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Electronicpropertiesof uniaxial ferroelectricSnP.Ss single crystal are studiedby X-ray photoelectrorspectroscop
X-ray photoelectrorspectra XPS) of the valenceband(VB) andof the principal corelevels (CL) areobtainedfrom different
crystallographiglanesin both paraelectriandferroelectricphases.The XPS were measuredvith monochromatized\ Ka
radiationin the enegy range0-1400eV. The VB consistf ve bandswith the maximabetweer3.3and14.5eV belawv the
Fermilevel. Experimentakenegiesof the VB andcorelevels are comparedwith resultsof theoreticalab initio calculations
of molecularmodelof the Sp P, Sg crystal. Electronicstructureof the VB is revealed.Ferroelectripphaseransitionchanges
atom'schageandbondsstrength VB electronicstructure CL lineswidth, andchemicalshiftsfor the Sn,P, andS stateswhich

arecrystallographigplane-dependent.
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1. Intr oduction

X-ray photoelectrorspectroscopis widely usedfor
investigationsof the electronicstructureof solids.Due
to reducedco-ordinationnumbery the surface atoms
experiencea different potentialthan the bulk atoms.
Therefore,the core-electrorbinding enegies are dif-
ferentfor surfaceand bulk atoms. XPS enablesone
to studythe surfacevalencechangeswhich affect the
core-level shift with respectto the bulk atoms. Form
andelectronicstructureof theVB andCL werestudied
boththeoreticallyandexperimentallyin the quasi-one-
dimensionalSh,S3 [1] andBi,S3 [2], SbSI[3], BiSI
[4], and SbSel[5] singlecrystals. XPS revealedhuge
crystallographiglane-dependersplitting of the core-
level bindingenepiesin ferroelectricSbSl,andsmaller
core-level shifts in non-ferroelectricBiSI and ShSel.
Theoreticabbinitio calculationson rmed these nd-
ings. Thevalencebandandcorelevels of thesequasi-
one-dimensionakrystals are extremely sensitve to
change®f the chemicalervironmentof atoms.

SnP>Ss is awell-known uniaxialferroelectricsemi-
conductor which exhibits a number of prominent
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stronglycoupledsemiconductie andferroelectricprop-
erties that are discussedn detail in the monograph
[6]. Theroom-temperaturterroelectrio(FE) phasds a
monoclinicone,with the spacegroupPc. Above T, =
337K, thecrystalundegoesa second-ordeferroelec-
tric phasetransitioninto paraelectriPE) monoclinic
spacegroup P2;=c. The shapesof the coordination
polyhedronsof chalcogematomsdo not differ signi -
cantly Below T, all four Snatomsare shifted signif-
icantly in the [100] direction,with respecto theloca-
tions in the centrosymmetricstate. Two of them are
shifted alongthe [010] directionby 0.04 A, while the
remainingtwo are shifted by the samedistancealong
[010]. Thetwo non-equialentSnatomsareshiftedby
0.325A alonga, 0.044A alongb, and0.094A alongc
andby 0.225A alonga, 0.044A alongb, and0.033A
alongc direction,respectiely. Two pairsof Snatoms
have differentshiftsin the FE phase.This is relatedto
nonlinearinteractionof soft B, andfull symmetrical
modeAgy modesin the PE phase. This interactionis
veryimportantfor thephasdransitionnature.Changes
in the positionof P andS atomsat T, aresmall. Thus,
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Snatomsshift mainly alongthe[100]directionandthis
allows consideringhe Snsublatticeasferroactve.

Ferroelectricityin ferroelectric semiconductords
closelyrelatedto their electronicstructure[7]. How-
ever, electronigpropertiesof this crystalwerelessstud-
ied than structuraland phononproperties[6]. Elec-
tronic structure of SnP,Ss was studied by X-ray
photoelectronand X-ray uorescencespectroscopies
in combinationwith the full-potential linearizedaug-
mentedplanewave (FLAPW) bandstructurecalcula-
tionsonly in ferroelectricphase8]. Dueto arelative
compleity andlow symmetryof the crystal, onecan
expectdifferentXPS from the differentcrystalplanes
(asin SbSI[3]) aswell asfor the PE and FE phases.
We failedto nd ary studiesof the ferroelectricphase
transitionin uence on the electronicstructureof this
crystal.

The purposeof this paperis to studyXPS andelec-
tronic structureof theferroelectricSnP,Ss crystalsin
both FE and PE phasesandto reveal thein uence of
theferroelectricphasdransitionon electronicstructure
of valencebandandon shiftsin core-level bindingen-
ergies.

Organisationof the paperis asfollows. A brief de-
scriptionof experimentaldetailsis givenin Section2.
Section3 presentsa molecularmodelof the SrpP,Ss
crystalandthe Hartree—6ck—Roothar{HFR) method
of ab initio calculationsof photoionizationenepgies.
Thecalculatedbondsstrengthandatom’s chagein the
PE and FE phasesas well as the calculatedbinding
enegiesare presentecaind comparedwith the experi-
mental ndings. In Section4, the resultsof calculated
VB electronicstructureand XPS of VB and CL for
SnpP,Ss crystalfrom differentcrystallographiglanes
in the both— FE and PE — phasesre presented.lt is
shawvn that the ferroelectricphasetransition changes
atom's chageandbondsstrength VB electronicstruc-
ture, and CL lines width, aswell as chemicalshifts
for the Sn, P, and S stateswhich are crystallographic
plane-dependenEinally, conclusionsaregivenin Sec-
tion 5.

2. Experimental details

TheSn,P,Ss crystalwasgrown by vapourtransport.
The crystalof goodoptical quality was2 cm long and
1 cn? in area.The XPS of valencebandandprincipal
corelevelsweremeasuredisingaPHI5700/ 660Phys-
ical Electronicsspectrometewith monochromaticAl
K e radiation(1486.6eV) of 0.3 eV full width at half
maximum. The photoelectrorspectraas functionsof
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Tablel. Atomic concentratiorat differentplanesin FE
(RT) andPE (360K) phases.

Atomic concentration

Peak yz plane Xy plane Xz plane
RT 360K RT 360K RT 360K
P2p 224 218 223 223 225 236
S2p 56.1 564 56.3 573 558 547
Sn3 215 218 214 204 217 217

Table2. Chemicalcompositioratdifferentplanesn FE
(RT) andPE (360K) phases.

Chemicalcomposition

Element yzplane xy plane xz plane

RT 360K RT 360K RT 360K

P 2.2 2.2 2.2 2.2 2.3 2.4
S 5.6 5.6 56 57 56 55
Sn 2.2 2.2 21 2.0 2.2 2.2

kinetic enegy wereanalysedn the 0-1400eV enegy
rangeby a hemisphericamirror analyzer All spec-
tra areobtainedusing400! m-diameteranalysisarea.
The measurementsereperformedrom the crystallo-
graphicplanesperpendiculato ferroelectricx axis, z
axis,andnon-ferroelectrigy axis,cleavedin situin the
low 10" 19 torr rangevacuumto obtainthe cleansur
faces.The suney spectraakendirectly after breaking
the crystalshaved smallcontaminatiorby oxygenand
a ratherlow oneby carbonthat shouldhave no in u-
enceon the VB and CL spectra. The anglewas 45*
betweerthesampleandX-ray incidentbeam.A chag-
ing effectwasobsened. All spectraverecorrectedor
thischagingeffectusingthecarbonlsline of adsorbed
carbon(Ep = 285eV).

The mostintensie core-level lines are selectedto
specify the stoichiometryof the crystal. The atomic
concentratiorspeci ed by the peakareasis shavn in
Table 1. The experimentallydeterminedatomiccon-
centrationis in good agreemenwith the ideal stoi-
chiometryof the crystal. The chemicalcompositionis
givenin Table2. This indicatesthatthe crystalhasa
high quality with regard to the chemicalpurity. How-
ever, the presentedjuantitiesslightly dependon the
crystallographiglaneandthe phase.

3. Molecular model of SpP,Sg crystal and abinitio
calculation of the energy levels

The electronicstructureof VB and CL was calcu-
lated by the method basedon HFR equationssolu-
tions, in the Linear Combinationsof Atomic Orbitals
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Fig. 1. Srs(P2Ss)s clusterasa molecularmodelof Sn.P,Ss crystalonthexy plane. The calculatedbondstrengthsandatom's chagesin
the PEphaseareshavn in thepicture.

(LCAO) approachfor the molecular orbitals (MO).

Accordingto the Koopmanstheoremthe one-particle
enegies obtainedfrom the canonicalHFR equations

correspondto the approximateionization potentials.
This would be an exact solutionif the ionisationpro-
cesswvereinstantaneouandthecorrelationenegy con-
tribution couldbe completelyneglected.

For calculatingthe enepgy levelswe needa molecu-
lar modelof the crystal. The modelmustbe a cluster
composedrom an even numberof molecules. How-
ever, theinteractionbetweertheclusterds notasweak
asit shouldbe. Figure 1 shavs a fragmentof the crys-
tal structureonthexy plane.Theunit cell is shadaved.
This selectedsn(P>Sg)4 clustergivesthe stableHFR
solution. Sucha clusterwasusedfor theoreticakcalcu-
lations.

Themolecularorbital (MO) is alinearcombination
of atomicorbitals(AO). TheMO (' ;) canbeexpanded
in the AO (A: (r)) basis:

hd -
() = Cii Ac(r); Q)

1=1

where! isthenumberof the AO, or thesetof quantum
numbersnim. For simplicity, a Gaussiar8G orbital

basisset[9] is used.TheC matrixis obtainedby solv-
ing Hartree—lBck matrix equation

FC=SC": )

Equation (2) is solved by diagonalizationas de-
scribedin [1-3]. As the matrix F nonlinearlydepends
on unknavn coefcients Ci , the Eq. (2) is solved by
iterationsmethod.Thediagonalmatrix" givestheen-
emgies of MO levels. For the core levels they nearly
correspondo the enepgy of the AO levels. However,
dueto interactionthey areslightly diffused.Methodof
nding theoverlapintegralsS» andthe Fock's matrix
(F) elementss alsodescribedn [1-3].

The coefcients Ci allow usto calculatethe elec-
tronic structureof moleculesandto interprettheexper
imentalresults. They alsoallow usto nd the matrix
of the electrondistribution density accordingto Mul-
licken,whichis givenby

N=2
Pwo =2
i=1

Ci Cp : 3)

Here N is the numberof electrons. For the closed
shellsN is even.
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Table3. Sn—Sbondsstrengthin FE andPE phasesNumbersof atomsaregivenin Fig. 1.

Snl-S FE PE S-S FE PE Sm3-S FE PE SM-S FE PE
1-9 041 056 2-10 055 040 3-11 0.19 024 4-13 0.23 0.36
1-15 0.10 024 2-11 048 036 3-17 0.19 056 4-15 0.35 0.36
1-30 042 042 2-19 045 036 3-26 0.05 029 4-18 0.32 0.40
1-33 038 024 2-31 036 032 3-27 0.07 024 4-27 046 0.24
1-35 043 029 2-33 010 024 3-32 028 042 4-29 0.33 0.32

Thebondstrengthdag betweertheatomsA andB

X X
PAB = P (4)
12A°2B
andthe chage of theatomsis givenby
X
Oa = ZA i Pu (5)
12A

This method of calculationsis implementedin
GAMESS program [10], which can deal with the
molecularclustersup to M 2000 orbitals or 250
atomsin MINI base. MIDI baseis twice bigger for
valenceelectronsaandbetterdescribesheVB. We used
bothMINI andMIDI 3G orbitalbasissets.Thecalcula-
tionsaredoneusingtheexperimentalatticeparameters
[6]. The calculatedbond strengthsandthe Mullicken
chageof theatomsin thePEphaseareshavnin Fig. 1.
In this model,Snatom’s chageis closeto + 1 andthe
crystalis ionic Sri; (P,Sg)i . At the FE phasetransi-
tion, the bondsstrengthand chage of atomschange.
Thegreatesthange®ccurin Sri3 surroundingsThese
changesaregivenin Table3. Thoseresultsshav that
arearrangemerdf mostof thebondstakesplaceat the

ferroelectricphasetransition. The valenceof ferroac-
tive Snions alsochanges:Snl is 3.03and2.99, Sr2
is2.81and2.72,Sr3is 1.92and2.99,andSd is 2.81
and2.72in the PEandFE phaserespectrely. Theva-
lenceandchageof Sr3 ionschangeat phasdransition
mostof all, i. e. they decreasén the FE phase(chage
decreasefom 1.07t0 0.95).

However, the clusterSny (P>Sg)4 obviously doesnot
re ect thesymmetryof SmP,Sg crystalunit cell, which
containstwo formula units — Sn(P>Sg)2. This deter
minesdifferentchagesof Sril andSr3 ionsin thepara-
electricphase.

Table 4 presentgheoreticalvaluesof binding ener
giesof the Sm(P,Sg)4 clusterwithout taking into ac-
countthespin—orbitinteraction.Thequantunmmechan-
ical methodand the chosenclustergive higher nega-
tive CL aswell asVB enepiesthantheir experimental
valuesare (seeTable5). Neverthelessthe clusterre-
ects the electronicstructureand binding enepies of
thecrystal.

Fig. 2. Overview spectraof S P, S crystalfrom thexy planein the PE (360K) andFE (RT) phases.
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Table4. Valuesof the calculated
binding (negative) enegies(eV).

State

FE phase

PEphase

Sn3s
Sn3p
Sn3d
S2s
P2s
S2p

860.7-859.7
741.2-740.1
520.2-519.1
246.3-240.1
210.1-207.9
182.3-175.9

860.3-860.2
740.8-740.7
519.8-519.7
244.9-241.4
209.5-208.8
180.8-177.2

P2p
Sn4s
Sndp
Sn4d

153.1
149.7
111.2-110.1
40.5-39.4

152.7

150.6

110.7
40.1-39.9

4. Resultsof XPS and electronic structur e
4.1.Surve specta

Figure 2 shaws the XPS of the SmP,Ss crystalin
the enegy rangefrom 0 to 1400eV below the Fermi
level in theboth,PE(360K) andFE (RT), phasesrom
the crystallographicky plane. Only smallamountsof
oxygen(O 1s)andcarbon(C 1s) have beendetected.
Thespectrgrom othercrystallographiplanesaresim-
ilar. However, CL peaksin the ferroelectricphaseare
higher Inelasticallyscatterecelectronggive the back-
ground. Auger spectraof Sn MNN, S LMM, andC
KLL are also seenin the high enegy range. The
strongespeaksof Sn3d,Sn4d,Sn3p, P 2p,S2pwere
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Fig. 3. XPSof VB in thePEphasdrom thecrystallographiplanes
perpendiculato all thethreeaxes.

choserfor investication of peculiaritiesof the crystal-
lographicplane-dependerdore-lesel XPS in this fer-
roelectricsemiconductor

4.2 \alenceband

X-ray photoelectronspectroscop of the valence
band provides data on the occupiedtotal density of
states.Figure3 shavs the VB spectran the PE phase
from the crystallographicplanesperpendiculaito all
threeaxes. The VB consistsof ve distinguishable
bandswith themaximumintensityat2.8,6.7,9.2,11.0,

Table5. Binding enegiesandchemicalshifts of atomsat differentplanesn FE (RT) andPE (360K) phases.

Binding enegy (eV)
Peak yz plane xy plane xz plane
RT 360K RT 360K RT 360K
P2ps=, incompound 132.0 131.8 132.6 132.1 132.3 131.8
P 2ps-; in literature 130.0
chemicalshift 2.0 1.8 2.6 2.1 2.3 1.8
P2p, -, incompound 132.9 132.6 1335 133.0 133.2 132.6
P 2p;-; in literature 131.0
chemicalshift 1.9 1.6 25 2.0 2.2 1.6
S2p-; incompound 162.3 161.9 162.7 162.3 162.4 161.7
S2p;-=, in literature 164.0
chemicalshift il7 21 {13 17 16 23
S2p-; incompound 163.5 163.0 1639 1635 163.6 162.9
S2pm:-; in literature 165.0
chemicalshift il5 {20 11 15 14 21
Sn3ds-, incompound 486.7 486.5 486.9 486.3 486.8 486.3
Sn3ds-, in literature 485.0
chemicalshift 1.7 1.5 1.9 1.3 1.8 1.3
Sn3dk-=, incompound 495.1 494.9 495.3 494.7 4955 494.6
Sn3d;-, in literature 493.0
chemicalshift 2.1 1.9 2.3 1.7 25 1.6
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Fig. 4. XPSof VB in the FE phasdrom thethreecrystallographic
planes.

and14.0eV. Thesimilar but moreoutspreadandsare
in the FE phase(Fig. 4). Their enepies are shifted
by approximatel\0.5eV to highervaluesandcoincide
with thoseobtainedin [6]. The 11.0eV bandin this

phasds nearlyerasedin thePEphasetheVB is sepa-
ratedby a gap of aboutl.1 eV from the Fermilevel. In

the ferroelectricRT phasethe VB is locatedat about
1.5t0 22 eV belov Eg. In thesecrystals,the optical
bandgap at roomtemperaturés 2.3 eV. It meanghat
the Fermi level is pinnednearly in the middle of the
bandgap.

Figure5 shavsthecalculatedPEphasevB formand
electronicstructureof SmP,Sg crystal. The spectrum
is referredto the Fermilevel EF. The EF wasdeter
mined experimentallywithin the accurag of 0.3 eV.
Theintensitiesof the XPSweredescribed:

(a) bytheenepy statesdband"; fromthecharacteristic
Eq.(2);
(b) by the peaksof the densityof states:

1 1
D n = __; 6
( ) NM ¢ " ( )
whereNy, is thenumberof moleculesn thecluster;

(c) bytheGaussiarbroadeningl1]:

o(y= o2 ep i L )
s | 292
wherethe summatioris performedoverthestates,
" arethe correspondingnengy levels,and¥ais the
half-width of the Gaussiariunction.

TheGaussiambroadeningnethodis the simplestap-
proachto the Brillouin-zonespectralintegrations.The
k-pointsaredistributedasevenly as possiblethrough-
outtheBrillouin zone,andtheDOSD (") is formedac-
cordingto Eq.(6). Thismethods designedor ef cient

Fig. 5. Electronicstructureof VB in PE phase:(a) DOSbandand

contrikution of states(%); (b) intensityof DOS (¢ " = 0.27eV

taken in Eg. (6)); (c) calculatedVB for Sny(P.Ss)s clusterand
approximatedy the Gaussiarbroadeningnethod(Eq. (7)).

calculationof experimentallyobsenred crystalspectral
propertieswhere experimentaland lifetime broaden-
ingsplacealimit ontheresolutionrequired.

Further all experimentshave a nite enepy reso-
lution andfrequentlyconcentrateon the shifts, distor
tions, and changesn weight in the spectralfeatures.
In the approachused(Eq. (7)), the aim wasto calcu-
late the DOS only at the high densityof k-pointsand
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thento smeartheresultingspectrunto the experimen-
tal resolution. However, the applicationof the Gaus-
siansmearingo the DOSresultsin goodcornvergence
atlow k-pointsamplingdensities.

The form of the VB canbe explainedby the anal-
ysisof MO population. Knowing the MO coefcients
Ci: (Eg.(1)), we canevaluatethecontritution of the A
atomelectrongo "; state:

X 2
Pia = Ci (8)
12A

From the partial density of states(PDOS) (in %)
calculatedby Eq. (8) and the total density of states
(a), the representatiorD (") for the peaks(b) of the
DOS (Eg. (6)), and approximationof the bandsspec-
tra(c) by theGaussiarbroadeningnethod(Eq. (7)) for
Sm(P>Ss)4 molecularcluster (Fig. 5) it follows that
from 4 to 2 eV thereis a conductionband(CB), the
right edgeof which is formedby S 3p electrons.Un-
like S Ss-type[1, 2] andSbhSI-type3-5] crystals the
VB consistof vebands.t is dominatedy Sn5s,Sn
5p, S 3s,S 3p, P 3s,andP 3p states.Five DOS peaks
aredegenerate.The main contrikution to the mostin-
tensve bandbetween; 1 andj 5eV is givenby S 3p
states. The left edgeof this bandis formedby S 3p
statesvith 13% Sn5sandfew percentP 3p statesThe
main contritution to the next intensive bandbetween
i 5andj 12eV comesfrom S 3s,S 3p, P 3p,andSn
5sstates.Sn5sand5p stategyive only smallcontriku-
tion to the rst two bands.Thelow-enegy partof VB
is formedmainly by S 3sandP 3s states. S 3s elec-
tronsform bandatj 14 eV, while P 3selectronsform
bandatj 18.5eV. Above | 25 eV dominateP 3swith
mixture of S 3sstates.The ve experimentalbandsat
i 3.3,i 7.2, 9.7,j 11.5,andj 14.5eV arein good
agreementvith [8].

The calculatedbandsare shiftedto higherenepies,
however. It meansthat electron—electrointeractions
are overestimated. CL electronsextend the VB to
higherenepgies. Thisis alsocon rmed experimentally
Higherenegy edgesof all the bandsare more out-
spread(Figs. 3, 4). The lastthreehigh-enegy bands
experimentally are seenas one diffused band. Tin
atomsarestronglyionized. The electrondensityfrom
Sngoesprimarily to the neighbouringS atoms,yield-
ing nearlyfull occupationof the S 3p band. The cal-
culatedPDOSin this approachdiffersslightly from the
FLAPW calculations[8]; however, the main VB fea-
turesarethesame Intensityof DOSis higherandmin-
ima are deeperthanin FE phase. Due to the quasi-

Fig. 6. Electronicstructureof VB in FE phase.Designationsare
thesameasin Fig.5. ¢ " = 0.021eV takenin Eq.(6), thereforethe
intensitiesarelower andminimaareshallover thanin PEphase.

degeneratdevels, the PE phaseDOS bandis rare ed
in comparisorwith FE phaseDOS.

Figure 6 shaws the calculatedvB form and elec-
tronic structureof FE phase.The gap betweerthe VB
andCB decreasefom 4.1¢eV (in PEphase}o 2.6eV.
The calculatedwidth of the VB is 24.9 eV, while in
PE phaseit is 23.1eV. In FE phasethereis only one
guasi-dgeneratestateinsteadof vein PEphaseDis-
appearancef centro-symmetnjifts degenerag of the
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electronicstates. The left edgeof the mostintensie

bandbetween; 1 and;j 5 eV is formedby S 3p states
with few percentof P 3p states. Sn 5s statesdisap-
pear The phasedransitiondoesnot changeessentially
the electronicstructureof thecrystal.

Mechanismof thetin cationselectronlone pair for-
mation,whichis relatedto the appearancef the spon-
taneouspolarization[12], could be usedfor explain-
ing the VB spectraevolution at transitionfrom the PE
phaseto FE one. The hybridizationof sp? type deter
minespeculiaritiesof the densityof statesin VB. An-
tibondingmixing of Sn5s— S 3p orbitalsgivesstates
atthetop of VB. Bondinginteractionof Sn5p orbitals
with previousantibondingSn5s— S 3p stategyenerates
lower-enegy lled statesSn5p+ (Sn5s—S 3p), sp?
for short. By this the gain of electronicsubsystenen-
ergy is determinedLoweringof thesesp? statesenegy
is proportionako acentricityof the Snionssurrounding
(similarly to the knowvn Jahn—€ller effect). Suchfor-
mation of the Sn lone pair electron“cloud” together
with deformationof nearessulphuratomspolyhedron
determingheorigin of spontaneougolarization.So,at
transitionto the FE phaseandincreaseof spontaneous
polarizationthe discussedsp? hybridization becomes
strongerand by this the densityof electronicstatesat
top of the VB is lowered. The obsered lowering of
enegy of thebandwith maximumnear3 eV in theVB
XPSoncoolingfrom 360K to RT couldbeinterpreted
in suchmanner

4.3.Corelevels

Figures7-9 shav the spectraof Sn3d, Sn4d, and
S 2p spin—orbitdoubletsfrom the xy planein the FE
andPE phases.In the FE phaseall the CL bandsare
broaderthanin the PE phase. This indicatesstronger
interactionsandhigherbondstrengths However, even
in the PE phasethe peakwidth, i. e. theinteraction,is
also crystallographicgplane-depender(fFig. 10). The
strongestinteractionsare obsened for the polar yz
plane.

Sn3dand4dspectracouldbedescribedy two lines
in PEphaselndeed,n PEphaseall Snionsareequiv-
alent.In FE phasetwo non-eqwalentpairsof Snions
alreadyexist.

Sn4d spectralinesin PE phasecould be described
by two Voight contourswith 1.04 eV splitting and
1.02-0.85eV width. Suchspectraobviously are re-
latedto four equivalentSnatoms.In the FE phasethe
spectraare best tted by three doubletswith nearto
1.04eV splitting. Onedoubletis placedat enegy posi-
tion similar to obsened for doubletin the PE phase.

J. Grigasetal. / LithuanianJ. Phys.48, 145-154(2008)

Fig. 7. XPSof Sn3d spin—orbitdoubletin FE (RT) andPE (360K)
phases.

Fig. 8. XPS(in arh units) of Sn 4d spin—orbitdoubletin (a) PE
and(b) FE phases.

Anothertwo doubletsare shifted to higher enepies.
Line width is smaller(0.85—-0.91eV) thanthat found
in the PE phase.Suchspectracould be explainedtak-
ing into accounthetriple-well potentialenegy surface
for SnpP,Ss ferroelectrics[12]. This lowest enegy
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Fig. 9. XPSof S 2p spin—orbitdoubletin FE (RT) andPE (360K)
phases.

Fig. 10. XPSanisotroly of Sn4d spin—orbitdoubletin PEphase.

doubletcould be relatedto Sn atomsin non-polarel-

ementarycells. Suchcells areplacedin domainwalls

of the FE phase.Anothertwo higherenegy doublets
arerelatedto two non-eguvalentpairsof Snatomsin

the FE phase.

Anisotropy of Sn4d spectrawhich wereregistered
from surfacegperpendiculato z, y, andx directionsjn
the PE phases not so high. This anisotropy could be
determinedby differentpropertiesof nearsurfacelay-
ers. In the FE phase the anisotropy of XPSis clearly
seen. For example, Sn 4d y-cut RT spectracould be
tted by two doublets,which are similar to the two
higherenegy doubletsin the Sn4d z-cut RT spectra.
For y-cutthe low-enegy doublet,whichis tracedfrom
thePEphasejs notseenBut for x-cutin theFE phase
this low-enegy doublethasthe highestintensity The
obseneddifferencefor the Sn4d XPSregisteredfrom

Table6. Anisotropy of theline width in FE (RT) andPE
(360K) phases.

FWHM (eV)
Peak yz plane Xy plane Xz plane
RT 360K RT 360K RT 360K

P2p;-, 1.0 11 1.0 1.0 11 11
P2p-, 1.0 0.9 1.0 0.9 11 0.9
S2p-, 11 11 1.0 0.9 12 13
S?2p-=, 1.0 11 11 0.9 13 1.4
Sn3d-, 1.3 1.3 1.8 1.3 1.4 1.3
Sn3d-, 1.3 13 1.7 13 13 1.4

X-, y-, andz-cutsin the FE phasecould be relatedto
the shapeof the domainwalls and to their different
concentratioron crystal surfaces. Also, for the per
pendicularto y direction planes(010), with variation
of their position, different non-equvalent pairs of Sn
atomsare placednearthe surface. For the z-cut both
typesof the Sn non-equvalent atomssimultaneously
arelocatedatthe surface.Probablythis structurepecu-
liarity determinegreatedifferencan thespectrabrea
for thedoubletsn Sn4dy-cut RT spectra.

Anisotropy couldbearesultof differenttypeSnions
placedatsurface.In FE phasethemacroscopiceld of
spontaneoupolarizationalsomodi es surfaceproper
ties[3] in differentmannerfor the polaryz andnon-
polar planes. On the Sn/ Ge (111) surface[13] three
componentsn the line shapeof the Sn 4d corelevel
alsore ect the threeinequivalent positionsof the Sn
atomsthatform the unit cell.

The experimental binding enegies and chemical
shifts of atomsat differentplanesin boththe FE (RT)
andPE (360K) phasesregivenin Table5. Theelec-
tronic structuremeasurementsevealedthe chemical
shiftsof SnandP statego a higherbindingenegy and
shifts of S statesto a lower binding enegy. This shift
suggests chage transferfrom SnandP to S atoms.
However, the binding enegiesandchemicalshifts are
crystallographicplane-dependentAlso, they change
at the ferroelectricphasetransition. In the FE phase,
the chemicalshifts of SnandP atomsarehigherwhile
thoseof S atomsaresmaller Dueto thenon-equalent
positionsof the Snatomsin FE phaseheline width in
FE (RT) phasesigni cantly increasegTable6) mainly
in Xy plane.

5. Conclusions

X-ray photoelectrorspectraof thevalencebandand
of the principal core levels of the semiconductofer-
roelectricSnpP,Ss crystalare presentedn the enegy
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rangefrom O to 1400 eV. A molecularmodelof the
crystalis usedfor ab initio theoreticalcalculationsof
bindingenegies. Theoreticalvaluesof the bindingen-
emgiesarecloseto theexperimentabnes.Thestructure
of valencebandis calculatecandcon rmed experimen-
tally. The XPS studiesrevealedthe crystallographic
plane-dependeriiinding enegies and chemicalshifts
which alsochangeat theferroelectricphaseransition.
Appearancef non-eqwalentpositionsof Snatomsin
FE phasesplit the spin—orbitdoubletsof Sn3d and4d
spectra.
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Santrauka

Rentgendotoelektromu spektroskpijaistirtoselektroniresvien-
asu feroelektrinu Sn.P, S monokristall savybes. Gautivalenti-
nesjuostos(VJ) ir svarbiausi giliu lygmeru paraelektriesir fe-
roelektrires faziu spektrainuo ivairiu kristalogra niu plokStumu.
Fotoelektrom su adinimo Saltinisbuvo Al Ke 1486,6eV mono-
chromatire spinduliuoe. Su adintu fotoelektromu spektraimatuoti
enegijos ruo e nuo 0 iki 1400eV. EksperimentiSkagautosfoto-
elektroru enegijos yra palygintossuteoriniu abinitio skaiciavimu

rezultataismolekuliniamSmy P, S kristalomodeliui. Apskarciuota
ir eksperimentiSkgpatvirtintakristalo VJ sandaraabiejosefazese.
VJ sudaropenkiosjuostos,o ju smaiesyranuo3,3eV iki 14,5eV
emiau Fermiolygmens. Ivertinti Sn, Sir | atorru cheminiaipo-
slinkiai. |8tirta feroelektriniofazinio virsmo itaka VJ sandarair
giliu lygmeru spektrams. Nustatyta,kaip fazinis virsmaskeicia
atonu kruvius, rySiu stiprius, VJ elektronire sandaa ir giliu lyg-
meru juosiu plociusbei Sn,Sir | atormu cheminiugposlinkius,ku-
rie priklausonuokristalogra nesplokStumos.



