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Ljjj-absorption spectra were measured for SmS under truly hydrostatic pressure up to
7.50 kbar at room temperature. Valuea for the mean valence were derived from the
double-peaked Ljjj-edge, and nn Sm-S and 3m-Sm distances were obtained frora an analy-
sis of the EXAPS structure, both äs a functioti of pressure. The latter scale well
with lattice constants from previoua high-pressure X-ray diffraction work. A slight
prassure-induced change of the mean valence was already observed in the black semi-
conducting phase, and the semiconductor-metal transition - vhich is not completed

for the studied sample at 7.50 kbar - was found to be smeared over a pressure ränge of
=2 kbar, The analysis of the EXAFS spectra supports one thrsshold energy and one nn
Sm-3 distance even in the mixed-valent regime. A critical damping of the EXAFS ampli-
tude was observed in the region of the phase transition.

1. IMTRODUCTIOS

ScS has lang been considered a prototype of
rare-eartb Systems with an unstable valence,
since the Sm-valenoe can easily be changed both
by external preaaure and by cbemical Substitu-
tion /!/. Wien exposed to a presaure of about
7 kbar black semiconducting SmS (NaCl atructure)
undergoes a supposedly first-order electronic
transition to an iaostructural golden mixed-
valent phase accompanied by a volwne collapae
of a^%, Information on the mean Sm valence in
the collapsed phase had previously been obtain-
ed from lattice constant measurements /1,2/ and
Sm-1^9 MÖsabauer isomer shift atudies vith re-
latively low resolution /3/. Recently, a further
second-order phase transition to a metallic
regirae was postulated froo a study of electric
transport properties /k.5/.

A detailed study of the mean Sn valence äs a
function of pressure is tiighly desirable in

Order to clarify the high-pressure phase dia-
gram of SmS. We have therefore studied LJJJ-
absorption spectra of SmS äs a functioti of

hydrostatic pressmre up to 7-50 kbar. The mean
valence was obtained fron the structure of the •
double-peaked Lj^^-edge, and the distances from
the central atom to the nn-S and nn-Sm atoms
uere derived from an analysis of the EXAFS os-
cillations. Thus both mean valence and lattice
Parameter can be simultaneously measured for a
given samcle, allowing a. unique check on the

validity of Vegard's law, which has been used
extensively in deriving mean valences from
lattice constant data /6/>

Mixed-valent Systems are known to posseas strong

phonon anomalies due to the large difference in
ionic radii associated with the two valence
statea äs well äs due to comparable magnitudes
of the valence-fluctuation and phonon frequen-
ciea /7,8/. X-ray absorption experiments - due
to their short characteristic meaguring time of
the order of 10" '6 aec - reflect the instanta-
neous Situation concerning valence äs vell äs
distances. from the absorbing atom to the neigh-
bouring Shells. Strong effects of the mentioned
phonon anomalies in mixed-valent materials are
therefore expected in the EXAFS spectra, which,
however, have not been obaerved in recent ex-

periments on TmSe /9/ and Sm ~cY ? S /1Q/- rt

may be expected that a study of SmS in the black
semiconducting and the high-pressure golden
mixed-valent phase at the so/ne temperature pro-
vides a much cleejrer check on this questiou.

2. EXPERIMEIJTAL DETAILS

The X-ray absorption ejtperinents were performed
in transmission geometry at the apectrometer
RÜEMO at HASYLAB (DESY Hamburg) using a Si(in)
double-crystal monochromator optimized for small
hannonic coutent. /l!/, which provided a tunable
X-ray beam with a total width of "-1.D eV at

6.7 keV. During the expe-riments the electron-
storage ring DORIS was operated at £.2 GeV and
about Uo aA electron current. Tlie incident pho-
ton flux was recorded with a He-filied ioniaa-
tion chamber, while the transmitted X-ray inten-
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-

n •O •1 Q •d rt 1 rt H
-

rt tn O "
i

U
i

B W M
'

3 et ff rt r̂t (R M
-

O 3

r» P- M B R P r
t

H
-

n n 1̂ IC n e
t u O ^ ff >< p h o m (t S M
'

O •d 1 it D
l m p f( rt o B

it rt H rt o rt 1 o p u >-
•: B p
. S>

0
0

p. n 1 rt P
-

ffi rt H
-

tn p- c; rt e
t o

K
, 

—
 

rö
 

p
,

B
 

1 
P

h-
 p

. 
e
r

M
. 

u
 

f<
 

•<
P

 
P 1

 
O

 -
1

n
 

o
- 
.

3-
 

in
 

cn
 
ro

rt
 

*ü
 

rt
 

it
rt
 
1

 O
B
 
l)

 
rf
 

.

§
r
t
 
r
t 

O
*<

 
P

. 
ro

*d
 
P

H
 
B

 
H

- r
t

rt
 -
 

3
 
<

rt
 
n

ff 
O

et

in
 

tn
p

 
cn

p
 
f;

4
 r

t
H

-
p

 
tn

B
 -

d a>
•~

~.
 
n

 
'

-.
 e

t
£'
 4

4
 

P
V

J
l 

^
_
-

!-
•-

n
 tn

B

._ K ff P 1 tn W rt O rt §

(̂R rt et !-
•• n V O in !-•
•

e
t

H
-

O P O

•< O t-*
f tn rt P rt n cn P e
t et ff n

1 rt M rt 1 it H 10 H
'

P e
t

O rt B •a rf S

h-
- 

n
o ff

 
P e

t
ff 1
 r
t

H
- 

;r
cn

 
ic

rt
r-

l-
T
ll
-l

1
 n

O
 n

B
 

1

rt i-]

o. •d rt n r* 2 i --
-

a O f in ff O 3

1 ,-v ff P 1 LT
i

•d m n et ^1 P> in

P̂ et r r̂t P 3 P
-

5 P 4 M
-

O C in

n
.H k-

H
M

1 rt, o
.

(H rt P tr tB o a rt M
-

O 3

P
>
 

3
>
 
O

 
t
t
 

II
I
 *

r
j 

^
 
O

 
.
 }

D
"
 
B

 
h
"
 
C

 
p

 
$

 
1
 

l
j
 

-
J

o
ie

r
i-

'H
T

i(
R

*
^

i*
l 

rc
 
rt

 
P

 
p

 
cn

11 er rt 1 rj O O M rt p (t O M !-
••

J
J C h
--

P
- 1 3 h-
.

rt 1 O m rt P rt It B f rt 2 et S rt

r
t

 •
o
 
i

a r« •d 1 rt W in e IB P
-

P et P *: n i-i rt P M In O et P tr rD P c H
'

e
t

ff et tr tu

r̂t tn 0
) p *1 rt n rt t-
1

(--
•

rt .0 P p
'

•d •d rt p
. e H
-

[t ff rt £ O W rt t, S'

g P
.

rt 1 P •̂ S o in (t P et H
-

O n O P p
.

!-•
•

et H
.

O 3 tn rt B •O l-
1

O ^ H
'

a
p
.«

o S
 

P
in

3

it w •d rt n H
-

B it 3 B t (t T rt •d rt n M
l

C a rt C
.

i» et 1 O O s e
t n B •d rt 1

>-
t

H
-

P Ü̂ 1 W rt it r« rt 1 p- O S O M ro 3 rt h-
.

e
t

*< rt 3" it p- H
-

T
O ff •d 1 rt tn

a p et B O in •d a~ rt '1 <c i= a a M c: ir n n ü p rt 3 it H
-

•«
i

•O T rt ei B n P- ;j r* O

(t P O ^n (/
. g in C ff 1J
-

n B- ii P> W •"5 j-^
-

rt t-
1

S •n O < P- (t 1 rt P 1 rc
'n C P

'
!-
•• a p- P> rr in C, >i (T rt 4 < P in •a >
i rt •a l» 1 rt D
.

>•
*
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Mgure 2: (a) EXAFS-spectra x(k) of SmS after
background renoval at pressures of 1 . 1 1 kbar
(solid curve) and 7.50 kbar (dashed curve), re-
spectively. (b) Fourier transfonna F(r) in dis-
tance spttce of k3x(k) for the two casea.

1.11 kbar (solid lines) and 7.50 kbar (daahed

lines). The observed EXAFS gpectra x(*) clearly
ahow an increase Ln th« lengths of the periods
in k-space corresponding to a reduction of the
interatooic diatanceu. The magnitude F(r) of the
Fourier tranaform of k\(k) ia shawn for the
two preasures in Fig. 2b. Ad iudicated in the
figure, the neareat five neighbouring aulfur
and samarium Shells, kiiown l'roo the rocksalt
atructur« of 2md, cao b« cleturly assigned to
the observed peaka in F(r). With increaaing
pressure the ptaks in Ptr) shift to lower dis-

tancea. We also obaerve a quite drastic decrease
of the magnituds of F(r) with pressur« (to be
discuased la.ter).

Phe EXAFS spectra were analyzed in tbe usual
way by Fourier füceriag teohniquea äs deacribed
e.g. in Ref. /1Ö/. Because of the relatively
low statistical accuracy of the high-pr«ssure
EXAFS data, the small Debye-Wallör factqrs at
room temperature, and a poaaible influeace of
multiscattering processes, only the an and np"
5hell3 were analysed. The k-dependent Sm-S sctit-
Gering phases were obtained i'rom an analysis of
the 77~K EXAFS äpectrum 01* 3mS at ambient pres-

sure and tne known nearest neighbour Sm-3 dis-
tauce uuder these conditiona /!/. From the argu-
ment of cheraical transferability these acatter-
mg phases are expected to be inüependent of
preasure and valeace. They wer? thei-efore uaed
to derive the pressure dependence of the nn 3m-
distance jhown in Fig. 3b. The agreement wich

the resolta of the previoua X-ray iiffraccioo
meaaurezents of Keller et al. /2/ is very good
(within 10.02 8). Thia comparison again shows

that the semiconductor-oetal tranaition ia not
fully completed in our SmS sampl« at 7.50 kbar.

The EXAFS spectra could be evaluated best with
'i ringle iero of kinetic energy for the photo-
electrons, «ven though the observed L-edge
structures suggest 7-eV differences for photo-
electrona originating from Sm-* and 3m3*. Thia

finding is in agreement with the reaults of
other EXAFS atudies of nlxed-val«nt compounda
/9,10/. We also could not detect two difi'erent
nn Sm-3 diatances in the obaerved. EXAFS spwctra,
which would lead to a beating of the Fourier-
filtered nn-3hell EXAFS oscillations /19/. Thia
again is in accord with the previous EXAFS
studiea of mijted-valent ayatems /9.10/. The
statistics of the present high-pressure data is
not good enough to decide an this question also
for tl.ö nn 3n aheLl.
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F_iguxe 3: Pressure dependence of (a) the mea.ii

vaience v of SmS derived i'rom an analysis of

the -ni-edge spectra and"tb) of the Sm-S nn-
distance d^ obtained from the EXAFS spectra.

Also ühown in i b ) are values derived from the
X-ray dii'fraction work of Ref. /2l. In the ia-

sert d1] ia plotted äs a function of the mean

valence v. The dashed line represents Vegard's
lav.
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A ^lear daoping of the magnitude öl" ~:ie Fourier
transform F(R} is observed at 7-50 Itbar äs com-
pared to 1 . 1 1 kbar (see Fig. 2b ) . This raay be
described by an attenuation factor, which is

usually accounted for by a Debye-Waller-cype
term exp( -2o'TÄ'-) in the EXAFS expression for
<(&) /1o/. Tfie raean-square.^average of the dif-
ference of displaceraents j} between tfle atoms
in the j-th coordinaticn shell and the central
atom may have contributions from tbermal vibra-
tions and static disorder. We have analy^ed the
attenuation factor for the nn-S Shell aa a
funct-ior. of oressure by conparison with the
77-X ambient-pressure SXAFS spectrum using the
proceiiure of Ref. ,'20/. Thi5 leads to the dif-
ference Aa^=o^p_(P)-o^j(0) of the mean-square

displacements'of the r.n-S distances between
the rooia temperature high-pressure and the 77-K
ambient-pressure. data. The results of this ana-
lysia are preserited in fig. 't. In the semicon-
ducting phase the disorder clearly gets sraaller
up to a pressure of -6 kbar, which nay be ex-
pected from a stiffening of the lattice. At the
pb.ase transition a prooounced increase of Aa-
is aoseir/ed, with a peaic at i'7.20 kbar. At the
Eignest pressure ätudiöd (7.50 Jtbar) io2 has
's.gain decreased. It cannot be decided fron the
present data whether this incraase in dj1̂  at
-he phase transition is due to zhe -tr.own phonon
anomalies in cixed-valer.t Systems or aimply due
to 3Ome static disorder. The observed decrease
of JJ1- at ttie highest pressure point indicatea
a dominant Kontribution from static disorder at
the phase transition. Such an effect has to be
expected if the sample undergoea a first-order
phase transition smeared out by inhomogeneity
effects in the sample. A clarification of thia
question haa to wait for an extension of the
hydrostatic pressure ränge to higher pressures.

o
~ aoi
b

et
„a

QOO

t---.

2 4
PRESSURE

Figure h: Difference Ao'" 01' nn ^m-3 mean-square

displaceaenta between the 3CO-K higji-pressure
and 77-K ambient pressure data.

The Ljjj-edge spectra reveal a small Sm -de-

rived structure even at ambier.t conditions äs
can be ^een e.g. in the l.H-ttbar dpectruni pre-
jented in Fig. i. The intensity of tnis tri-
vaient, peait was i'ound to vary only jlightly for
the difi'erent stunples studied. The l&weat JiajT

con^ent was found to be *'2% corresponding to
a niean valence of v=2.11 at ambient conditions.
Presently it cannot be decided whether this is

due to Sm-'"1' impurities in SmS (either intrinsic
or created by grir.ding) or if it reflects a
inixed-valent behaviour of SmS already at am-
bient conditions. The impurity hypothesis is
supported cy the fact that sampie-dependent
Sm^*-impurity phases have beec identified in
various SmS crystals by other methods /2l/. On
the other hand, recent high-rqsolution VUV-
photoemission experiments on 3cS(lOO) äurfaces

failed in detecting any Sm^Teatures in the ob-
served valence bands /22/. In these latter
measurenents, however, a bulk mixed-'/aler.t
state of Sei close to divalency wo'̂ ld hardly be
seen due to the high surface ser.sitivity and
an ejcpect-ed surface-valence tranaition /22,23/.
In order to clarify the addressed :uestion, L-

edge meaaurements on thin single-crystalline
discs of SmS bhould be performed and are in
fact planned in the near future.

The results for v displayed in Fig. 3a also
ähow that a small change of Lhe kf occupation
number occurs already in the black phase be~
fore the semiconductor-metal transition takea
place. This is in agreement with a recent t ,.;o-
retical description of the semiconductor-oietil
transition of SmS in terms of f-d hybridization
in the semiconducting phase /2l*/. A slight in-
crease of the mean Sm valence with pressure in
the black phase had previously also been sug-
gested on the basis of the results of high-
pressure Kössbauer experiments /3/.

The semiconductor-metal transition of the
studied SmS sample seems to be smeared over a
pressure ränge of raore than 2 fcbar (see Fig. 3).
This may be due to an inhomogeneous distribu-
tion of transition pressures for the first-
order phase transition in our povdered sample.

Such an Interpretation is supported by the fact
that a Variation of the transition pressure had

already previously been found in X-ray diffrac-
tion studies of several SmS saaples under hydro-
statit: pressure /2/. It should be possible to
clarify the true ;iature of the transition by an

extension of the present pressure ränge keepiug
the truly hydrostatic conditions.

The present X-ray absorption experiments allow
a simultaneous determination of the mean
valence (fron the L-edge atructure) and the nn
om-3 distance d^ (from EXAFS) äs a function of
pressure. Since ue have found a0=2df to hold
for all pressure values (see Fig. ;b), a plot
of d? versus v allows a unique check on the
validity of Vegartl's law. The data plotted in
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