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ABSTRACT

The X=ray absorptioh edges of antimony and iodine in SbSI, SbQSB, Sb285
have Beeh méasured at high resolution with synehrotron radiation. It is
shown that the dénsity of unoccupled levels in the dorduection bard is ade-
quate to interpret the edge structures between O and 10 eV, THe striuctures
vetween O and 10 eV and the cHemical ghifts of the three compounds are com
pared: original information is obtained about the ionicity of theé chemical
. bond. Theé structutres between 10 and 50 eV are analyzed and interpreéted in
terms of stereochemicdl coordination. The non-existehce of S5b,Sy as a stoi
éhiometrie compound is confirmed.

1.~ INTRODUCTION

THe finé structures within the first 10 eV abodve the X-rdy absorption
edges of solid state samples reflect the local partial density of uhoccu-
pied states of the conduction band; withH the possible influerice of final
state effects like excltons, multi-slectron contributiong, relaxation ef-
fects(l).



Tt fe &till cohttoversial whith partial dehsity of}statéé hiss to be
cotipared With the eéxpérimental spectra in the single éléctbon eorifigurd
tion: the déhéity'of States of the final system wlith the core hole exci
ted br nore simply the derisity of the urperturbed states(2‘4).

Recently & conparison betweén the X-ray absorption spectra of some
rare-earth metals afd the calculated single electron band stiucture over
an energy ratige of about 100 eV showed that the single electron theory
cani well describe the white peak and the riear-edge structures of those
compounds(S)b

Within the single electron approximation the absorption coefficient
is proportional both to the projected density of states (DOS) and to the
etiergy=dependent matrix elémeﬂt; The experimental spectra are often quali
tatively compared only with the bos, although the influence of the ma=
trix elemient 18 widely recognized. Due to the lack of a direct kriowleédpe
of the matrik elemeént as a furiction of energy, o¢rie takes advantage, as a
first approximaﬁiOn, bf‘fhe Hypothesis that the matrix element varies
sfioothly within the first 10 eV above the edge.

The fire structures between 10 ard 5C eV above the edge, when inter=
preted in termg of multiple &cattering of the photoeélectron by the atoms
surrounding the absorber, cotitain informatioh about bond angles and di-

sbances(®)

e o 9 . ) , V13 V. VI
SbSI and SbpSy, represéntative compounds of the AVBVIC/I{ and AngI

groups respectively, Have atoused much interest for their peculiar me-

chanical and,electrbnib properties deriving from the low-dimensional

<7‘8)s Both these cotipounds, whoge structure is characterized

strilctute
by a dotble ribbon pdrdllel to the crystallographic direction [001], are
rerroelectric ard phictoconductive semivonductors.

Pew valdulations 6t the electronic banhd stricture of these crystals
hdve beén beﬁfébﬁed~ub to now due to the cofiplexity of the geometrical
structure and to the ifisufficiency of available experimental data.

Experimental information concerning the cccupled electronic states
of SbSi,“SbQSB dnd other compounds of the AVEVICVII and AZBXI groups hav:
been obtalhed from photoenissich spectral®), Transmission and reflectivi
ty measurenerits provided irnformation about the joiried density of conduc-
tion and.valeﬁce stateé(ibjs A direct experimental investigation of ‘the

unoceupied electroriic states is still almost completely lacking.



szSs has been little studied up to now for what cohcerns physical jodae]
perties(11’12>. Aetually it is a ton-stoichivmetric compound: coripogd tisn
and structure can différ in differeht samples. The shorb=rangs ordér dro=
und the antimony atom 16oks in any dase similar to that in Sbésé.

Tn this work the zsbsorption spectra within the first 50 eV at the L
edges of antimony and iodine aré studied for the three compotinds! SbsI,

SbQSS ;, Sb

255

The interpretation of the edge &tructures within the first 10 &V isg
carried out in terms of density of the lowést unoccupied states in the con
duction band. At fivst the absorptidn &peétra of the three compoulidd are
analyzed separately. In particular the structures at the edges Li and Lgj
of antimony and iocdine in SbSI aré compared to the total DOS calculated
f6r theé conduction band. A comparative analysis of the three compourids is
then performed for what concerng both the shape of the spectra ahd the
energy shift of the edge: Finally the analysis of the structures between
10 and 50 eV is utilized to obtain information about the stereschemical

coordination:

2.~ EXPERIMENTAL. DETAILS

The X-ray sbsorption medsuremehts have been perforiied with syhchro=
tron radiation. at the wiggler Source of thé Frascati National Labordto=
Tiés(ls)a

To. réducée the harnonids donterit of the beam the storage ring was ope
rated at an electron energy of 1.2 GeV and a wiggler maghetic field of
1.6 T. The critical energy of the photon beam was cohsequently 1.7 kev.

The monochromator was a Silicon ¢harpel-cut c¢rystal with reflecting
(111) planes. The energy resolution of the experimental apparatus was
estimated to be 0:% eV. at 5 keV, mainhly detéermined by the intrinsic pré=
solution of the crystal. The éxperimental poitnts were sSpaced 0:8 &V ab
the lowest energies (edge Ly of antimony), ©.4 eV at the highest (edge
L of iodine).

Two ionisdtion chambers filled with kripton were uged as detéctors,
orié. before and ohe after the safiple. ThHe pressures of the gas were calis
brated to obtain a 30% atsorption in the first ion chamber, the maxkimim
sbsorption in the second one.

Typical atquigition time was 30 minutes per &pectrum.,



The samples of Sb,54 and Sb,Sg

ased from Merck. The crystaliine structure of the two compounds was chacked

{nomifial composition) were powders purch

by means of an X-ray powder diffractometer. The samples 6f $bSI had been
sbtained by fine pulverisation of monotrystals(14),

The powders were deposited on filter papér by & sotfiication tééhnique to
obtain a uniform thiskness(15).

The thickness of the samples was carefully calibrated to get the same
value of total absorbance ux &t a giveh wavélength for the difterént com=
pound. For what concerns SbSI, the same gample was used in measuring the
edge of both antimony &and iodine since the thicknegses best sulted for the
ahalysis of the two groups of L edges are nearly identical.

The Measurements weré performed at a temperature of about 300 K for
all the samples. For SbSI some measurements were performed at liquid nitro
pen temperature as well, to fiohitor possible differences between the para-
electric and ferrcelectric phases.

The pre-edge region of each experimerital spectrum has beeh ektrapola-
ted to the higher energies by meang of a Victoreen)like fit. The fitting
curve has then been subtracted from the experimental spectrum to dbtain

the elemierital absorption coefficient.

3, - RESULTS AND DISCUSSION

3.1.= 8bsI

SbSI is a seémiconducting compoind, with an optical gap of 2 ev(7) A

pars~ferroelectric phase transition has been observed at 295 g(16),
is
oh

in ferroelectrie phase. In both phasges each an

The SbSI crystal has orthorombic symmetry. The &patial group is D
in paraelectric phase, Cgv
tifiony atom is surrounded by three sulphur and two iodine atoms placed at
the vertices of a slightly distofted pyramid with sguare basis<17). In pa
raelectric phase the medn Sbs distance is 2.62 ﬁ, the Sk~I distance
3.12 R,

The atomic arrangement has beén congidered almost consistent with the
iotiic model Sb3+52“1“. vhe Fathér short distances betwebn négative ions
on the other hand sugpest a partial covalency of the bOnd(lg)»

In paraelectiic phase we peébformed X-ray absorption mésurements at
the Ly,L, and Ly edges of both antifiony and iddine.



The edge L, of antimony is characterized by a strong white peak. The

1
FWHM of the peak, calculated as twice the left halfwidth, is 3.2 ¥ 0.3 eV
(Fig. 1). In a previous paper<19) the white peak was interpreted in terms
of high density of unoccupied states of p symmetry in the bottom of the

conduction band.
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FIG. 1 - XANES at the edge Ly of* antimony in SbS3I.

The edge L, of iodine also shows a white peak, much less pronounced

1
however than that at the edge L, of antimony (Fig. 2). The FWHM of the
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FIG. 2 - XANES at the edge Ly of lodine in SbsSI.



peak, calculated 45 twice the‘léfﬁ7héifwidﬁh, i 2,83 1 0.3 eV, the same as
that of the aritimony peak.

The band structure of‘sbSI‘hag been calculated for tHe unidimefisional
fodel by Yamada and Chihara(20) and by Khasabov and Nikiforov(21), itore re
cefit calculations hiave beehn peffofmed by the empirical potential method by
Nakao ahd Balkafiski in both phases(22) and by Forg only ih the paraelectrie
phase.

In the paper by Nakae and Balkanski the total DOS are also shown. Cal
culations of partial DOS are 6n’the-cdntrary ot yet available in litéra-
ture.

The structupbes at the absorptisn edges havVe td be cdrrielated to the
partial DOS: Nevertheless in the pfesént case the compabison of the expes«
rimental data with the total DOS Has provided some useful and original in
formation,

The structures at the edges Ly of antimohy ahd iodine are compared in

Fig., 3 with the total DOS caletilated for the conduction band.

ABSORBANCE (a.u.)

A

-8 0 § 10 18 30
EﬂE;feV)

FIG. 3 ~ Comparison between the fine structures at the

edges L, of antimohy (thick cortiruous line) and iodine
(dotted 1ine) in Sbsi with the total DOS of the conduc=-
tion band c¢aletlated by Nakdo ahd Balkanski (narrew con
tindous 1ime). -

A low-lying group is evident inh the calculated DOS between 0 and 4.5

eV, clearly separdted from the remaining part of the conduction band and



attributéa t6. levels of p sSymmetry of the aritinmony atoms(zz). The enéfﬁy‘
scdles of the two experifierital spactra have been shifted to put in corrg
spohderice theé maximum of the white peaks with the center of pravity gf
the low=lying proup of the calculated DOS. Moreover the intehsities of
the experimeéntal Spactra have been normalized by equalizing the mean ab
sorption coefficient beyond 15 eV above the absofption limit (defined 44
the enerpy of first~maximum.iﬁ the tirst déerivative).

The good correspondance betweer the experimerital spectra and the cal
culated DOS allows to attribute both white peaks to dipole transitiohs
to levels of p symmetery in the bottém of the cohduction band.

Fér what coherns the edes Ly and Ly rio considerable differences Ha
ve beeh remarkéd in thé shape of the speéctba betwsen the edgse Lp and the
edge Ly for both antinbny and iodine. The intensity of the edpe bLj is.twi
¢e the intensity of thé edge Ly witﬁiﬁ thé'expefiméhtal ageuracy.

In Fig. 4 the structures at the edges Ly of antimony and iodine are
compared with. the tOtal.D¢S»ca1@u1ated~for the conduction band. The' two
experimerital dgpectra. hHave been nermalizéd by egualizing the médn absobps
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FIG. 4 = Comparison between the fine structures at the edges
Ly of artifony (thick continuous line) and iodine (dotted 1i
ne) in SHSI with the total DOS of the sonduction bahd caléus=
lated by Nakao ahd Balkanski (havrrow continddus 1iné). The
vertical bars show the peéditiong of the first two makima of
the first derivatives 6f thHe éxperimernital spectras
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tioh cosfficients beyotid 15 eV abové thé sbsorption limit. For what con=
cerns the enerpy scales, the absorption limits of the éxpéerimerital gpec-
tra have beer put in correspondence with the onset of the low-lying group
of the conduction band.

THe experimental specdtra; characterized by two humps, dre very simi&
4f. The distances betWeen tHe rirst and the second maximum of thé first
dspivative is 4.5 + 0.3 éV for both spectra. Orie can reasonably attriblte
thé first Hump to transitions to iroccupied states of & symmetry, the sg
corrd -Aump to urnoccupied states of miixed s and d symmetry.

Corresporidingly the low=lying grolp betweeh O and 4.5 eV in the cal-
stilated DOE is followed, at 4.8 &V, by the ohset of a wide barid:

THe comparative analysis of the edges Ly and Lg of antimory and lodi
 he allows to state that the low=1lying grolip of the econduction bafid is &
mixitig of states of & and p symiietry, in dpgreemént with theoretical -expeg
tationé(23>‘

While however the structures at the edgés Ly are very similar, the
white -peak of the edge L; of antiméfty is much stroriger ‘than the peak at
the edge Ly of todine (Fig. 3). This can be attributed to a strong loca-
jiization of the free 5p orbitals near the antimony abom. ‘As a matter of
fact the ionicity of SbSI is related to the depletion of 5p levels of an
timony when the compound ie forméd. The.similarity between the spectra at
the edges Ly within the first 5 eV allows to suppose that the s free or-
bitals, unlike the 5p, are delocalized.

The spectra at the edges Li anhd L3 of  antimony have béeh medsured in
thie ferroelectiic phase as well. No differénce has beenh noticed with re-
spect to the paraelectric phase for what concerns both the ghape of the
spectra and the energy position of the absorption 1limit {(within the 0.3
eV step of the monochromator). According to theoretical calculations no
significant variations in the band structure are -expected at the phase

transition(7422),

3:2i- Sbybg

‘Sbgss ig a semicoriducting compound with an optical gap of 2.2 ev(24).
A para=ferroeléctric phase transition has been observed at 290.5'K<25)u
Like SbSI, SbpS; in paraelectric phase has orthorombic symmetty with

) 16 , . , T
gpadce group D2h' Two different coordinatioris are possible for the antimony



atoms. The Bb; atom has three sulphur atons as nearest rieigh‘bour‘s at a

‘mean distance 6f 2.57 &: they form the bBasis of a trigonal pyramid of

which the Sb; atom is the vertex. The Sbi, atom is surrounded by five
sulphur atoms (one at 2.49 &, two at 2.68 &, two at 2.82 R) placed at
the vertices of a sliphtly distorted pyramid with square basis(17), the
coordination of. the Sbyp atom is similar to that of the Sb atom in SBSI,

but for the substitution of the two iodine atoms with two sulphus dtoms.

It has been stated that the artimony atomg are trivalent in Sb28§26)
and that tHe compound is mainly covalent: thé Pauling ionicity of the

borid hag beeti éstimated to be ahéut 12%(24).

The edge Ly ‘of antimony in Sb,54 shows a white peak (Fig. 5). The
FWHM. of the peak, dalculated as twice the left Halfwidth, is 3.6 * 0.3
eV,
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FIG. b =~ Conparison between the fine structures at the edgé Ly

of antimony in puré crystalling Sb and in the compounds SbSI,
Sb,Sq. SbsS.. The absorptich limits E, of the experimental spe¢
ra have been put ifi ceincideérice with the zero of the energy scale.
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The edges L ahd L (Flgw 6) préﬁeht two humps “at a dimtancb of 5.2

+ 0.3 ev. The intenslty 6f “the edge Ly 18 twica tHat of the edge Lig Within
the experimental akcuracy.

ABSORBANEE (3.0} .

10 15
<k, (el)
FIG.: 6 - Compatisoh between the fine structures at the edge Lig
of ahtlmohy in pure crystallirie Sb and in the compounds SbSI;
SboS4y 5bsSg . The absgorption Limits E 6f the experiméntal spec
ra have been put in coincidence with thb zerd of the energy sca

le. The vertical bars at about 5 eV shHow the pogitién of the
gsecond maximum of the first deriviative.

Calculatiotis of tHe band structure of Sbésa Have beett performéd only
for the unidimensional model in paraelectric phase Utilizing the LCA te=
thod(24). The analysis of the caleillated waVefunctions has shown that the
lectrons of p symmetry predominate within the first & eV above the onset

of the conduction band. Total of paktial DOS for tridimensional models of
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SbpS, have not.yet been calculated.

The partial DOS have Beén caleulated for the calchogenide compound
V_VI
282
and arsenic exhibit similar photoslectric spéctta, which sample the déhsis

It Hag Been obderved that the calchogshids dompounds A of aftimony

ty of the valence states, in spite of the rather differing crystal structu

(28)‘ This supports the hypothésis that the density of the conductioh

re
states within the first eV are also similar in the calchogenide corpounds
of antimony ahd arsgénic:

The partial DOS calculatéd for As,S; shows that the bottom of the con
duction band (within the first 5 éV) is mainly formed by levels of p syfi~
metry of sulphur ;%d‘arSéhic with a disgriificant contribution from the &
levels of arsenic(27),

The theoretical band calcllaticks for Sbéss and As,S, support the at
tribution of the white peak at the edge L{ 6f antimony in szsg to dipole
transitions to levels of p symmetry in the bottém of the conduction band.
The first hump in the Ls and L, spectra has to bée ascribed to transitions
to levels of & symmetry.

3.3.- SbySg

i

The &o=called "antimony peritasulphide! actually is a nhon stoichisme=
tric céompoutidi différeént sampleés can exhibit different compositions ahd
stfuctureé(li),

The Mbssbauer analysig has shown that -the oxidation number of antimow
ny is +8 in SbpSg; 1ike in Sbess; both in crystalline drid amorphous phidge!
the sulphur atoms exceeding the dtochiometric needd are probably ofgatized
in polysulphide linkages randomly 106atéd(12);

To characterize the partiéulaﬁ‘sampleiof‘ébgss urider study we analyszed
it by an X=ray powder diffractometer. The spectruﬁ'df‘the Sb;54 saniple,
measured for conparison, is in géod agreement with the ASTM tables. The
spectrum obtained for the Sb285 sample réveals oh the contrary a very poor
degree of érystallinity: ohly twbo peaks aré visibie co;responding to ire
terplangi spacings differing from- those of 85233.

The &dge L of antimony in Sb,5; sHows a white peak, as was the case
for SbSI and 8b,Sz (Fig: 5). The FWHM of the peak is 8.6 % 0.3 eV.

The edges Lg and Ly have a very similar shape, chardcterized by two
htimps at a distance of 5.2 * 0:83 eV (Fig. 6).



3.4,- Comparative analysis

The structures within the first 10 eV above the Sb L, absorption edge
for pure crystalline antimony and for the three compounds 5bSIT, Sb283 and
Sb285 are compared in Fig. 5. The absorption 1limit of each spectrum has
been put in coincidetice with the Zero of the energy scale. The spectra of
the three calchogenhide compounds are very similar. In particular the whi-
te peaks of Sb253 and Sb285 are almost identical. The white peak of SbSI
is 17% higher and slightly narrower.

The structures within the first 10 eV above the Sb Lg absorption edges
are compared in Fig. 6. They are characterized by two humps, at the same
distance in Sb283 and in ShZSB’ slightly closer in Sbs8I. Minor differences
are also noticeable in the shape of the spectra.

The similarity of the structure at both the L, and L edges suggests
the similarity of the projected DOS at the bottom of the conduction bands.
The bottom of the conduction band for the three compounds 1s a mixing of s
and p levels of sulphur and antimony, the p levels prevailing within the
first 5 eV.

The similarity of the spectra reveals not only the same oxidation sta
te of antimony in the three compounds, but a striking similarity of the
electronic structure close to the antimony atom as well. In particular,
for what concerns the oxidation state of antimony in Sb255, X-ray absorp
tion measuremerits confirm the analogbus results obtained by Mossbauer iso
meric shift measurements(lg).

An independent test of the similarity of the chemical bond of antimony
in the three compounds can be cbtained by studying the energy position of
the absorption edges. It is well known that the chemical shift is related
to the king of chemical bond ahd varies depending on the ionicity<29).

In Table I the shifts of the Ll and Lg absorption limits with respevt
to pure antimony are listed. For comparison the shifts of the levels 8d3/2
and 3d5/2 are listed as well. The latters have been calculated by compar-

(9)

ing the binding energies measured by XPS with the corresponding bind-

ing energies of pure aritimony tabulated by Bearden and Burr(ao).

The shifts obtained by XAS and by XPS are different due to the differ
ent influence of multielectronic effects in the process of photoeiéctron
extraction.

Table I clearly shows that the shifts of the same level, when measur-
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8d by the same technidque; aré identical for the threé compounds, within

the expérimental accuracy.

IABLE I =~ Cheémical shifts. of the core levels. 2s, 2pgz
measured by X=ray absorption éxperiments (XAS, presgent
work) and,Bda/Q, 8d5/2, obtained from ¥pS results(9),
The shifts are méasured in eV,

XAS o XPs
2s | @bgje | 3dgyp | Bdgsp
BLST 1.4%r0.3 1.3%*0.3 |2.0+t0.3] 2.0%0.3
SboB, | 1.4 o3l 1.3F 0.3 2.1 0.3 2.2 % 0.3
T 8 4+ 5. o 0.
8b,5, 1.8 + 0.3 | 1.9 £ 0.3

SbSI has beern guoted as a cotipouhd nainly ionic with partiasl covilens=
cy(ig), Sb,S, has been considered covalént with a 12% ionicity(24)s The
results préesented in this work concerning'the cHemical shift and the shdpe
of the spectra show that the effective charge of the antimony ioh i& the
safie’ in both compounds.

The informatior obtailhed. from the structures within 10 eV dbove the
edge can be completed by the analysis of the structurés betweern 16 and s
eV which test the steredchemical coordination.

These structures, obtained by calcudlatirig the variations relative bo
the atomic absorption coefficients for the Ly edges; are shown in Fig. 7.
The three¢ spectra present the commor structures labelled A, B, C, D.

It has beéen shown that, in principle, the structubes betwsen 10 anhd
50 ¢V contain information aboiut the site synmetry as far as& beyond the
third coordination she1l(81432)

The gpectra of Sb,84 and SbySy abe very similsar: orly the strutture ¢
is smoother in SbySg. This suggests that the geometrical structure sups
rouniding the antimony atom 18 almost the same inh both compounds at least
within the third coordination ghell. X=ray diffriaction measurements ghow
on the other harid that the similarity lacks for what concerhs the long=-
~range order.

The spectrum of SbSI differs from the two cther pafticularly for what
concerns amplitude and shape of the structures A ahd C. A possible expla=
nation is that two types of coéordiration exist in SbySy for the antimony

atom (SbI and Sbyy) while in SbSI the antimony atom has only one coordi-
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t1g, 7 = fine strugtures betweern 10 ard B0 -éV abbve the edgée Lq

of antimony in SbSI, SbyS3, SbpSg. On the horizontal axis k is
the wavevector of the pHotoslectron emitted by the absorhing
atof.

natioh, gimilar to tHat of Sbyiqs Moreover, two sulphur atoms neareS8t neigh
bours of Sbyq in SbZSS are sibstituted by two iodine atoms in SbSI: back-
scattering anmplitudes and phases of lodine differ consgiderably from those

of sulphur.

4,- CONCLUSIONS

In this work the structures at the L absorption edges of antimony and
{odine huave beeh ahalyzed in fthe XANES region (0 to 50 eV above the edge)
for the three calchogenide compounds SbBSI, Sbs85, SboSg.

The XANES between 0 ard 10 eV Have been correlated to the structure of
the conduction band:

The comparison of the XANES at the edges of antimony and ivdine in SbSI
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with the calculated total DOS Has shown that the edge strictured can be

SatiSfaétofily:ihterpreted; for this case, in terms of dénsity of unbicus
pied lavels 8f the conduction band according to the indepéndent électron

model .

The dtriking similarity of the edge structures of SHSI, Sb2SG, SbsS¢
and the identity of the chemical shifts allow the state thHat the chemical
bond of antimoﬁy with its nearest neighbours doesn't differ i 4 sensible
way in the threée compounds. ;

The XANES between 10 and 50 eV have been correlated to the steretches
mical coordination.

In particular this analysis allows to strengthén the hypothesis .- al
ready made on. the giround of MOssbauer isomeric shHift measUrements = that
the short-range coordination of antimony is the same in Sb,5¢ as in S52539

thus confirming the noh-existence of SbpSy as a stoichiometric compotihd.
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