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LIII-absorption spectra vere measured for SmS under truly hydrostatic pressure up to
T7.50 kbar at room temperature. Values for the mean valence were derived from the
double-peaked Lyrr~edge, and nn Sa-S5 and Sm-Sm distances were obtained from an analy-~
sis of the EXAFS structure, both as & function of pressure. The latter scale well

with lattice constants from previous high-pressure X-ray diffrection work. A slight
pressure-induced change of the mean valence was already cobserved in the black semi-
conducting phase, and the semiconductor-metal transition - which is not completed

for the studied sample at 7.50 kbar ~ wes found to be smeared over a pressure range of
22 kbar., The analysis of the EXAFS spectra supports one threshold snergy 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. INTRODUCTION

SmS has long been considered a prototype of
rare-earth systems with an unstable valence,
since the Sm~valence c¢an easily be changed both
by external pressure and by chemical subatitu-
tion /1/. When exposed to a pressure of about

T kbar black semiconducting SmS (NaCl structure)
undergoes a suppocsedly first-order electronic
transition to an isostructural zolden mixed-
valent phase accompanied by a volume collapse
of #14%, Information on the mean Sm valence in
the collapsed phase had previously been obtain~
ed from lattice constant measurements /1,2/ and
Sm-149 Mossbauer isomer shift studies with re-
latively low resolution /3/. Recently, a further
second-order phase transition to a metallic
regime was postulated from a study of electric
transport properties /4,5/.

A detailed study of the mesn Sm valence &8s a
function of pressure is highly desirable in
order to clariry the high-pressure phase dia-
gram of Sm3. We have therelore studied Lyrz-
absorption spectre of SmS as a function of
hydrostatic pressure up to 7.50 kbar., The mean
valence was obrtained frem the structure of the
double-peaked Liry-edge, and the distances from
the central atom to the nn-S and nn-Sm atoms
were derived Irom an analysis of the EXAFS os-
cillations. Thus both mean valence and lattice
parameter can be simultaneously measured for a
given sample, 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 possess stroag
phonon enomalies due to the large difference in
ionic radii associated with the two valence
states as well as due to comparable magnitudes
of the valence~fluctuation ard phonon fregquen-
cies /T,8/. X-ray absorption experiments - due
to their short characteristic measuring time of
the order of 10~'6 sec - reflect the instanta-
neous situaticn concerning vmlence as well as
distances from the abaorhing atom to the neigh-
bouring shells, Strong effects of the mentioned
phonon anomelies in mixed-valent materials are
therefore expected in the EXAFS spectra, which,
however, have not been observed in recent ex—
periments on TmSe /9/ and SmO.TEYO.25S /107, It

mey be expected that a study of SmS in the black
semiconducting and the high-pressure golden
mixed-valent phase at the same temperature pro-
vides & much clearer check on this question.

2. EXPERIMENTAL DETAILS

The X-ray absorption experiments were performed
in transmission geometry at the zpectrometer
ROEMO at HASYLAS (DESY Hamburg) using a Si{(111)
double—-crystal monochromator optimized for small
harmonic coutent /11/, which provided a tunable
X-rey beam with & total width of ~1.6 eV at

6.7 keV. During the experiments the electron-
storage ring DORIS was operated at 2.2 GeV and
about 40 mA electron current. The incident pho-
ton flux was recorded with a He-filled ioniza~
tion chamber, while the transmitted X-ray inten-
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3ity was determined by single-rhoton counting
using an argon-rilled propertional counter for
mirimizing contributions from higher harmonics.
The studied absorber was prepsred from a single
crystal of =2mS, which was finely powdered under
argen atmosphere and subseguently pressed into
paraffin for better homogeneity. The high-pres-
sure experiments were performed at room tempera-—
ture under hydrostatic conditions employing an
oil-pressure cell equipped with two Be-windows.
Ambient-pressure data were also taken with the
absorber cooled to liquid-nitrogen temperature.

EN RESULTS AND DATA ANALYSIS

Figure 1 shows some typical Lypy-edge absorption
spectra of SmS at room temperature and various
hydrostatic pressures. The 1,)11-kbar spectrum as
well as the smbient-pressure spectrum {(not shown
here) exhibit prominent peaks at the Lrrr-
threshold ("white line"”), which arise from tren-—
sitions from atomic 2pg/p core levels into empty
5d states with a high density of states at the
Fermi level /12,13/. The energetic position of
the prominent peak in the 1, !l-kbar spectrum
(and also in the ambient-pressure spectrum), is
characteristic for divalent samarium /14,15/. In
addition, a weak peax shifted by 7.2:0.02 eV to
higher binding energy is elready observed in the
ambient-pressure and the 1',11-kbar spectrum,
which arises from trivalent Sm in the sample.
This T-eV shift of the peaied L-edge is due to
an increase of the 2p3/o-core electron bipding
energy when the 3m<*-4f0 configuration changes
to Sm3*-Lf5 /16/. It cannot be clarified present-
ly whether the weak Sm3* contribution, which has
been observed in all 3@3 sacples studied so far
by L-egde spectroscopy /15,10/ ia due to bulk
Sm3* igpurities in the sample, or to the grind-
ing procedure, or to an intriasic mixed-valent
behaviour of SmS.

The dramatic effects of hydrostatic pressure on
the electronic properties of SmS in the region
of the semiconductor-metal transition are clear-—
ly visible in the spectra of Fig, !, Starting
at_a pressure slightly above & kbar, the
3m3*/Sml* intensity ratio increases with pres-
sure, which means, that an increasing proportion
of 3m atoms is found im the Sm3*-UfS configura~
tion during the 10710 sec exposure time of the
Liyr-edge measurement. On the other haad, no
changes in the positions of the Sm2* and Sm3*
white lines are observed as a function of pres-
sure within the present uccuracy.

In order to derive values for the mean valence
v 8 superposition of two identical Lrir-edge
profiles, set equal to the sum of a Breit-
Wigner—Fano function plus an arctan function,
was least-squares fitted to the experimental
data peints /17/. The line-shape parameters were
dectermined from the 1.1i~kbar spectrum and kept
constant in the fits of the other spectra, Al~
most Identical values Tor the intensities of
the Swe€* and 3m3* subspectra resulted Irom
least-squares fits with Lorentzian profiies for
the white lines. The solid lines in Fig. 1 re-
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Figure 1: Sm L.._-edge absorption as a func-
vion of photon &fiergy for Sm3 at various hydro-—
static pressures. The solid lines represent the
results of least-sguares fit analyses as des-~
cribed in the text.

present the results of the Breit-Wigner-Fano
profile mnalyses, and the obtained values for
the mean valence V are plotted in Fig. 3a as

a function of pressure. We observe that the
mean valence of the studied SmS sample {ncreas-—
es from 2,12:0,05 at ambient pressure to a
value of 2.42:0.C5 at the highest reached pres-
sure of T7.5C kbar. Previous studies of lattice
constants /2/ and Mossbauer iscmer shifis of
SmS /3/ under pressure indlcated values lor v
around 2.7 at pressures slightly above the
semiconductor metal transition. This suggests
that the transition is not completed in the
studied SmS sample at the highest pressure ap-
rlied in the preseat work.

We have also investigated the EXAF3 structure
of the X-ray absorprtion coefficieut above the
Sm=Lrr; edge for SmS as a function of pressure.
Representative room temperature results are
displayed in Fig. 2 Zor two pressures, namely
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tigure 2: (a) EXAFS-spectra x(k) of SmS after
background removal at pressures of 1.11 kbar
(solid curve) and 7.50 kbar (dashed curve), re-
spectively. (b) Fourier transforms F(r) in dis-
tance space of k3x(k) for the two cases.

1.11 kbar (solid lines) and 7.50 kbar (dashed
lines). The observed EXAFS spectra x(k) clearly
shov an increase in the lengths of the periods
in k-space corresponding to a reduction of the
interatomic distances. The magnitude F(r) of the
Fourier transform of k3x(k) is shown for the

two pressures in Fig. 2b. As indicated in the
figure, the nearest five neighbouring sulfur
and samarium shells, known from the rocksalt
structure of Sm3, can be clearly assigned to

the observed peaks in F(r). With increasing
pressure the peaks in F(r) shift to lower dis-
tances, We also cbserve a quite drastic decrease
of the magnitude of F(r) with pressure (to be
discussed later).

The EXAFS spectra were analyzed in the usual

way by Fourier filtering techniques as described
e.8. in Rer. /18/. Because of the relatively

low statistical accurscy of the high-pressure
EXAFS data, the small Debye-Waller factors at
room temperature, and a possible influence of
multiscattering processes, only the nn and nan
shells wvere analyzed. The k-dependent Sm-S5 scat-
tering phases were obtained from an analysis of
the 77-X EXAFS spectrum of SmS at ambient pres-

sure and the known nearest neighbour Sm-S5 dis-
tauce under these conditions /1/. From the argu-
ment of chemical transferability these scatter-
ing phases are expected to be independent of
pressure and valence. They were therefore used
to derive the pressure dependence of the nn Sa-S
distance shown in Fig. 3b. The agreement with
the results orf the previous X-ray diffraction
measurements of Keller et al. /2/ ia very good
(within +0.02 R). This comparison again shows
that the semiconductor-metal transition is not
fully completed in our SmS sample at 7.50 kbar.

The EXAFS spectra could be evaluated best with
a single zero of kinetic energy for the photo-
electrons, even though the observed L-edge
structures suggest T-eV differences for photo-
electrons originating from Sm=* and 3m3*, This
finding is in agreement with the results of
other EXAFS studies of mixed-valent compounds
/9,10/. We alsc could not detect two different
nn Sm-S distances in the observed EXAFS spectra,
vhich would lead to a beating of the Fourier-
filtered nn-shell EXAFS oscillations /19/. This
again is in accord with the previous EXAFS
studies of mixed-valent systems /9,10/. The
statistics of the present high-pressure data is
not good enough to decide on this question also
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Figure 3: Pressure dependence of (a) the mean

valence vV of SmS derived from an analysis of
the LyrI-edge spectra and (b) of the Sa-S an-
distance d3 obtained from the EXAFS spectra.
Also shown in (b) are values derived from the
X-ray diffraction work of Ref. /2/. In the in-
sert 43 is plotted as a function of the mean
valence ¥. The dashed line represents Vegard's
law.



A clear damping of the magaitude of the Fourier
transform F(R) iz observed at 7.5 kbar as com-—
pared to 1.11 kbar (see Fig. 2b). This may be
described by an attenuation factor, which is
usually accoynted for by a Debye-Waller—type
term exp(-207K<) in the EXAFS expreszion for
«x} /18/. The mean-square average Of the dif-
ference of displacements JJ between the atoms
in the j-th coordinaticn shell and the central
atom may have contributions from thermal vibra-
tions and static disorder. We have analyzed the
attenuation factor for the nn-3 shell as a
function of pressure by comparison with the
77-X ambient-pressure EXAFS spectrum using the
grocedure ux Ref ,20/ This leads tvo <he dif-~
ference Aa“-o- r)~07 0) of the mean~-square
displacements 09 the nn—q distances between

the room temperature high-pressure end the 77-X
ambient-pressure data., The results of this ana-
lysis are presented in Fig. 4, In the semicon-
ducting phase the disorder clearly gets smaller
Up tO 2 pressure of =6 kbar, which may be ex-—
pected from a stiffening of the lattice. At the
pbase transition a pronounced increase of Aue
is observed, with a peak at =7.2C kbar. At th
highest pressure studied (7.50 xbar) Ac2 has
agein decreased. It cannot bte declded from the
gresent dsta whether this increase in Ag< at
the phese transition is due o the xnown vhonen
anomalies in mixed-valent systems or simply due
to some static disorder. The observed decrease
of 532 at the highest pressure point indicates
a deminant contribution from static disorder at
the phase %transition. Such an effect has to be
expected if the sample undergoes a first-order
phase transition smeared out by inhomogeneity
effects in the sample. A clarification of this
question has to wait for an extension of the
hydrostatic pressure range to higher pressures.
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Figure 4: Difference Ac” of an Sm-3 mean-square
displacements between the 3C0-K hign-pressur
and T7-X ambient pressure data.

The Lyyi-e=dgs spectrz reveal a small Sm3+—de-
rived siructure even at ambient conditions as
can be seen e.g. in the 1.1l1-kKbar specirum pre-
sented In Fig. 1. The intensity of this tri-
vajent peds was Ir'ound to vary only slightly f:r
the different samples studied. The lowest e
content was Jound to be ¥12% corresponding o
a mean valence cof ¥=2,11 at ambient conditions.
Presently it cannot be decided whether this is
due to Sm?* impurities in Sm3 (either intrinsic
or created by grinding) or if it reflects a
mixed~valent behaviour of Sm3 already at am-
bient conditions. The impurity hypothesis is
supported ty the fact that aampLe—deneﬁdcdt
Sm3+-impurity phases rtave been identified in
various 3mS crystals by other methods /21/. On
the other hand, recent high-resolution VUV-
photoemission experiments on 3m3(100) surfaces
railed in desecting any Sm3*festures in the ob-
served valence bends /22/. In these latter
measurements, however, a bulkx mixed-valent
state of 3m close to divalency would hardly be
seen due o the high surface sensitivity and
an expect2d surface-valence transition /22,23/.
In order %o clarify the addressed juestion, L~
edge measurements on thin single-crystalline
discs of Sm3 should be performed and sre in
fact planned in the near future.

The results for 7 displayed in Fig. 2a also
show that a small change of the 4T occupaticn
number occurs alreedy in the black phase be~
fore the semiconductor-metal transition takes
place. This is in agreement with a recent t.izo-
retical description of the semiconductor-metal
transition of SmS in terms of f-d hybridization
in the semiconducting phase /2L/, A slight in-
crease of the mean 5m valence with pressure in
the black phase had previously alsa been sug-
gested on the basis of the results of high=-
pressure Méssbauer experiments /3/.

The semiconductor-metal transition of the
studied SmS sample seems to be smeared over a
pressure range of more than 2 kber {(see Fig. 3).
This may be due to an inhomogensous distribu-~
tion of transition pressures for the first-
order phase transitiocn in our powdered sample.
Such an interpretation is supported by the fact
that a variation of the transition pressure had
already previously been found in X-ray diffrec-
tion studies of several SmS samples under hyéro-
static pressure /2/. It should be possible to
clarify the true nature of the sransition by an
extension of the present pressure range keeping
the truly hydrostatic conditions.

The present X-ray absorption experiments allow
2 simultaneous determination of the mean
valence (from the L-edge structure) and the nn
Sm~3 distance d (from EXAFS) as a function of
pressure, Since we have found ay=2d¥ to hold
for al¢ pressure values (see Fig. 3b), a plot
of dj versus ¥ allows a unigue check on the
vall &1ty of Vegard's law. The data plotted in



the insert of Fig. 3 despite the limited accura-
cy exhibit a considerable deviacion from a
iinear relationship and show that a4 linear in-
terpolation of i measured latctice constant would
lead to a too large value for ¥. The dashed

line in che insert of Fig. } represents Vegard's
law assuming d3=2.81 R for a fictitious Sm°"S
and V=2.11 for SmS under ambient conditions
(d§=2.98 R). The above statement would also

hold if the deviaction of Vv from 2.0 for SmS
under ambient conditions is due to Sm3* impuri-
ties. Then the dashed line has to end at di=
=3.01 % for ¥=2.0, and all experimental ¥ values
would have to be shifted by U.11. The observed
deviation from Vegard's law is in qualicacive
agreement with other findings and has recencly
been interpreted on the basis of the bulk modu-
lus in the intermediate-valent regime /6/.

Finally, a few words should be made about che
reliability and accuracy of the V values derived
from L-edge spectra of mixed-valent sysctems. The
central quesction is to what extent the observed
double-edge structure of the L-edge represents
the initial-state valence mixture. There is
strong support from a variety of experimental
data that in neavy rare-earth systems, where

the 4i-sctates are well localized, a possible in-
fluence of final-stace screening effects is neg-
ligible. This is qualitatively understandable,
since in an Ly[y-edge absorption process the
electron is excited into a racher localized 5d-
state so that the positive core-hole is well
screened with respect to the more itinerant
valence and conduction electrons, thus making

a major redistribucion of these electrons un=
probable. The situation is quite different in
deep core-hole XPS measurements, where the ini-
tially unscreened positive core-hole has been
found to cause both shake-up and shake-down pro-
cesses, which may complecely masque the initial-
state valence /25,26/. It should be noted that
such final-stace effects have also nor been
identified up to now in valence-band photoemis=
sion spectra of heavy rare-earth systems /27/.
we would like to emphasize that these arguments
may not apply to the case of Ce systems /28/.

It is therefore reasonable to assume that the
observed double structure of the Lyjr-edge re-
flects the inictial-state valence. The absolute
agccuraocy of the derived mean valence, however

is subject to some uncertaincy, since it depends
to some extent on the line-shape analysis, par-
ticularly due to the broad features of the L-
edge white lines (caused mainly by lifetime ef-
fects). We have employed the same lineshape
parameters for the Sme*- and the Sml*-derived
edge structures even though a lower intensit
of the white line may be expected for the Sm
ion due to a locally partly-filled d scate. If
this should be the case the values tor ¥ have
to be considered as lower limits.
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