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Electronicpropertiesof uniaxial ferroelectricSn2P2S6 single crystal are studiedby X-ray photoelectronspectroscopy.
X-ray photoelectronspectra(XPS)of thevalenceband(VB) andof theprincipalcorelevels(CL) areobtainedfrom different
crystallographicplanesin bothparaelectricandferroelectricphases.TheXPSweremeasuredwith monochromatizedAl Ka
radiationin theenergy range0–1400eV. TheVB consistsof � ve bandswith themaximabetween3.3and14.5eV below the
Fermi level. Experimentalenergiesof the VB andcorelevels arecomparedwith resultsof theoreticalab initio calculations
of molecularmodelof theSn2P2S6 crystal.Electronicstructureof theVB is revealed.Ferroelectricphasetransitionchanges
atom'schargeandbondsstrength,VB electronicstructure,CL lineswidth, andchemicalshiftsfor theSn,P, andSstateswhich
arecrystallographicplane-dependent.
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1. Intr oduction

X-ray photoelectronspectroscopy is widely usedfor
investigationsof theelectronicstructureof solids.Due
to reducedco-ordinationnumber, the surface atoms
experiencea different potential than the bulk atoms.
Therefore,the core-electronbinding energiesaredif-
ferent for surfaceand bulk atoms. XPS enablesone
to studythesurfacevalencechanges,which affect the
core-level shift with respectto the bulk atoms. Form
andelectronicstructureof theVB andCL werestudied
boththeoreticallyandexperimentallyin thequasi-one-
dimensionalSb2S3 [1] andBi2S3 [2], SbSI [3], BiSI
[4], andSbSeI[5] singlecrystals.XPS revealedhuge
crystallographicplane-dependentsplitting of thecore-
level bindingenergiesin ferroelectricSbSI,andsmaller
core-level shifts in non-ferroelectricBiSI and SbSeI.
Theoreticalab initio calculationscon�rmed these�nd-
ings. Thevalencebandandcorelevelsof thesequasi-
one-dimensionalcrystals are extremely sensitive to
changesof thechemicalenvironmentof atoms.

Sn2P2S6 is awell-knownuniaxialferroelectricsemi-
conductor, which exhibits a number of prominent

stronglycoupledsemiconductiveandferroelectricprop-
erties that are discussedin detail in the monograph
[6]. Theroom-temperatureferroelectric(FE)phaseis a
monoclinicone,with thespacegroupPc. Above Tc =
337K, thecrystalundergoesa second-orderferroelec-
tric phasetransitioninto paraelectric(PE) monoclinic
spacegroup P21=c. The shapesof the coordination
polyhedronsof chalcogenatomsdo not differ signi�-
cantly. Below Tc, all four Snatomsareshiftedsignif-
icantly in the [100]direction,with respectto the loca-
tions in the centrosymmetricstate. Two of them are
shiftedalongthe [010] directionby 0.04Å, while the
remainingtwo areshiftedby the samedistancealong
[0¹10]. Thetwo non-equivalentSnatomsareshiftedby
0.325Å alonga, 0.044Å alongb, and0.094Å alongc
andby 0.225Å alonga, 0.044Å alongb, and0.033Å
alongc direction,respectively. Two pairsof Snatoms
have differentshifts in theFE phase.This is relatedto
nonlinearinteractionof soft Bu and full symmetrical
modeAg modesin the PE phase. This interactionis
very importantfor thephasetransitionnature.Changes
in thepositionof P andS atomsat Tc aresmall. Thus,
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Snatomsshift mainlyalongthe[100]directionandthis
allowsconsideringtheSnsublatticeasferroactive.

Ferroelectricity in ferroelectric semiconductorsis
closely relatedto their electronicstructure[7]. How-
ever, electronicpropertiesof thiscrystalwerelessstud-
ied than structuraland phononproperties[6]. Elec-
tronic structure of Sn2P2S6 was studied by X-ray
photoelectronand X-ray �uorescencespectroscopies
in combinationwith the full-potential linearizedaug-
mentedplanewave (FLAPW) bandstructurecalcula-
tions only in ferroelectricphase[8]. Due to a relative
complexity andlow symmetryof the crystal,onecan
expectdifferentXPS from the differentcrystalplanes
(as in SbSI [3]) aswell as for the PE andFE phases.
We failed to �nd any studiesof the ferroelectricphase
transitionin�uence on the electronicstructureof this
crystal.

Thepurposeof this paperis to studyXPSandelec-
tronic structureof theferroelectricSn2P2S6 crystalsin
bothFE andPE phases,andto reveal the in�uence of
theferroelectricphasetransitiononelectronicstructure
of valencebandandon shifts in core-level bindingen-
ergies.

Organisationof thepaperis asfollows. A brief de-
scriptionof experimentaldetailsis given in Section2.
Section3 presentsa molecularmodelof the Sn2P2S6
crystalandthe Hartree–Fock–Roothan(HFR) method
of ab initio calculationsof photoionizationenergies.
Thecalculatedbondsstrengthandatom'schargein the
PE and FE phasesas well as the calculatedbinding
energiesarepresentedandcomparedwith the experi-
mental�ndings. In Section4, theresultsof calculated
VB electronicstructureand XPS of VB and CL for
Sn2P2S6 crystalfrom differentcrystallographicplanes
in the both – FE andPE – phasesarepresented.It is
shown that the ferroelectricphasetransitionchanges
atom'schargeandbondsstrength,VB electronicstruc-
ture, and CL lines width, as well as chemicalshifts
for the Sn, P, andS states,which arecrystallographic
plane-dependent.Finally, conclusionsaregivenin Sec-
tion 5.

2. Experimental details

TheSn2P2S6 crystalwasgrown by vapourtransport.
Thecrystalof goodopticalquality was2 cm long and
1 cm2 in area.TheXPSof valencebandandprincipal
corelevelsweremeasuredusingaPHI5700/ 660Phys-
ical Electronicsspectrometerwith monochromaticAl
K® radiation(1486.6eV) of 0.3 eV full width at half
maximum. The photoelectronspectraas functionsof

Table1. Atomic concentrationat differentplanesin FE
(RT) andPE(360K) phases.

Atomic concentration

Peak yz plane xy plane xz plane
RT 360K RT 360K RT 360K

P2p 22.4 21.8 22.3 22.3 22.5 23.6
S2p 56.1 56.4 56.3 57.3 55.8 54.7

Sn3d5 21.5 21.8 21.4 20.4 21.7 21.7

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

Chemicalcomposition

Element yz plane 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 5.6 5.7 5.6 5.5
Sn 2.2 2.2 2.1 2.0 2.2 2.2

kinetic energy wereanalysedin the0–1400eV energy
rangeby a hemisphericalmirror analyzer. All spec-
tra areobtainedusing400 ¹ m-diameteranalysisarea.
Themeasurementswereperformedfrom thecrystallo-
graphicplanesperpendicularto ferroelectricx axis, z
axis,andnon-ferroelectricy axis,cleavedin situ in the
low 10¡ 10 torr rangevacuumto obtain the cleansur-
faces.Thesurvey spectratakendirectly afterbreaking
thecrystalshowedsmallcontaminationby oxygenand
a ratherlow oneby carbonthat shouldhave no in�u-
enceon the VB and CL spectra. The anglewas 45±

betweenthesampleandX-ray incidentbeam.A charg-
ing effectwasobserved.All spectrawerecorrectedfor
thischargingeffectusingthecarbon1sline of adsorbed
carbon(Eb = 285eV).

The most intensive core-level lines are selectedto
specify the stoichiometryof the crystal. The atomic
concentrationspeci�ed by the peakareasis shown in
Table1. The experimentallydeterminedatomiccon-
centrationis in good agreementwith the ideal stoi-
chiometryof thecrystal. Thechemicalcompositionis
given in Table2. This indicatesthat the crystalhasa
high quality with regard to thechemicalpurity. How-
ever, the presentedquantitiesslightly dependon the
crystallographicplaneandthephase.

3. Molecular modelof Sn2P2S6 crystal and ab initio
calculation of the energy levels

The electronicstructureof VB andCL wascalcu-
lated by the methodbasedon HFR equationssolu-
tions, in the Linear Combinationsof Atomic Orbitals
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Fig. 1. Sn8(P2S6)8 clusterasa molecularmodelof Sn2P2S6 crystalon thexy plane.Thecalculatedbondstrengthsandatom's chargesin
thePEphaseareshown in thepicture.

(LCAO) approachfor the molecular orbitals (MO).
Accordingto theKoopmans'theorem,theone-particle
energies obtainedfrom the canonicalHFR equations
correspondto the approximateionization potentials.
This would be an exact solutionif the ionisationpro-
cesswereinstantaneousandthecorrelationenergy con-
tributioncouldbecompletelyneglected.

For calculatingtheenergy levelswe needa molecu-
lar modelof the crystal. The modelmustbe a cluster
composedfrom an even numberof molecules.How-
ever, theinteractionbetweentheclustersis notasweak
asit shouldbe. Figure1 shows a fragmentof thecrys-
tal structureonthexy plane.Theunit cell is shadowed.
This selectedSn4(P2S6)4 clustergivesthestableHFR
solution.Sucha clusterwasusedfor theoreticalcalcu-
lations.

Themolecularorbital (MO) is a linearcombination
of atomicorbitals(AO). TheMO (' i ) canbeexpanded
in theAO (Â¹ (r )) basis:

' i (r ) =
MX

¹ =1

Ci¹ Â¹ (r ) ; (1)

where¹ is thenumberof theAO, or thesetof quantum
numbersnl m. For simplicity, a Gaussian3G orbital

basisset[9] is used.TheC matrix is obtainedby solv-
ing Hartree–Fockmatrixequation

F C = SC " : (2)

Equation (2) is solved by diagonalizationas de-
scribedin [1–3]. As thematrix F nonlinearlydepends
on unknown coef�cients Ci¹ , the Eq. (2) is solved by
iterationsmethod.Thediagonalmatrix " givestheen-
ergies of MO levels. For the core levels they nearly
correspondto the energy of the AO levels. However,
dueto interactionthey areslightly diffused.Methodof
�nding theoverlapintegralsS¹º andtheFock'smatrix
(F) elementsis alsodescribedin [1–3].

The coef�cients Ci¹ allow us to calculatethe elec-
tronicstructureof moleculesandto interprettheexper-
imentalresults. They alsoallow us to �nd the matrix
of the electrondistribution density, accordingto Mul-
licken,which is givenby

P¹º = 2
N =2X

i =1

Ci¹ Ciº : (3)

Here N is the numberof electrons. For the closed
shellsN is even.
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Table3. Sn–Sbondsstrengthin FEandPEphases.Numbersof atomsaregivenin Fig. 1.

Sn1–S FE PE Sn2–S FE PE Sn3–S FE PE Sn4–S FE PE
1–9 0.41 0.56 2–10 0.55 0.40 3–11 0.19 0.24 4–13 0.23 0.36
1–15 0.10 0.24 2–11 0.48 0.36 3–17 0.19 0.56 4–15 0.35 0.36
1–30 0.42 0.42 2–19 0.45 0.36 3–26 0.05 0.29 4–18 0.32 0.40
1–33 0.38 0.24 2–31 0.36 0.32 3–27 0.07 0.24 4–27 0.46 0.24
1–35 0.43 0.29 2–33 0.10 0.24 3–32 0.28 0.42 4–29 0.33 0.32

ThebondstrengthsPAB betweentheatomsA andB

PAB =
X

¹ 2 A

X

º 2 B

P¹º (4)

andthechargeof theatomsis givenby

qA = ZA ¡
X

¹ 2 A

P¹¹ : (5)

This method of calculations is implemented in
GAMESS program [10], which can deal with the
molecularclustersup to M · 2000 orbitals or 250
atomsin MINI base. MIDI baseis twice bigger for
valenceelectronsandbetterdescribestheVB. Weused
bothMINI andMIDI 3Gorbitalbasissets.Thecalcula-
tionsaredoneusingtheexperimentallatticeparameters
[6]. The calculatedbondstrengthsandthe Mullicken
chargeof theatomsin thePEphaseareshown in Fig.1.
In this model,Snatom's chargeis closeto + 1 andthe
crystal is ionic Sn+

2 (P2S6)¡ . At the FE phasetransi-
tion, the bondsstrengthandcharge of atomschange.
Thegreatestchangesoccurin Sn3 surroundings.These
changesaregiven in Table3. Thoseresultsshow that
a rearrangementof mostof thebondstakesplaceat the

ferroelectricphasetransition. The valenceof ferroac-
tive Sn ions alsochanges:Sn1 is 3.03 and2.99, Sn2
is 2.81and2.72,Sn3 is 1.92and2.99,andSn4 is 2.81
and2.72in thePEandFE phase,respectively. Theva-
lenceandchargeof Sn3 ionschangeatphasetransition
mostof all, i. e. they decreasein theFE phase(charge
decreasesfrom 1.07to 0.95).

However, theclusterSn4(P2S6)4 obviouslydoesnot
re�ect thesymmetryof Sn2P2S6 crystalunit cell,which
containstwo formula units – Sn4(P2S6)2. This deter-
minesdifferentchargesof Sn1 andSn3 ionsin thepara-
electricphase.

Table4 presentstheoreticalvaluesof bindingener-
giesof the Sn4(P2S6)4 clusterwithout taking into ac-
countthespin–orbitinteraction.Thequantummechan-
ical methodand the chosenclustergive highernega-
tive CL aswell asVB energiesthantheir experimental
valuesare(seeTable5). Nevertheless,the clusterre-
�ects the electronicstructureandbinding energiesof
thecrystal.

Fig. 2. Overview spectraof Sn2P2S6 crystalfrom thexy planein thePE(360K) andFE(RT) phases.
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Table4. Valuesof thecalculated
binding(negative)energies(eV).

State FEphase PEphase

Sn3s 860.7–859.7 860.3–860.2
Sn3p 741.2–740.1 740.8–740.7
Sn3d 520.2–519.1 519.8–519.7
S2s 246.3–240.1 244.9–241.4
P2s 210.1–207.9 209.5–208.8
S2p 182.3–175.9 180.8–177.2
P2p 153.1 152.7
Sn4s 149.7 150.6
Sn4p 111.2–110.1 110.7
Sn4d 40.5–39.4 40.1–39.9

4. Resultsof XPSand electronic structur e

4.1.Survey spectra

Figure2 shows the XPS of the Sn2P2S6 crystal in
the energy rangefrom 0 to 1400eV below the Fermi
level in theboth,PE(360K) andFE(RT), phasesfrom
the crystallographicxy plane. Only small amountsof
oxygen(O 1s) andcarbon(C 1s) have beendetected.
Thespectrafrom othercrystallographicplanesaresim-
ilar. However, CL peaksin the ferroelectricphaseare
higher. Inelasticallyscatteredelectronsgive theback-
ground. Auger spectraof Sn MNN, S LMM, and C
KLL are also seenin the high energy range. The
strongestpeaksof Sn3d,Sn4d,Sn3p,P2p,S2pwere

Fig.3. XPSof VB in thePEphasefrom thecrystallographicplanes
perpendicularto all thethreeaxes.

chosenfor investigationof peculiaritiesof thecrystal-
lographicplane-dependentcore-level XPS in this fer-
roelectricsemiconductor.

4.2.Valenceband

X-ray photoelectronspectroscopy of the valence
band provides data on the occupiedtotal density of
states.Figure3 shows theVB spectrain thePEphase
from the crystallographicplanesperpendicularto all
three axes. The VB consistsof � ve distinguishable
bandswith themaximumintensityat2.8,6.7,9.2,11.0,

Table5. Bindingenergiesandchemicalshiftsof atomsatdifferentplanesin FE(RT) andPE(360K) phases.

Bindingenergy (eV)

Peak yz plane xy plane xz plane
RT 360K RT 360K RT 360K

P2p3=2 in compound 132.0 131.8 132.6 132.1 132.3 131.8
P2p3=2 in literature 130.0

chemicalshift 2.0 1.8 2.6 2.1 2.3 1.8

P2p1=2 in compound 132.9 132.6 133.5 133.0 133.2 132.6
P2p3=2 in literature 131.0

chemicalshift 1.9 1.6 2.5 2.0 2.2 1.6

S2p3=2 in compound 162.3 161.9 162.7 162.3 162.4 161.7
S2p3=2 in literature 164.0

chemicalshift ¡ 1.7 ¡ 2.1 ¡ 1.3 ¡ 1.7 ¡ 1.6 ¡ 2.3

S2p1=2 in compound 163.5 163.0 163.9 163.5 163.6 162.9
S2p3=2 in literature 165.0

chemicalshift ¡ 1.5 ¡ 2.0 ¡ 1.1 ¡ 1.5 ¡ 1.4 ¡ 2.1

Sn3d5=2 in compound 486.7 486.5 486.9 486.3 486.8 486.3
Sn3d5=2 in literature 485.0

chemicalshift 1.7 1.5 1.9 1.3 1.8 1.3

Sn3d3=2 in compound 495.1 494.9 495.3 494.7 495.5 494.6
Sn3d3=2 in literature 493.0

chemicalshift 2.1 1.9 2.3 1.7 2.5 1.6
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Fig. 4. XPSof VB in theFE phasefrom thethreecrystallographic
planes.

and14.0eV. Thesimilar but moreoutspreadbandsare
in the FE phase(Fig. 4). Their energies are shifted
by approximately0.5eV to highervaluesandcoincide
with thoseobtainedin [6]. The 11.0 eV bandin this
phaseis nearlyerased.In thePEphase,theVB is sepa-
ratedby agapof about1.1eV from theFermilevel. In
the ferroelectricRT phase,the VB is locatedat about
1.5 to 22 eV below EF . In thesecrystals,the optical
bandgapat roomtemperatureis 2.3 eV. It meansthat
the Fermi level is pinnednearly in the middle of the
bandgap.

Figure5showsthecalculatedPEphaseVB formand
electronicstructureof Sn2P2S6 crystal. The spectrum
is referredto the Fermi level EF . The EF wasdeter-
mined experimentallywithin the accuracy of 0.3 eV.
Theintensitiesof theXPSweredescribed:

(a) by theenergy statesband" i from thecharacteristic
Eq.(2);

(b) by thepeaksof thedensityof states:

D (" ) =
1

NM

1
¢ "

; (6)

whereNM is thenumberof moleculesin thecluster;

(c) by theGaussianbroadening[11]:

D (" ) =
1

p
2¼¾

X

i

exp
·
¡

(" ¡ " i )2

2¾2

¸
; (7)

wherethesummationis performedover thestatesi ,
" i arethecorrespondingenergy levels,and¾is the
half-widthof theGaussianfunction.

TheGaussianbroadeningmethodis thesimplestap-
proachto theBrillouin-zonespectralintegrations.The
k-pointsaredistributedasevenly aspossiblethrough-
outtheBrillouin zone,andtheDOSD(") is formedac-
cordingto Eq.(6). Thismethodis designedfor ef�cient

Fig. 5. Electronicstructureof VB in PEphase:(a) DOSbandand
contribution of states(%); (b) intensityof DOS (¢ " = 0.27 eV
taken in Eq. (6)); (c) calculatedVB for Sn4(P2S6)4 clusterand

approximatedby theGaussianbroadeningmethod(Eq.(7)).

calculationof experimentallyobservedcrystalspectral
propertieswhere experimentaland lifetime broaden-
ingsplacea limit on theresolutionrequired.

Further, all experimentshave a �nite energy reso-
lution andfrequentlyconcentrateon the shifts,distor-
tions, and changesin 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 smeartheresultingspectrumto theexperimen-
tal resolution. However, the applicationof the Gaus-
siansmearingto theDOSresultsin goodconvergence
at low k-point samplingdensities.

The form of the VB canbe explainedby the anal-
ysisof MO population.Knowing theMO coef�cients
Ci¹ (Eq.(1)), wecanevaluatethecontributionof theA
atomelectronsto " i state:

pi A =
X

¹ 2 A

C2
i¹ : (8)

From the partial density of states(PDOS) (in %)
calculatedby Eq. (8) and the total density of states
(a), the representationD(") for the peaks(b) of the
DOS (Eq. (6)), andapproximationof the bandsspec-
tra(c) by theGaussianbroadeningmethod(Eq.(7)) for
Sn4(P2S6)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-
likeSb2S3-type[1,2] andSbSI-type[3–5] crystals,the
VB consistsof � vebands.It is dominatedby Sn5s,Sn
5p, S 3s,S 3p, P 3s,andP 3p states.Five DOSpeaks
aredegenerate.The main contribution to the mostin-
tensive bandbetween¡ 1 and¡ 5 eV is givenby S 3p
states. The left edgeof this bandis formed by S 3p
stateswith 13%Sn5sandfew percentP3pstates.The
main contribution to the next intensive bandbetween
¡ 5 and¡ 12 eV comesfrom S 3s,S 3p, P 3p, andSn
5sstates.Sn5sand5p statesgive only smallcontribu-
tion to the�rst two bands.Thelow-energy partof VB
is formedmainly by S 3s andP 3s states.S 3s elec-
tronsform bandat ¡ 14 eV, while P 3selectronsform
bandat ¡ 18.5eV. Above ¡ 25 eV dominateP 3swith
mixtureof S 3sstates.The � ve experimentalbandsat
¡ 3.3, ¡ 7.2, ¡ 9.7, ¡ 11.5,and¡ 14.5 eV are in good
agreementwith [8].

Thecalculatedbandsareshiftedto higherenergies,
however. It meansthat electron–electroninteractions
are overestimated. CL electronsextend the VB to
higherenergies.This is alsocon�rmed experimentally.
Higher-energy edgesof all the bandsare more out-
spread(Figs. 3, 4). The last threehigh-energy bands
experimentallyare seenas one diffused band. Tin
atomsarestronglyionized. Theelectrondensityfrom
Sngoesprimarily to theneighbouringS atoms,yield-
ing nearlyfull occupationof the S 3p band. The cal-
culatedPDOSin thisapproachdiffersslightly from the
FLAPW calculations[8]; however, the main VB fea-
turesarethesame.Intensityof DOSis higherandmin-
ima are deeperthan in FE phase. Due to the quasi-

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

degeneratelevels, the PE phaseDOS bandis rare�ed
in comparisonwith FEphaseDOS.

Figure 6 shows the calculatedVB form and elec-
tronic structureof FE phase.ThegapbetweentheVB
andCB decreasesfrom 4.1eV (in PEphase)to 2.6eV.
The calculatedwidth of the VB is 24.9 eV, while in
PE phaseit is 23.1eV. In FE phase,thereis only one
quasi-degeneratestateinsteadof � ve in PEphase.Dis-
appearanceof centro-symmetrylifts degeneracy of the
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electronicstates. The left edgeof the most intensive
bandbetween¡ 1 and¡ 5 eV is formedby S 3p states
with few percentof P 3p states. Sn 5s statesdisap-
pear. Thephasetransitiondoesnot changeessentially
theelectronicstructureof thecrystal.

Mechanismof thetin cationselectronlonepair for-
mation,which is relatedto theappearanceof thespon-
taneouspolarization[12], could be usedfor explain-
ing theVB spectraevolution at transitionfrom thePE
phaseto FE one. Thehybridizationof sp2 typedeter-
minespeculiaritiesof thedensityof statesin VB. An-
tibondingmixing of Sn 5s – S 3p orbitalsgivesstates
at thetop of VB. Bondinginteractionof Sn5p orbitals
with previousantibondingSn5s– S3pstatesgenerates
lower-energy �lled statesSn5p + (Sn5s– S 3p), sp2

for short. By this thegain of electronicsubsystemen-
ergy is determined.Loweringof thesesp2 statesenergy
is proportionalto acentricityof theSnionssurrounding
(similarly to the known Jahn–Teller effect). Suchfor-
mation of the Sn lone pair electron“cloud” together
with deformationof nearestsulphuratomspolyhedron
determinetheoriginof spontaneouspolarization.So,at
transitionto theFE phaseandincreaseof spontaneous
polarizationthe discussedsp2 hybridization becomes
strongerandby this the densityof electronicstatesat
top of the VB is lowered. The observed lowering of
energy of thebandwith maximumnear3 eV in theVB
XPSoncoolingfrom 360K to RT couldbeinterpreted
in suchmanner.

4.3.Core levels

Figures7–9 show the spectraof Sn 3d, Sn 4d, and
S 2p spin–orbitdoubletsfrom the xy planein the FE
andPE phases.In the FE phase,all theCL bandsare
broaderthanin the PE phase.This indicatesstronger
interactionsandhigherbondstrengths.However, even
in thePEphasethepeakwidth, i. e. the interaction,is
also crystallographicplane-dependent(Fig. 10). The
strongestinteractionsare observed for the polar yz
plane.

Sn3dand4dspectracouldbedescribedby two lines
in PEphase.Indeed,in PEphaseall Snionsareequiv-
alent.In FEphase,two non-equivalentpairsof Snions
alreadyexist.

Sn4d spectrallines in PEphasecouldbedescribed
by two Voight contourswith 1.04 eV splitting and
1.02–0.85eV width. Suchspectraobviously are re-
latedto four equivalentSnatoms.In theFE phase,the
spectraare best �tted by threedoubletswith near to
1.04eV splitting. Onedoubletis placedatenergy posi-
tion similar to observed for doubletin the PE phase.

Fig. 7. XPSof Sn3dspin–orbitdoubletin FE(RT) andPE(360K)
phases.

Fig. 8. XPS (in arb. units) of Sn 4d spin–orbitdoubletin (a) PE
and(b) FEphases.

Another two doubletsare shifted to higher energies.
Line width is smaller(0.85–0.91eV) than that found
in thePEphase.Suchspectracouldbeexplainedtak-
ing into accountthetriple-well potentialenergy surface
for Sn2P2S6 ferroelectrics[12]. This lowest energy
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Fig. 9. XPSof S 2p spin–orbitdoubletin FE (RT) andPE(360K)
phases.

Fig. 10. XPSanisotropy of Sn4dspin–orbitdoubletin PEphase.

doubletcould be relatedto Sn atomsin non-polarel-
ementarycells. Suchcellsareplacedin domainwalls
of the FE phase.Anothertwo higherenergy doublets
arerelatedto two non-equivalentpairsof Snatomsin
theFEphase.

Anisotropy of Sn4d spectra,which wereregistered
from surfacesperpendicularto z, y, andx directions,in
thePEphaseis not sohigh. This anisotropy couldbe
determinedby differentpropertiesof near-surfacelay-
ers. In theFE phase,theanisotropy of XPS is clearly
seen. For example,Sn 4d y-cut RT spectracould be
�tted by two doublets,which are similar to the two
higher-energy doubletsin the Sn 4d z-cut RT spectra.
For y-cut thelow-energy doublet,which is tracedfrom
thePEphase,is notseen.But for x-cut in theFEphase
this low-energy doublethasthehighestintensity. The
observeddifferencefor theSn4d 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

P2p3=2 1.0 1.1 1.0 1.0 1.1 1.1
P2p1=2 1.0 0.9 1.0 0.9 1.1 0.9
S2p3=2 1.1 1.1 1.0 0.9 1.2 1.3
S2p1=2 1.0 1.1 1.1 0.9 1.3 1.4
Sn3d5=2 1.3 1.3 1.8 1.3 1.4 1.3
Sn3d3=2 1.3 1.3 1.7 1.3 1.3 1.4

x-, y-, andz-cuts in the FE phasecould be relatedto
the shapeof the domainwalls and to their different
concentrationon crystal surfaces. Also, for the per-
pendicularto y directionplanes(010), with variation
of their position,differentnon-equivalentpairsof Sn
atomsareplacednearthe surface. For the z-cut both
typesof the Sn non-equivalent atomssimultaneously
arelocatedat thesurface.Probablythisstructurepecu-
liarity determinesgreaterdifferencein thespectralarea
for thedoubletsin Sn4dy-cutRT spectra.

Anisotropy couldbearesultof differenttypeSnions
placedatsurface.In FEphase,themacroscopic�eld of
spontaneouspolarizationalsomodi�es surfaceproper-
ties [3] in differentmannerfor the polar yz andnon-
polar planes. On the Sn/ Ge (111) surface[13] three
componentsin the line shapeof the Sn 4d core level
also re�ect the threeinequivalent positionsof the Sn
atomsthatform theunit cell.

The experimentalbinding energies and chemical
shiftsof atomsat differentplanesin both theFE (RT)
andPE(360K) phasesaregivenin Table5. Theelec-
tronic structuremeasurementsrevealedthe chemical
shiftsof SnandPstatesto ahigherbindingenergy and
shiftsof S statesto a lower bindingenergy. This shift
suggestsa charge transferfrom Sn andP to S atoms.
However, thebindingenergiesandchemicalshiftsare
crystallographicplane-dependent.Also, they change
at the ferroelectricphasetransition. In the FE phase,
thechemicalshiftsof SnandP atomsarehigherwhile
thoseof Satomsaresmaller. Dueto thenon-equivalent
positionsof theSnatomsin FE phasetheline width in
FE (RT) phasesigni�cantly increases(Table6) mainly
in xy plane.

5. Conclusions

X-ray photoelectronspectraof thevalencebandand
of the principal core levels of the semiconductorfer-
roelectricSn2P2S6 crystalarepresentedin the energy
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rangefrom 0 to 1400 eV. A molecularmodel of the
crystal is usedfor ab initio theoreticalcalculationsof
bindingenergies.Theoreticalvaluesof thebindingen-
ergiesarecloseto theexperimentalones.Thestructure
of valencebandiscalculatedandcon�rmedexperimen-
tally. The XPS studiesrevealedthe crystallographic
plane-dependentbinding energiesandchemicalshifts
which alsochangeat theferroelectricphasetransition.
Appearanceof non-equivalentpositionsof Snatomsin
FE phasesplit thespin–orbitdoubletsof Sn3d and4d
spectra.
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FEROELEKTRINI �U Sn2P2S6 KRISTAL �U RENTGENO FOTOELEKTR ONINIAI SPEKTRAI IR
ELEKTR ONIN �E SANDARA
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Santrauka

Rentgenofotoelektron�uspektroskopijaištirtoselektronin�esvien-
aši�u feroelektrini�u Sn2P2S6 monokristal�u savyb�es. Gauti valenti-
n�esjuostos(VJ) ir svarbiausi�u gili �u lygmen�u paraelektrin�esir fe-
roelektrin�es fazi �u spektrainuo �ivairi �u kristalogra�ni �u plokštum�u.
Fotoelektron�u su�adinimo šaltinisbuvo Al K ® 1486,6eV mono-
chromatin�e spinduliuot�e. Su�adint�u fotoelektron�u spektraimatuoti
energijos ruo�e nuo 0 iki 1400eV. Eksperimentiškaigautosfoto-
elektron�u energijosyrapalygintossuteorini �u ab initio skai�ciavim �u

rezultataismolekuliniamSn2P2S6 kristalomodeliui.Apskai�ciuota
ir eksperimentiškaipatvirtintakristaloVJ sandaraabiejosefaz�ese.
VJ sudaropenkiosjuostos,o j �u smail�esyranuo3,3eV iki 14,5eV
�emiau Fermiolygmens. �Ivertinti Sn, S ir I atom�u cheminiaipo-
slinkiai. Ištirta feroelektriniofazinio virsmo �itaka VJ sandaraiir
gili �u lygmen�u spektrams.Nustatyta,kaip fazinis virsmaskei�cia
atom�u krūvius, ryši �u stiprius,VJ elektronin�e sandar�a ir gili �u lyg-
men�u juost�u plo�ciusbeiSn,S ir I atom�u cheminiusposlinkius,ku-
rie priklausonuokristalogra�n�esplokštumos.


