™ (J =5/2)!1%%18) (compare
curves 5 and 6 in Fig. 13). Varma and Yafet!"! dem-
onstrated that, if the f shell of the samarium ion is in
the mixed 47%-4 " state, the susceptibility y remains
finite as the temperature approaches absolute zero.
Thus, the data on the magnetic susceptibility support
the variant B,

The fractional valence of the samarium ion in the
high-pressure phase of SmS is supported by direct
experimental evidence deduced from the Mdssbauer

spectrat’®-1%! ang from the shifts of x-ray K
lines, 1189-1%6

3) Measurement of shifts of x-ray K lines. It is
demonstrated in!!%19) that the fractional valence of
rare-earth compounds associated with the 4f, 5d, or
8s transitions can be investigated conveniently by the
method of chemical shifts of x-ray K lines. This is
due to a number of factors, [16%190,1931

a) The deep position of the 4f electrons in the atom
is responsible for a large shift of the K lines (which is
10-20 times greater than the effects due to the 5d, 6s,

Absorption, %

FIG. 15. Mdssbauer spectra (T =300 °K): 1) SmS at atmo-
spheric pressure; 2) SmS at 11 kbar; 3) Smg 4;Y; 25S at atmo-
spheric pressurel18%186] (5 ig in units of mm/sec).
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FIG. 16. Dependences of 6 and T'
on P applied to SmS, [188)
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and p electrons) when an electron of this kind is re-
moved or excited.

b) The dependence of the shift on the type of line
then has the characteristic V shape for the K,

1,2°
K,, ,» and K,  lines (Fig. 14). :

In investigations of the high-pressure phase of SmS
the shift calibration curves (1 and 2 in Fig. 14) were
found by Hartree-Fock-Slater calculations for .

Sm®*(4 %) and Sm?*(4 %)% and by the experimental
determination of the relative shifts for the
Sm**F;—Sm>*Cl, {(curve 2 in Fig, 14, open squares) and
Sm¥*Fy~Sm?*S (curve 2 in Fig. 14, black dots) pairs.
The experimental curve 3 (Fig. 14, open circles) ap-
plies to the SmS—~SmS pair, where the former is the
high-pressure phase obtained at P 2 9 kbar and the lat-
ter is the semiconductor modification at atmospheric
pressure. A comparison of the electron “facsimile”
for the pairs 1, 2, and 3 in Fig. 14 shows that i) the
valence of Sm in the high-ressure phase of SmS in-
creases because of a reduction in the number of 4f
electrons and ii) the number of 4f electrons removed
from Sm is ~0.62 + 0. 03 electrons/atom. This is
close to the value obtained from the lattice constants
(Table IV). Unfortunately, the small shift of the K
line compared with its width makes it impossible to
establish whether the K lines shifts as a whole or
splits into two components, i.e., these data are insuf-
ficient to be able to decide between the variants A and
B proposed for the description of the fractional valence
of the samarium ion.

4) Investigations of Mbssbauer spectra. Investiga-
tions of the dependence of the M8ssbauer absorption
(Fig. 15), isomeric shift §, and line width " (Fig. 16)
on hydrostatic pressure are reported in Refs, 29,
185-188. The isomeric shift § has a discontinuity in
the region of the phase transition. Throughout the in-
vestigated range of pressures (0-12 kbar), there is
only one absorption line. This supports the hypothesis
that our crystals contain indistinguishable samarium
ions (variant B). This conclusion is also in agreement
with the observation that the absolute value of I'" is the
same before and after the phase transition.!?’ Thus,

IDThe scatter of the values of I'(P) in the region of 6.5 kbar is
an instrumental effect: the pressure is inhomogeneous at this
point and this produces two (low- and high-pressure) phases
in SmS, [186)
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FIG. 17. Dependences n =£(T) for Sms. [1%] The various points
represent an analysis of the data on é on the assumption of the
presence of delocalized d electrons in an incompressible (1)
and a compressible (2) lattice, and on the assumption of
localized electrons in an incompressible lattice (3).

the experimental evidence is that the variant B applies
to the high-pressure phase of SmS.

The data on § can be used to determine » from Fig.
171 (the absolute value of » depends strongly on the
model used in the calculations) and AT can be used to
estimate the time associated with configuration fluctua-
tions. This time is found to be 7,, <10™ sec. It is in-
teresting to note that SmS exhibits a considerable vol-
ume change in the pressure range 0-6.5 kbar (see Fig.
6). This may be due to the fact that a proportion of the
“large” Sm®" ions is transformed into the “smalil” Sm*
ions before the phase transition. However, it is clear
from Fig. 17 that n=0 right up to ~P, /2.

Table IV summarizes the values of the fractional
valence of the Sm ion in the metal modification of SmS
(a=5.7 A) obtained from various experiments.!®

5) Data on transport phenomena and electvon com-
ponent of the specific heat. Information on the energy
band structure of the metal modification can be obtained
from an analysis of the experimental data on the trans-
port phenomena and electron component of the specific
heat C'®+1%1 (Figs. 18a and 18b). We shall now note
certain special features of the behavior of the depen-
dences p(T), R,(T)1%119 and C(T). )

a) The semiconductor film (z=5. 97 A) exhibits the
usual rise in p and Ry in the temperature range 1.5-
300°K.

b) The metal film 1 with a=5.7 A (Fig. 18a) exhibits
a temperature dependence p(7) which can be divided

I)The calibration points in estimating » are the experimental
values of § of the semiconductor phase of SmS (4% configura-
tion, §=—0.72+0.04 mm/sec) and of Sm,S; (4f° configuration,
6==0.03+0.04 mm/sec). _

4 oyer twenty metals are not known to exhibit fractional
valence of the rare-earth ion (these are the high-pressure
phases of SmS, SmSe, SmTe, and Ce and the following com-
pounds existing under normal conditions: SmBg, CePd,,
CeSn,, CeAl,, YbAl,, ThCey.., EuCu,Si, etc.!™). This
class of compounds is known in the literature as mixed-
valence compounds or mixed-configuration compounds; they
are sometimes called fluctuating-valence compounds or
fluctuating-configuration compounds.

159The measurements of p(7) and R u(T) were carried out on
thin films, 11922
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FIG. 18. Dependences p(T) (a) and Ry(T) (b) for metal films
of SmS with different lattice constants: 1) ¢=5.7 &; 2) 5.63
A. 192} gere, Ry is in units of em3/C.

into three regions: the first extends from 1.5 to 4-5°K
and the second occupies the range 30-300°K. In both
these regions, the value of p is almost constant. These
regions are separated by a third (intermediate) region
where the resistivity varies.

¢) The metal film 2 (z= 5.63 A) exhibits the same
behavior but the difference between the two plateaus of
o(T) is now much smaller and, moreover, beginning
from 200 °K, the resistivity p rises with increasing
temperature (Fig. 18a).

d) The behavior of the Hall coefficient R, of these
two metal films is unusual. A calculation of the car-
rier density on the assumption that each samarium
atom gives up one electron to the conduction band (N,
=4/d%) yields Ny~ 2.2 x 107 ecm™ for these films., At
temperatures above 20 °K (film 2) and above 40 °K (film
1), we have Ny> N,, where Ny is the Hall carrier den-
sity calculated from Ny=1/R e. (The dashed line 3 in
Fig. 18b divides the regions so that, above this line,
N, deduced from R, is <N, and, below the line, it is
>Ng.)

e) At high temperatures, the film 2 exhibits a change
in the sign of R, from negative to positive (Fig. 18b).

f) The metal phase of SmS (a=5.7 A) is character-
ized by an anomalously high value of C,, compared
with the semiconductor modification. %] At low tem-
peratures, the total specific heat C,,, can be represented
as the sum of C, and of the lattice component C;: C,,,
= C, + C,=v%T + bT3, where y, and b are constants
which can be determined graphically from the depen-
dence C,.,/T = f(T?) and v, is a function of the density

of states of free electrons at the Fermi level. The
TABLE 1V.
Experimental method | Valence of Sm ion
Lattice constant 2.77+£0.06
Shift of x-ray K lines 2.62+0.03
MUssbauer effect ~2.8
l. A. Smirnov and V. S. Oskotskii 127
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FIG. 19. a) Energy band scheme of the metal modification of
Sms. 102 b) Energy band scheme of Ln®*S metals. (831

high-pressure phase of SmS has an anomalously large
value of y9: ~ 145 mJ - mole™ - deg™ (for example, in.

the case of Cu, its value is 0.69 mJ - mole™
o deg™? [8:1407)

There is as yet no generally accepted energy band
structure of the metal phase capable of explaining these
properties. An attempt to account for the properties
of the metal phase on the basis of the following band
scheme (Fig. 19a) is made in one of our earlier pa-
pers.''®1 A wide s conduction band (formed from the
41°6s states) is intersected by a narrow d band (orig-
inating from the 4/°5d states). The 4f° levels coincide
with the Fermi energy and lie inside the d band. The
coincidence of the energies of the 4% and 4 f5 5d states
is deduced from the experimental data on the absorp-
tion of light in the metal films of SmS'%1%1; 5 con-
siderable reduction in the energy width of the 4 band in
the metal compared with the semiconductor is ob-
served. {31 Therefore, it is assumed in our papert!®!
that the d band is narrow and the d electrons are local-
ized near the ions.

The charge may be carried by the s or 4 electrons.
Since an electron takes only 1075 sec to pass a single
samarijum ion, i.e., this time is comparable with or
shorter than 7,,, such an electron “sees” the f shell
of the samarium ion in the form of the separate states
47% and 4%, which means that it “notices” fluctuations
of the electron density charge and is scattered by them.
This scattering is independent of temperature [Fig.
18a shows plateaus of p(7T) at 1. 5-5 and 30-300°K].

The abrupt fall in p in the temperature range
5-30°K is explained by the influence of the d electrons.
A 4 electron can reach a neighboring samarium ion only
after overcoming a potential barrier of height of the
order of 20°K. At temperatures much below 20 °K, the
jumps of the d electrons from ion to ion are of the tun-
nel type; they make a small contribution to the electri-
cal conductivity, which is governed by the s electrons
in this temperature range and is independent of tem-
perature. At temperatures above ~20°K, the barrier
is no longer a hindrance and the motion of the d elec-
trons is of the usual band nature. These electrons
begin to make a considerable contribution to the elec~
trical conductivity. Therefore, at T >20°K, the elec-
trical resistivity decreases. This explains the fall in
o(T) in the range 5-30 °K and its independence of T
above and below these temperatures.

The proposed model also explains the temperature
dependence of R,. At low temperatures, the d-elec-
tron mobility is much lower than the s-electron mobil-
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ity. Thus, the contribution of the d electronsto the Hall
effect is negligible and N, represents only the s elec-
trons. At high temperatures, the mobilities of the s
and d electrons become comparable and Ry, should then
be discussed within the framework of the two-band
model.

The energy band scheme {Fig. 19a) also explains the
difference between the dependences p(7) exhibited by
the metal films with a=5.7 and 5.63 A. In the latter
case, the number of electrons in the 45° states is small
but there are also s and d electrons and the number in
the last two categories is high than in SmS with a
=5.7 A. Therefore, at low temperature, the conduc-
tion mechanisms are the same in both samples. At high
temperatures, the smaller contribution of the “defects”
(charge density fluctuations) in the film with a=5.63 A
may result in the usual metallic nature of the electron
scattering competing with the defect mechanism. This
may account for the observed rise in p(7) above 200 °K.

The band model of Fig. 19a also accounts for the high
absolute value of v, associated with the high density
of states at the Fermi level. However, this band
scheme is characterized by some indeterminacy due
to the absence of direct experimental data (only indirect
evidence is available!!®J) on the position of the s band
on the energy scale.

We shall conclude this section by noting that the en-
ergy band structure of the metal modification of SmS
differs basically from the energy band structures of
metallic trivalent rare-earth monosulfides'® (Fig. 19b),

5. SOLID SOLUTIONS BASED ON SmS

An enormous amount of experimental data on solid
solutions based on SmS is now avail-
able [17=19,81-84,113, 118,119, 124156, 185—188, 193~195,196-2081 e
cannot analyze these data in detail in the present review,
We shall consider only the experimental data for the
Sm,_,Gd,S and Sm;_,Y_S systems, which are typical rep-
resentatives of the class of materials under discussion.
We shall consider the available results in the next three
subsections. In the first subsection we shall deal with
the data on the phase transitions, in the second we
shall discuss the experiments confirming the fractional
valence of the samarium ions, and in the third we shall
consider the papers whose analysis gives us informa-
tion on the energy band structure of these materials.

A. Semiconductor-metal and metal-semiconductor phase
transitions

The transition to the metal modification in all the
solid solutions based on SmS occurs at a certain crit-
ical concentration of the dopant (impurity ) x . (Figs.
20 and 21). The values of x,, for Sm,_.,Gd,S and
Sm,_.Y.S are 0.15 and 0. 16, respectively. The crys-
tal lattice parameter first decreases continuously with
rising x and then, on attaining the critical concentra-
tion, it falls rapidly to ~5.7-5.68 A. At the point x
the color of the material changes from black to golden-
yellow and usually many physical properties (trans-
port coefficients, magnetic susceptibility, #, etc.)
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FIG. 20. Dependences of a on x
for various Sm;_M,S solid solu-
£ tions, 2931 M>*: 1) Ca, 2) Yb;"
M 3) Y, 4) Gd; M*: 5) Th.

change abruptly. However, the type of the structure
(NaCl) is retained. The necessary but not sufficient
condition for the phase transition (known as chemical
collapse) in such solid solutions is the presence in the
lattice of a large, compared with sulfur (for example,
As), or small, compared with Sm (Gd, Y, Th, etc.),
dopant ion which acts as the “internal press.” As
pointed out at the beginning of this review, the com-
pound used as a dopant should have a conduction band
similar to that of Sm§, (®:2%1186)

An important condition for chemical collapse is also
a sufficiently high carrier density in the conduction
band (see the discussion of the energy band structure
given later).

The replacement of Sm and Ln® reduces the critical
external hydrostatic pressure P at which the sub-
stance goes over to the metal state. The internal
lattice pressure rises from zero of x=0 to 6.5 kbar
for x,. By way of example, we shall consider the
Sm,.,Gd,S (Fig. 22) system. ™) When the pressure is
removed, a sample with x=0.1 returns to its initial
form, whereas samples with x=0.13, 0.14, and 0. 15
retain the golden-yellow color right down to atmo-
spheric pressure, {19 1 They return to the initial
form only after suitable annealing (Table V).'®1 In the
metal “golden” phase the Sm,.,Lin®*S solutions exhibit,
in alimited range of compositions x s x <x;, (0. 16 <x
%0.27 for Sm,.,Gd,S, shown shaded in Fig. 21, and
0.15 <x £0.3-0. 4 for Sm,_,Y,S), the following isostruc-~
tural (NaCl-NaCl) metal-semiconductor (or metal~
semimetal) transitions: a) a sudden transition as a re-
sult of cooling to 80-200 °K; b) a gradual transition as
a result of heating to 600-900°K.

The color of the material then changes from golden-
yellow to black (the plasma minimum in Fig. 23 shifts
toward lower energies with decreasing temperature),
the lattice constant increases (Fig. 24), and there are
abrupt changes in many physical properties. In some
solid solutions the low-temperature phase transition is
accompanied by an “explosion” which fractures a crys-
tal or pulverizes it. 18) The phase transitions are re-

19 Chemical collapse does not occur in the Smy.,Ca. 8 and
Sm,.,Yb,S systems 23] (Fig. 20), although it is expected on
the basis of the lattice constants of CaS and YbS.

D1t is possible that, as in the high-pressure phase of SmS,
there is a hysteresis of ~4 kbar, but since these composi-
tions are characterized by P,.< 4 kbar, the “golden” phase
is retained at atmospheric pressure.

!®The metastable metal modification of Sm,.,Gd,S, obtained
under hydrostatic compression of samples with x=0.13-0.15
also exhibits the “explosive” low-temperature phase transition.
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FIG. 21. Dependence of the lattice constant on x for the
Sm,.,Gd,S solid- solution system. (81,1241
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TABLE V.

Temperature of
transition from
“golden” to
“black” phase,’C

Composition

Smyg,g7Gdg,13S 140

Smg,85Gd, 145 220
Smg,g5Gdg, 153 350
R %[

FIG. 23. Dependences of the reflection coefficient of
Smy_;,Y, 23S on the photon energy at various temperatures, (3]
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FIG. 25. Temperature—x phase diagrams of Sm,.,Gd,S™! (a)
and Smy_ YS! (b)., Here, B denotes the “black’ phase and
G the “golden” phase,

versible. When T is increased, in the case of the
low-temperature transition, or when it is lowered, in
the case of the high-temperature transition, the initial-
ly black crystals (or the resultant powder) again be-
come golden-yellow. The low~-temperature phase tran-
sition is characterized by a considerable hysteresis

in the case of Sm,.,Gd S"®"*2]); this hysteresis is not
exhibited by some Sm,..Y,S solid solutions (x=0. 19 or
0.23). 41 The compositions close to x, (on the “gold-
en” phase side) have a number of special prop-

erties. ") Figure 25 shows the T~x phase diagrams
for two of the solid solutions considered (B and G are
the regions where the “black” and “golden” phases
eXiSt). (81,146)

B. Metal modification. Experimental data confirming
fractional valence of the Sm ion

The valence state of the Sm ion in solid solutions can
be determined by the same methods as those employed
for SmS (investigations of the lattice constants and
Mdssbauer spectra, determination of the shifts of x-ray
K lines, study of the magnetic susceptibility). Two
additional methods have been used for this purpose:
these involve determination of the x-ray!%-204,205-206
and ultraviolet®®? photoelectron spectra.

1) Crystal lattice constant and AV/Vy= f(x). The
valence state of the Sm ions in Sm;. 1n}'S solid solu-
tions can be determined by linear interpolation between
the experimental dependences a(x) and the calculated
theoretical lines e(x), corresponding to the 2+ and 3+
valences of the Sm ion'®! (Fig. 26); the expression
for e(x) includes ay, which is the lattice constant of
SmS. This method makes it possible to estimate the
order of magnitude of the valence of Sm (see Fig. 30
below, data for the Sm, ,Y,S system). Similar values
are also obtained for Sm;_,Gd,S.

FIG. 26. Dependences e(x) for
Sm,. Y,S. 1
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Z,10”3cgs emu/mole SmS

T ] T T

FIG. 27, Temperature dependence
of x for the Sm,_ Y, S system(l461;
1)x=0; 2) x=0.12; 3) x=0.23; 4)
%=0,88; 5) Pdy;Sm with Sm3*,

2) Magnetic susceptibility. Comparison of the tem-
perature dependences of the susceptibility y(7) for solid
solutions and SmS can be carried out using Sm,..Y,S,
because the Y ions are nonmagnetic. The dependence
of x on T for the high-pressure phase of SmS is com-
pletely identical with that for the chemically collapsed
“golden” modification of Sm,..Y,S (compare Figs. 13
and 27),114%1 which shows that the Sm ions in these
phases are in the same (or similar) valence states.

3) Measurements of shifts of x-vay K lines. Figure
14 (curve 3) gives the shifts of the x-ray K lines for
the chemically collapsed metal phase of Smy_gGd, ,S. %!
We can see that the effective valence of Sm in this phase
is equal to its valence in the high-pressure phase of
SmS and it amounts to 2.63 + 0.03.'" The same figure
shows the data for the “black” phase of Smy gGd,. S,
obtained as a result of the low-temperature phase
transition (produced by cooling the sample to 77 °K).
The valence of the Sm ions in this phase is 2.08 + 0. 01,
Egorov ef al. "®1 were the first to show convincingly
that the valence of the Gd ion in Sm,_ Gd S solid solu-
tions (and that of Nd in the Sm,. Nd,S system) remains
consztoant within the limits of experimental error (Fig.
28).“M

4) Investigations of MOssbauer spectra. The close
similarity of the metal modification of SmS and the
phase obtained by chemical collapse in Sm,.,Y,S is ob-
served also in studies of the Mssbauer spectra!®
(see Fig. 15): there is one maximum in the absorption
curve, the limiting value of 7, is the same, the effec-
tive valence of the Sm jons is similar, etc. As in the
case of the metal phase of SmS, the data deduced from
the Mdssbauer spectra (and magnetic susceptibility) of
the collapsed phase of Sm;.. Y.S indicate the presence
of Sm ions of mixed valence.

5) Investigations of x-ray photoelectron spectra.
The essence of this method is to illuminate a solid with
photons of energy amounting to a few keV and to find
the energy distribution to the emitted electrons. ™1 By
way of example, Fig. 29 shows the data for the metal

19The same method was used by Grushko et al. 1#] to deter-
mine the effective valence of the Sm ions in Sm, ¢Nd, ,S. This
valence found to be 2.64+0.03.

20An interesting feature of the dependence p(x) is exhibited by
the Smy_ Gd,S system[®]; the fall of p ends well before the
onset of the phase transition (Fig. 28). It is suggested!'%}
that the presence of a conducting impurity (in this case Gd)
in a sufficiently high concentration may result in a strong
reduction in p because of the “percolation’” effect.
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FIG. 28. Shift of the Kpg, lines
of Sm (2) and Gd (3), and values
a9 of p (1) plotted as a function of
x for the Smy.,Gd,S system. {131
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phase with Smg g Y, ¢S composition. ®¥1 The compari-
son standards are the crystals of YS (without the 4f
electrons), SmS (semiconductor modification with
Sm?*), and SmAs (with Sm3*). We can see from Fig.
29 that the spectra of Smy_g Y 195 include peaks corre-
sponding to Sm* and Sm™. Cooling reduces the ratio
Sm* /Sm?*, The determination of the proportions of
Sm® and Sm®* in this solid solution is complicated by
the need to allow correctly for the relatively strong
background (see Fig. 29). It is necessary also to
postulate that the surface properties (which are inves-
tigated in this experiment) are identical with those of
the bulk of the crystal. The results of calculations of
the effective valence of the Sm ions in Sm,.,Y S are
plotted in Fig. 30. The recorded spectra have well-
resolved peaks corresponding to the 4/ and 45° con-
figurations of the Sm ion. Since the measurement
time in such experiments is ~ 1078 sec, it follows—in
conjunction with the M8ssbauer spectra—that 7,, lies
within the range 10°=10718 sec.

8) Investigations of mechanical properties. The
bulk modulus B, defined by B =(Cy; + 2C;,)/3, of
Sm,_,Y,S solid solutions has been determined. !14!+143)
At x_ we find that B -~ 0. The “softness” of metal
phase (corresponding to x > x,,) indicates mixed valence
of the Sm ions in these solutions. (143!

T T 1 T T 1
VB(Sip) CB(Y4d)

——r
I ¥s
cn

=25

5md

FIG. 29. X-ray photoelectron
spectra of YS and SmS (semi-
conductor phase, Sm?*), SmAs
(with Sm*), and Smyg g;Y, ;¢S at
296 °K (continuous curves),
Curve I represents the results
obtained at 110 °K. (71 Here,
VB is the valence band and CB
is the conduction band.

Intensity
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FIG. 30. Effective valence of the Sm ions in Sm,. Y, 8% de-
duced from various experiments: 1), 2) from lattice constants
at temperatures of 293 and 80 °K, respectively; 3) from Méss-

bauer spectra; 4), 5) from x-ray photoelectron spectra ob-
tained at 293 and 110 °K.

7) Investigations of Raman scatteving spectra. Un-
usual results are obtained from the Raman scattering
spectra of the metal phase of Sm;_ Y, S(0sx<0.4). It
is found that the results for the compositions with x
< %, and x> x,, canbe explained by transitions occurring
only inside the "F,; multiplets typical of the 4 7% configu-
ration of Sm?*, i.e., there is no Raman scattering for
Sm?*, 1441481 Fioure 31 shows, by way of example, the
experimental data for the “golden” (T =300 °K) and
“pblack” (T =77 and 2 °K) phases of Smy 77Y;,23S. The
latter phase is produced by the low-temperature tran-
sition. It is clear from Fig. 31 that the transition
from the “golden” to the “black” modification does not
alter the Raman scattering spectra. '

C. Characteristics of the energy band structure

In the early studies of the Sm,., 1.n3*S solid solution
system the metal modification (x_. < x < x,,,) has been
identified completely with the high-pressure phase of
Sms. However, more detailed investigations of these
solid solutions have shown that its situation is slightly
different. There are many indications that the two
phases are identical: the temperature dependences of
the magnetic susceptibility are the same (this applies
to solid solutions with a nonmagnetic dopant), the lat-
tice constants are the same, the effective valence of
the Sm ions is similar, there are similarities in the
optical properties and so on. However, the metal
phase of the solid solutions contains “foreign” ions
(Ln*, As, etc.) and, therefore, it has a number of
special properties which distinguish it from the high~
pressure phase of SmS. These properties are mani-
fested in the transport phenomena, conduction band
structure, existence of the low- and high-temperature
phase transitions, Mossbauer spectra, etc,[758%119,142,1861
Moreover, the mechanism of the phase transition
under hydrostatic pressure (SmS) differs from that
which occurs as a result of an increase in the dopant

FIG. 31. Raman scattering
spectrat481. 1) 300 °K (“golden”
phase); 2), 3) 77°K and 2°K
(“black” phase).

Relative intensity

1. A. Smirnov and V. S. Oskotskii 131



FIG. 32. Dependences of .
the Hall carrier density on
the composition of

Sm1.‘Y :S. 823

(Sm,.,L.n}*S); for details see below. The Ln® jons
play an important role in the formation of the conduc-
tion band of Sm,_,Ln¥S. These ions a) act as electron
sources and b) are mainly responsible for the reduc-
tion in the gap between the localized 4f levels and the
bottom of the conduction band. {241 A model of the
conduction band of Sm,_.Y,S (typical of solid solutions
based on SmS) has been constructed (subject to a num-
ber of approximations) on the basis of the experimental
data relating to the transport phenomena'® %1 and then
confirmed qualitatively by investigations of the optical
properties,'8!33 electron component of the specific
heat,®% 140 etc. We shall now consider how this

model is constructed. The experimental values of the
Hall coefficient Ry for the “black” phase (¥ <0.17 at
300°K and § 0.4 at 5°K) and for compositions close to
YS can be described using the one-band model (Fig.
32). Here, Ny =1/Rye is the Hall carrier density de-
duced from the experimental results: 4/q® is the car-
rier density deduced from the x-ray density of the
crystal; 4x/a® is the density of the Y electrons alone.
A considerable deviation from the one-band model is
observed in the range 0.17<x50.4. This behavior
can be explained by a band model shown in Fig.
33!%:142) which allows for the dependence on xof the
mutual positions of two subbands with low and high den-
sities of states (f and d subbands).?"’

The carrier density rises when Y is added
(Smg o1 Yg,09S). Since the lattice constant decreases,
the conduction band moves toward the f levels, which
penetrate into the d band and, because of the f-d in-
teraction, expand into a narrow band.'™! Since the
band is filled with d electrons of the Y atoms, Ej lies
above f band. In this situation the Sm ion remains di-
valent and R, represents only the electron density in
the d band (see Fig. 32). The samples remain black
since the plasma minimum is still located in the in-
frared (Fig. 34a). The variable valence of the ions is
manifested by the compositions for which E intersects
the f and d states (Smg g;Y,.338). Now, Ry can no long-
er be described by a simple band model. The samples
become golden since an increase in the d-electron den-
sity shifts the plasma minimum to the visible part of
the spectrum (Fig. 34b). At lower temperatures the

M For simplicity, it is assumed®% 1421 that the system has one
common d band and that the d electrons of the f% configura-
tion of Sm are equivalent to those in the 4 band is ignored in
this model.
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FIG. 33. Schematic representa-
tion of the dependences of the den-
sity of states on the energy in
Sml-xYxs' 82,1401
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g
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energy band structure of the compositions with 0. 17
<x %0. 4 assumes the form shown in Fig. 33b. Inthe
case of YS there are no f levels and in the case of

GdS they are located lower on the energy scale than
the p band (Fig. 19b) and they do not participate in the
formation of the conduction band so that Ry is de-
seribed satisfactorily within the framework of the one-
band model (see Fig. 32). It is somewhat more dif-
ficult to interpret the energy band structure on transi-
tion from the compositions with x > 0. 4 to those with
x=1, The band structure of Fig. 33 is confirmed
qualitatively by the experimental results on the reflec-
tion spectra, electrical conductivity, and low-tem-
perature specific heat,

D. Analysis of reflection spectra and electrical
conductivity

Information on the relative positions of the 47 levels
and Er can be obtained from the carrier scattering
time 7, at zero frequency. The values of 7, can be
calculated from the dc electrical conductivity ¢ and
from the plasma frequency w,; they describe the scat-
tering processes in the range + kT near Ezt&13%] (Fig,

FIG. 34. Dependences of 2 of
Sm,. Y. S on the photon ener-
gy'#). “a) “black” phase; b)
“golden’ phase.
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FIG. 35. Dependence of 7, on
x for Sm,. Y,8083134); 1) 296 °K;
2) 80°K; 3) 20 °K; 4) SmS (high-
pressure phase).

IU-V!

35). For x<x, (“black” phase) the value of 7, does
not depend strongly on x (Fig. 33b) but it falls abrupt-
ly at the point x_. This is evidence of strong reso-
nant scattering of the conduction electrons by Ep (Fig.
33c). For the composition with x=0. 25 the value of
T, rises on cooling to 4°K, reaching a value typical of
the “black” samples with x<x_, (see Fig. 33b): cool-
ing produces the low-temperature phase transition,
The linear rise of 7, on approach to YS is due to a re-
duction in the number of resonance states of Sm.,

E. Data on the specific heat of Sm,_ Y, S solid solutions

The data on the low-temperature specific heat'®:140
indicate a high value of 7y, (Table VI) for the metal
phase of Sm;.,Y,S (0.17< x £0. 4), which corresponds
_ to a high density of states at the Fermi level. The
value of ¥, is small for the “black” phase (0.17 <x) and
for YS. This is in satisfactory agreement with the en-
ergy band schemes in Figs. 33b and 33c.

We shall conclude the experimental part of our re-
view by formulating the main requirements which the
theory must satisfy.

The theory should:

1) give a description of the semiconductor—metal
phase transition in SmX under hydrostatic pressure;

2) account for the sudden phase transition in SmS and
the gradual one in SmSe and SmTe;

3) explain the phase transition in Sm,_ Ln3'S at x;

4) explain the low- and high-temperature metal-
semiconductor phase transitions in solid solutions
based on SmS; and, finally,

5) explain the reason for the appearance of and justi-
fy theoretically the phenomenon of variable valence in
the metal modification of SmS and in solid solutions
based on it.

We shall attempt to fulfill some of these require-
ments in Sec. 6.

TABLE VI. Values of y, for Sm;.,Y,8 solid-solution
system, 1241

v, mJ |
~mole! -deg™? i

vy, mJ

Compaosition
P -mole* -deg™?

Composition

Sms 0+1 Smp g7 0,355 5045
Smy,01Yo.005 241 YS 4x1
Sing,77Yg, 038 14+5
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6. REVIEW OF THE THEORIES OF THE PHASE
TRANSITION IN SmS

The phase transition which occurs in SmS under a
pressure of 6.5 kbar is characterized by a sudden in-
crease in the number of the conduction electrons to a
value typical of metals, i.e., to about one electron
per samarium ion. All theories start from the as-
sumption that an electron is transferred to the conduc-
tion band from the 4f° shell when the energy of the 4f°
state becomes comparable, under the influence of
pressure, with the energy at the bottom of a conduc-
tion band formed from the 4f° + electron state in the
6s, 5d, or hybrid 6s5d state. Under normal pressure
this energy gap should amount to a few hundredths of
an electron-volt so that it can collapse at 6.5 kbar on
the assumption that the deformation potential has its
usual value of a few electron-volts.

Mott!®? suggested that in the presence of a gap the
excited states are of the exciton rather than of charge-
carrying nature, but when the band collapses and the
exciton concentration rises these states overlap form-
ing a conduction band.

The conduction band of the metal phase differs great-
ly from the conductor band of the semiconductor mod-
ification, formed from the 4f 86s states. Therefore,
the energy gap between the f levels and the conduction
band of the semiconductor is not equal to the gap which
has to be overcome for the phase transition to occur.

Thus, compression produces a phase transition in
SmS. We shall now consider why this transition is
abrupt and why the number of conduction electrons per
samarium ion in the final state is fractional (like the
number of f electrons).

The fractional valence is not an exceptional phenom-
enon. The conduction band of many metals, particular-
ly transition elements, overlaps other bands forming
hybrid structures and an electron may belong simul-
taneously to two bands. The effective number of elec~
trons in a given band per atom is then fractional. In
the case of SmS and other rare-earth compounds the
fractional valence means that the Sm ion has a frac-
tional number of the localized f electrons. This does
not apply if the f-electron energy is higher than the
bottom of the conduction band. Then, some of the f
electrons fill the states in the conduction band below
the f level and the remainder are located at the f level,
which coincides with the Fermi energy Eg. The inter-
action of the f electrons with the conduction-band elec-
trons results in hybridization: the f-electron level
boradens into a band in which the electron wave func-
tion ¢ consists of two terms a@, + b@ o, describing the
localized state (¢} and the delocalized conducting state
(¢ o). In view of the localized nature of the f states
the hybridization results in broadening by no more than
102-10" eV, so that inside the conduction band there
is a narrow band with a higher density of the electron
states which are of localized nature. The Fermi level
cannot be above this band because the total number of
the f states is equal to the number of electrons; there-
fore, the Fermi level can be either inside this band or
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below it. In the former case we have the fractional
valence state. We shall now consider its stability.

In discussing the stability one has to analyze the en-
ergy of a crystal. Since the f shell is localized inside
an ion, a change in the interionic distances in a crys-
tal as a result of compression has little effect on its
energy so that the forbidden band becomes narrower
because of the dropping of the bottom of the conduction
band. If » electrons are transferred to the conduction
band, the energy is

E =80 + ArB, (1)

where &, is the distance from the f level to the bottom
of the conduction band; An*/® is the energy of the elec-
trons with the Fermi distribution in the conduction
band; x is the density of electrons in the conduction
band per samarium ion

5,
A= @
m* is the effective mass; a is the lattice constant of
SmS. Clearly, if & >0, i.e., if the f levels lie below
the bottom of the conduction band, E has a minimum
at n =0 and all the electrons are in the f levels. Com-
pression reduces &, to zero and then this energy be-
comes negative. The bottom of the conduction band
drops below the f levels and E has a minimum at » >0
so that further compression results in a smooth rise
of n to unity. This corresponds to a gradual phase
transition.

The abrupt phase transition may be explained by sup-
plementing the energy (1) with “acceleration” terms,
i.e., those which reduce the energy with risingn at a
rate faster than the rise of the energy due to the term
Ar*/3. Falicov, Kimball, and Ramirez?0%2101 gug.
gested allowance for the mutual Coulomb attraction of
the conduction electrons and holes remaining in the f
shells, which contributes the energy term —Bn?®.
Therefore, in their model

E = g,n + An®® — Bn} @)
When the quantity &, becomes negative, this function
has two extrema: a minimum at a lower value of » and
a maximum at a higher value, which corresponds to a
gradual phase transition. However, further compres-
sion brings the two extrema closer, so that they even-
tually form an inflection point and the function E(r) be-
comes monotonically decreasing, since the stable state
is reached at n =1, This occurs when

dE 5 p _
- = Sl—[—TAn'/‘*—QBn—O,

(4

oE =‘T°An-'/3 —28=0,

dn?

The value of &, is then

and
n— ()"

oF

134 Sov. Phys. Usp. 21(2), Feb. 1978

This model describes an abrupt phase transition, but
it cannot account for the fractional valence after the
phase transition.

So far we have ignored the elasticity of the lattice
assuming it to be incompressible. However, the con-
siderable change at the phase transition point shows
clearly that the lattice compressibility cannot be ig-
nored and the stability condition should be regarded as
the requirement for a positive compressibility:

1 av 1 ¢ 2E\-t
b= —vF=7(ar) >0 )
(B >0, i, @EEV*>0),

where V is the volume and P is the pressure. This
approach is developed in a number of papers, 244,51, 771
Hirst'®7 ignored the term suggested by Falicov, Kim-
ball, and Ramirez indicating that the electron~hole in-
teraction in the metal phase of SmS may be strongly
weakened by the screening effect of the conduction elec-
trons. This approach was followed by Jefferson,®!} -
who strengthened Hirst's arguments by pointing out that
the matrix element of the Coulomb interaction between
the f and d (or s) electron states should vanish because
of the opposite parity of the corresponding wave func-
tions and because of the centrally symmetric position
of the Sm ion in the SmS lattice. The energy should in-
clude explicity the terms depending on the lattice vol-
ume. We shall assume that &, is a linear function of
the volume V and we shall take the initial volume V,

to be the one for which &,=0. Then, &,= 0yAV, where
AV = V-V, We shall include the elastic terms up to
the third order in AV, bearing in mind that the anhar-
monicity can make a considerable contribution to the
energy in the case of the strong deformation which ac-
companies the phase transition. The energy becomes

E=auAVn+An? 4 BAV -+ 2 (A1 — LF (AT, (6)

The term linear in AV occurs because Vj is the non-
equilibrium volume and the negative sign of the term
cubic in AV ensures an increase in the stiffness result-
ing from compression. For a given volume, the value
of » is found by minimizing the energy

%—=0= AV —}—%An"‘ 3, V)]

and then we find » as a function of AV, K V>V, we
have n =0, d2E/dV?= D—FAV and 8= 1/V(D - FAV)
is the usual compressibility of the crystal lattice (sec-
tion ab in Fig. 36). If AV <0, then

@2E _  dE  _ PE 2E dn

dV: T d(AV) NG + oAV on dAV
, 3 a2 3
=D —~FAl ——?GU( (—5;4—)

/2

[avi:  (8)

We can see that an increase in |4V| causes d2E/d(A VY
initially to decrease becuase of the increase in the en-
ergy resulting from the transfer of electrons to the con-
duction band (section be in Fig. 36) so that it may fall
to zero and become negative. The compressibility

then also becomes negative, i.e., the volume of the
crystal may decrease as a result of a reduction in
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FIG. 36. Schematic dependence
of the volume V on the pressure
P in the course of the phase
transition in SmS,

pressure (section cd in Fig. 36). The second term in
dzE/dV2 then makes an increasing positive contribu-
tion which can again make d*E/dV? positive, The
compressibility returns to positive values (section df
in Fig. 36). The abrupt phase transition occurs along
the ce line in Fig. 36. If » <1 at the point e, the va-
lence after the phase transition is fractional and a fur-
ther compression causes »n to rise gradually approach-
ing unity. When the applied pressure is reduced, the
state of the crystal follows the curve fda’a, i.e.,
hysteresis is exhibited: the metal phase exists at
pressures lower than the pressure corresponding to the
semiconductor-metal transition.

Likely parameters of this model can be selected but
one can hardly expect the same values for the semi-
conductor and metal phases.

The theory of the phase transition in the mixed com-
pounds of the Sm,_,L.n%*S type can be developed in a
similar manner. ®*®! An allowance is made for the
influence of the impurity on the initial volume of a
crystal (chemical compression), which alters the gap
from the f levels to the bottom of the conduction band
in the metal phase; the influence on the density of elec-
trons in the conduction band is also allowed for.

The published treatments have ignored so far the
hybridization between the f states and those in the con-
duction band. However, it has been shown®%%%! that
allowance for this hybridization may lead to a predic-
tion of a phase transition and of a stable state with
fractional valence. Since the wave functions of atomic
origin in a crystal are no longer the eigenfunctions of
the Hamiltonian because of the additional interactions,
this Hamiltonian should include not only the diagonal
terms but also the cross terms between the various
states. Khomskil and Kocharyan'®®%%! allowed for the
usual cross terms between the f and conduction-band
states, and also for the terms representing the Cou-
lomb interaction between them. The Hamiltonian then
becomes

- A , T . .
o= SV Eplb+ N esatar+ 5 D (@ibi+ He) + 4 D) aianbibi;
i I R, i RR'1

(9

here, the first term is the energy of the localized f
states, the second is the energy of the conduction elec-
trons, the third describes the hybridization, and the
fourth represents the energy of the repulsion between
the localized f electrons and the conduction electrons.
They demonstrated that the second and third terms
broadened the f energy states and this broadening is
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particularly strong when the f levels are inside the con-
duction band near the Fermi energy. Estimates indi-
cate that solely because of the Coulomb interactions
this broadening may reach 0.04-0.1 e¢V. In this model
the compression of a crystal reduces the gap between
the f levels and the bottom of the conduction band; then,
the f electrons penetrate the conduction band and the
Falicov-type direct Coulomb interaction between the
localized and conduction electrons tends to increase »
to unity in an abrupt manner. However, in the course:z
of this transition the narrow f level is located near the
Fermi energy and, therefore, it acquires a considera-
ble width. This reduces the energy of the occupied f
states (since the f states are now located not only at
the Fermi level but also considerably lower). Never-
theless, an increase in the conduction electron den-
sity and a reduction in the number of the f electrons
shift the Fermi level to the lower part of the broadened
f-state band, so that the overall position of the energy
of the occupied f states is lowered because of broaden-
ing (it should be noted that if the f states lie above Ep,
this effect disappears completely). This may result in
minimization of the energy in the » < 1 case, i.e., it
may produce a stable phase with fractional valence.

The broadened f-state band near Eyis responsible
for the increase in the density of states in this region,
which may account for the large contribution of the
conduction electrons to the specific heat. '®?

We can see that both approaches—allowance for the
elastic forces and allowance for the hybridization—are
capable of describing the main properties of the phase
transition in SmS. Clearly, both factors contribute
simultaneously to the observed effect. Kocharyan and
Khomskii'®® made an attempt to unify the two ap-
proaches. It is now evident that new experimental in-
vestigations are needed to estimate the contributions
of the two factors.

7. CONCLUSIONS

We can see from this review that samarium mono-
chalcogenides are extremely interesting objects to ex-
perimentalists and theoreticians. Many aspects of our
knowledge of this class of materials are either contro-
versial or still unclear. There is as yet no full picture
of the pressure and temperature dependences of the
electrical, magnetic, optical, and mechanical prop-
erties of samarium monosulfide in the semiconductor
and metal phases. Further studies will help to deter-
mine in detail the electron structure and its change as
a result of the phase transition, and to estimate the
role of the various mechanisms in this transition.

The unique semiconductor=metal and metal-semi-
conductor phase transitions occurring in SmS and in
solid solutions based on this compound are beginning to
find practical applications. One of the examples is the
use of the metal-semiconductor phase transition in
thin SmS films for information recording and stor-
age. [10% 15,1143 phage films have been used in making
amplitude~-phase holograms with a recording energy of
~30 mJ/cm?, diffraction efficiency ~ 3%, and reasonably
high resolution (up to 2000 lines/mm), 1031141
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Even within the fairly unrestricted framework of the
present review we have been unable to review in full
detail the enormous amount of the experimental and
theoretical data on SmS, SmSe, SmTe, and solid solu-
tions based on SmS. We have decided to list almost all
the known literature on SmS and its solid solutions.
For a more detailed bibliography of the work done the
reader is directed to the mongraph by Golubkov ef a1}
and to bibliographical collections published by the
Toffe Physicotechnical Institute of the USSR Academy of
Sciences, together with the Library of the Academy.2!!
The latter give a selection of work on SmTe and SmSe,
which could not have been covered in the present re-
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