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The electronic properties of the ferroelectric compoundPs8; are investigated by x-ray photoelectron
spectroscopy and soft x-ray fluorescence spectroscopy. Excellent agreement between theoretical calculations
and experimental data for the electronic structure of the investigated compound is achieved. With help of the
Sn core level spectra it is confirmed that the compound contaifis ®ns. The valence band mainly consists
of five resolvable bands between 3.3 eV and 14.5 eV. Consistent with the results of band-structure calculation
and the soft x-ray fluorescence spectra;F5B; can be viewed as an ionic crystal, built of%nand the
(P,Ss)*~ fragments. Within the latter, P-P and P-S bonds are largely covalent and characterizetythyid-
ization.

DOI: 10.1103/PhysRevB.67.115101 PACS nuni®er71.20—b, 77.84-s, 78.70.En, 79.66:i

[. INTRODUCTION temperature phase diagram of the crystal solid solutions for
SnP,(SeS; )6, the Lifshitz point, where the paraelectric,
The best known inorganic photorefractive crystals are ferferroelectric, and incommensurate phases meet, ix at
roelctric oxides, such as LiNbQor Bay -1Cay 3TiO3.> Non-  =0.288 There is also a virtual tricritical point, which to-
oxidic tin hypothiodiphosphate ($R,S;) is however also a gether with long-range dipole interaction determines specific
ferroelectric with remarkable photorefractive properfies. critical behavior of thermodynamic properties in a region of
Special emphasis was given to its fast holographic respongbe phase transitiofé=*’ According to experimental evi-
at 1064 nm for optical applications; fast holography by band-dence, ferroelectric phase transitions in,B%Xg (X=S,
band transition has also been realized. Se indicate a crossover between the order-disorder and dis-
In contrast to most industrially relevant ferroelectrics, placive type. The softening of an optical mode was observed
which are insulators, SR,S;, due to its small band gap of in Raman-scatterift§ and neutron scattering® spectra.
2.3 eV at room temperature, has pronounced semiconduct®dery recently, a complete spectrum of long-wavelength pho-
features. Band-band excitation results in persistenhon modes in $P,S; by Raman scattering has been
conductivity® usually discussed in terms of a large lattice published?
relaxation resulting in a strong Stokes shift. The crystal structure of SR,Sg has been refined in a
The compound of our interest belongs to a broad familysequence of measuremefts? The room-temperature phase
with the generic formulaMM’'P,Xg (M, M'=Sn, Cu, In, is a(ferroelectri¢ monoclinic one, with the space grofn
Pb, Fe, Mn, Cr, ...X=S, Se, which crystallize in three- (No. 7). Above about 66 °C the crystal undergoes a transition
dimensional or layered crystal structures and illustrate differinto another monoclinic phase, possessing the center of in-
ent types of dipole ordering—ferroelectric, ferrielectric, or version(space groug?2,/c, No. 14. The phase transition
incommensurate modulation of a spontaneousvas argued to be of the second ortfawith “off-center” Sn
polarization®~'! Obviously mobile ethanelike ;X groups displacement playing the role of the order parameter. The
permit to arrange different morphologies of the crystal strucferroelectric phase is referred to in the literature as mono-
ture and different cooperative dipole behavior at differentclinic (I1).222°Microscopically, the structure is characterized
metal cations. For the layered crystals Culff7Se), the by PS-PS; units (with P-P and P-S distances of 2.2 and 2.0
appearance of ferrielectric phases was analyzed as a result&f respectivel§®), which are held together by S-Sn interac-
strong interplay between electronic and crystallographic intions. The immediate neighborhood of Sn atoms is therefore
stabilities by thes second order Jahn-Teller effect related tothe shell of eight S atoms, roughly arranged as a bicapped
the d*° electronic configuration of the Cu catiotfsin the  trigonal prism. At elevated temperaturés.g., 110°C, as
case of SpP,(S/Se); crystals with three-dimensional crystal measured in Ref. 35the Sn-S distances vary between 2.91
structures, a driving force for a ferroelectric phase appearand 3.23 A, maintaining the inversion symmetry around a
ance is supposed to be mainly attributed to a lone freemidpoint between two Sn atoms. In the room-temperature
electron pair of the Sn catiodd. In a composition- (ferroelectri¢ phase, this inversion symmetry is broken, as
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the range of Sn-S distances becomes 2.78-3.46 A around TABLE I. Stoichiometry of SpP,S.
one Sn atom and 2.88—3.52 A around the other®righat
means that the Sn atoms become crystallographically norf=ore level AC(experimental (%) AC (optimum (%)
equivalent and displace inside their respectaienost rigid - 19 20
Sg cages differently. One even discusses this in terms o 512 01 20
reduced(8 to 7) coordination of half of the Sn atoms in the ” 60 60
ferroelectric phase. Indeed, one was able to observe diﬁerer‘?’t P
hole-binding properties for such unequivalent Sn iths.
However, for the analysis of spatial distribution of the the peam line 8.0.1 of the Advanced Light Source at
electron density and chemical bondifthat is essential for | awrence Berkeley Laboratory. The undulator beamline is
both ferroelectric |nStab|I|ty and Optical CharaCteriS)’jdﬂe equipped with a Spherica] grating monochromafcﬁluores_
methods of x-ray and photoelectron spectroscopy provide gent radiation emitted by the sample was analyzed using a
tool of unique precision, especially useful in combinationhigh-resolution grating spectrometer and a multichannel de-
with first-principle electronic structure studies. Due to a relatector.
tive complexity and low symmetry of crystals, such studies  As regards the calculation, even as we are not concentrat-
long remained unfeasible even for compositionally homogeing on total-energy issues in the present study, the fact that
neous systems. Recently, however, a profound electronighe compound in question is loosely packed, with a strongly
structure analysis appeared for,BsSe;, based on plane- varying electron density in large interatomic regions, de-
wave calculationd! Moreover, for CulnSe; a band- mands for the use of a full-potential electronic calculation
structure calculation by the linear muffin-tin orbitals methOdscheme_ We use the linearized augmented p|ane_Wave
has been presented, in combination with an ultraviolet phomethod as implemented in theeng7 code® The exchange-
toemission study? We failed to find any earlier first- correlation energy functional is treated in the local-density
principles calculations for SR,Ss, apart from preliminary  approximation (LDA) as parametrized by Perdew and
reports by Fenchagt al,?® which, however, restricted to just Wang®® To relax the linearization errors, the Sp 4nd 4d,
1 f.u. per primitive cell and thus neglected the glide planep 35, and S 3 semicore states are treated with the introduc-
symmetry of the crystal. Although there are some photoemistion of local orbitals in the basis sét.Brillouin-zone inte-
sion measurements confirming the existence 6f'Sons®  grations are performed using the improved tetrahedron
as well as some x-ray fluorescence and absorption spectfdethod’ on a 4<x4x 4 specialk-point mesh, which gener-
have been reportel;** we present here a more complete ates 21k points in the irreducible Brillouin zone. We use
systematic study of superior quality. Specifically, the experimuffin-tin radii of 2.2 a.u. for Sn, 1.9 a.u. for P and S. With
mental side is x-ray photoelectron spectroscék?S and  this option, the plane-wave cutoff paramet®,Kmax:
soft x-ray fluorescenceSXF) spectroscopy. The band- \hich controls the size of the basis, is set to 7.0 and results
structure calculations are performed with the full-potentialin, on the average, 2606 basis functions for elapbint. The

> . > _
linearized augmented plane-wa(L APW) method? use of a densek mesh as well as a higher cutoff parameter

reveals no significant influence on the results presented in

Il. EXPERIMENTAL AND THEORETICAL DETAILS this paper. Moreover, these calculations are being done using

the experimental lattice parametéfs.
All spectra are recorded at room temperature, the crystals

were in the ferroelectric monoclinigl) phase. For all mea- Il. RESULTS AND DISCUSSION

surements, small single crystals are available, produced by a

gas transport reaction method in evacuated quartz ampoules A. Core levels

with I, as the transporter. First we want to discuss the chemical environment of the

XPS spectra are recorded using a PHI 5600ci multitechdifferent chemical elements and the atomic concentration on
nique spectrometer with monochromatic Aa (hv  the basis of the core-level spectra. The most intense lines are
=1486.6 eV) radiation of 0.3 eV full width at half maxi- selected to specify the stoichiometry of the compound. After
mum. The resolution of the analyzer is 1.5% of the passubtraction of a Tougaard-type inelastic backgrofirahd
energy, i.e., 0.45 eV. All spectra are obtained usingtaking into account the photoelectron cross sections, the
400-.um-diameter analysis area. During the measurementsitomic concentration can be specified by the peak areas. The
the pressure in the main chamber is kept below 3results are listed in Table I.

%10 ° mbars. The single crystals are cleavedsitu. The The experimentally determined atomic concentration is in
survey spectrum taken directly after breaking the samplegood agreement with the ideal stoichiometry of the com-
shows no contamination of oxygen but a rather low one opbound. As one result, we can summarize that the crystals
the hydrocarbon, C |2 states that should have no influence have a high quality with regard to the chemical purity. How-
on the valence-band spectra. Because of the samples beinger, it is known that, e.g., in the oxides mentioned above,
insulators or large band-gap semiconductors, a charging ebxygen vacancies in much lower concentrations than detect-
fect is observed. All spectra are corrected for this chargingble with the present setup contribute significantly to the
effect using the carbonslline of adsorbed carbonEg  defect structure and thus to the light induced charge transfer
=285.0 eV)33 in these materials. It has been also shown that a deficiency of
Soft x-ray fluorescence measurements are performed aulfur in SpP,S; leads to high values of the conductivity.
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FIG. 1. XPS spectra of the Snd3@a), P 2p (b), and S 2 (¢)
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FIG. 2. X-ray photoelectron valence-band spectra ofP58;.
Solid line: measured valence spectrum. Dashed line: spectrum
quoted from Curret al. (Ref. 29 for comparison. Below: Result of
the FLAPW calculation, convoluted with our experimental resolu-
tion.

shifted by 2.1 eV to higher binding energies, the |518vel

by 1.7 eV to lower binding energies. This indicates that sul-
fur in Sn,P,Sg is charged negatively, while phosphorus is
charged positively. Further discussion will be realized on the
basis of the valence-band measurement, the SXF spectra, and
the band-structure calculations.

B. Valence band and SXF spectra

X-ray photoelectron spectroscopy of the valence band
provides data of the occupied total density of states. In Fig. 2
we illustrate the valence-band x-ray photoelectron spectra of
SnP,Sg. To compare the experimental data with theoretical
results, in the following binding energies are reversed.

According to the results, this compound containg'Sn
ions, i.e., Sn has lost itspbelectrons. The valence band is
therefore dominated by Sns5S 3s, S 3p, P 35, and P ®
levels. Our measurements of the valence-band spectrum in-
dicate five distinguishable bands at3.3 eV, —7.2 eV,

core levels. Experimental data are presented in full circles; best fitis-9.7 eV, —11.5 eV, and— 14.5 eV, labelech—e, in con-

indicated by the thin black line. The dashed lines show fittedtrast with the measurements of Curepal,?® which only
Gaussian-Lorentzian curves.

resolved three regions. A peak near the Fermi level and a
peak located at-14.5 eV are in good agreement with our

In Fig. 1 we present the x-ray photoemission data thafmeasuremenfstates labeled ande). The bandd, ¢, andd

were recorded of the most intensive core levels of58%;.

|29

differ from the results of Curret al*® For bands denoted,

The Sn 3 stateg =5/2 andj = 3/2 are clearly resolved with b, andd excellent agreement between experiment and theory

a spin-orbit splitting of 8.6 eV. The Snd3,, state is located

for the position is achieved. The calculation indicates band

at a binding energyHg) of 486.8 eV. Compared to the ref- as a shoulder of barig in comparison with the experimental
erence of metallic tin Eg=485.0 eV) this is an increase of data, bana also shows a shift of 1 eV. For bandsndf, the
1.8 eV, which is in good agreement with measurements oralculations predict higher intensities than measured.

SnO (Ref. 33 and r

esults from Curret al?®

We confirm

The results of our FLAPW band-structure calculations

that tin in SpP,S; occurs as St ions. The data that the Sn and the measured valence-band structure are shown in Fig. 3.

ion is in the 2+ state with very high ionicity £1.6) was
also obtained independently by &bauer spectroscoffy.
Figures 1b) and Xc) show the data of the PRand S D
core levels. The Sj2 core level can be clearly resolved with
a spin-orbit splitting of 1.2 eV. P2, core levels are still

The calculation provides results for the total density of states
(TDOYS) and the partial density of statéBDOS of all three
constituents.

The density of state¢Fig. 3), due to its decomposition
into I-resolved contributions in the muffin-tin spher@sg.

detectable as a shoulder with a spin-orbit splitting of 0.9 eV4), can be understood as follos.

The binding energy for the P, core-level state of el-

All three constituents show clear separation of their cor-

emental P is 130.0 e¥ and for S 25, core level states of respondings andp states, on which the effects of hybridiza-

elemental S is 164 e¥ So the P d level in SpP,Ss has

tion are imposed. For Sn, the separation betwesarkl 5
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FIG. 3. X-ray photoelectron valence-band spectrum ofPs8;

and results of the band-structure calculation; t¢T@0OS) and par-
tial (PDOS, for three constituentdensities of states.

Intensity (arb. units)
;

“centers of gravity” is about 10 eV, whereby Snp5lies
clearly above the Fermi levébut for a small admixture to
the S 3 states, thus supporting the above-mentioned ex-
perimental conclusion of essential ionization to the?'Sn
state. The electron density from Sn goes primarily to th
neighboring S atoms, yielding almost full occupation of the
S 3p band. The S 8-3p separation is, according to the cal-
culation, about 12 eV, with quite a narrow S Band. A low
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FIG. 5. Top panel: contour plot of the charge density in the

eDlane indicated in the lower panel. The plane passes through Sn, S,

and P atomsin the middle of the plotand is almost coplanar with
the S-P-P-S zigzaghat is a cut through the,B; cluste). Other S
atoms(left middle and top left are slightly out of the plane. The
plot area is 10.396.35 A2. The countour planes are equidistant at

dispersion of the latter is a consequence of structure arrangg-n75/A3. Bottom panel: Unit cell of SP,S; with 2 f.u. (shown
ment, where S atoms are far apart, connected either via conyy gray) and some additional S atonti® white) obtained by trans-
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lation to complete the near-neighbor shell of a Sn atom.

mon Sn neighborséthat have, however, no electronic states
of their own in the energy region of SsB or through the
P-P bridges. The phosphorus atoms are covalent glue in the
structure. Not much electronegative themselves, and out of
direct contact with Sti" ions, they have, according to their
nominal position in the periodic table, a half-fillegh 3hell,
due to a huge splitting of the latter into bonding and anti-
bonding parts. A direct P-P covalent bonding also splits the P
3s states, otherwise well localized and deeper thars ®y8
about 1.5 eV into bondindglower) and antibondinguppe)
states. Furthermore, the interaction of S Bith such P-P
hybridized states produces a replica of this doublet near
—10 eV. Whereas the lowest pair of states is P-S bonding,
the higher-energy replica is P-S antibonding. The latter P-S
antibonding doublet appeatwith different weight$ in both
S 3s and P 3 partial densities of states. Similar separated
groups of bands have been found by Caracas and Gbinze
their calculation for the isoelectronic compound,Bs5e;.
These considerations from the analysis of PDOS can be
further illustrated by the spatial distribution of the electron
density. In Fig. 5 the cut is done through three consecutive
Sn-S-P atoms, and their other neighbors almost in, or slightly
off, this plane. One sees a striking contrast between an ion-

FIG. 4. The calculated partial density of states of Sn and P, splitzed shape of Sn atonisdicated by perfect sphericity of the

into s states ang states.

electron density in its neighborhopdnd a strong covalency
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FIG. 6. Comparison of the XPS valence-band spectrum of_ 10 eV is actually split by~

Sn,P,Ss with the SL,,, SLg, and the ALz SXF spectra.

along the S-P-P-S chains. The latter exhibits a charge-densi
distribution resembling that in tetragonally directioned Si
stuctures. One notices, moreover, an electron-density di
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proceed with the attribution of features due to Sn in the XPS
based on the calculation results only. The Snad in part
also the P states hybridize with S8 and hence yield a
contribution to the featura. Featureb in the XPS is mainly
attributed to the(occupied part of P 3p states, as th@®,
SXF spectrumimaximum around-7 eV), roughly reveal-
ing the bulk of the P B states, confirms. P@Bstates hybrid-
ize with S 3 corresponding to the feature at7 eV inthe S
Ly, emission spectrum. The calculated PDOS confirms hy-
bridization effects of P B states not only with S 8 states,
but also predicts P 3 states hybridizing with S 8 states.
The “generic” position of the Sn § states, not affected by
the hybridization with sulfur, is near-9 eV. The corre-
sponding pronounced peak in the calculated SnPDOS
seems to contribute to the featwén the XPS. The feature
at —10 eV in the SL, ,, reveals hybridization effects of S
3s with P 3s and P 3 states. The peaks at these positions
are clearly seen in the calculated PDOS; that around
1.5 eV and emerges in the
XPS as featuresl,c, not resolved in the &), emission
Rpectrum. The &, spectrum shows a maximum peak re-
vealing the position of S 8states, at-15 eV. This is con-

Sistent with the calculated result and hence unambiguously

placement from phosphorus to sulfur atoms. Away fro/8P attributes the featurein the XPS. Finally, the featurfen the
groups and Sn ions docked between them, there is hardly arf§"S Manifests the Ps3states.

charge density accumulated. Again, very similar charge
density plots were found in Ref. 27 for gBSe; (with the
difference that pseudopotentials have been used in the latt
case so that intra-atomic structure is mising

An experimental support for the identification of features

To conclude the comparison of XE®DOS with the
XPS (TDOS), one can discuss the position sflevels of
three constituents. It is known for oxides that the position of
the O X band in the LDA may be off by as much as 2.5 eV
(O 2s binding energy underestimated in the calculatjdoe-

in the XPS comes from soft x-ray fluorescence measurecause the core hole relaxation in a relatively localized<O 2
ments. Figure 6 compares the XPS valence-band results wif{'€!l 2dds to the binding energy. This aspect is neglected in a

the SLy i, SLg, and PL; SXF spectra. SXF spectra are
converted with the XPS binding energies to the binding
energy scale. The 5, spectrum is due to the Ss3-2p
transition and dominated by a peak -atl5 eV. Two addi-
tional features in the &, |, spectrum can be seen at10
and—7 eV. TheP; SXF spectrum(P 3p— 2s transition is

a single strongly broadened peak, roughly revealing the bul
of the P 3 states, with a maximum around?7 eV. The S

L s emission spectrunS 3p—2s transition is of inferior
intensity but allows nevertheless to identify the maximum a
~—3to—1 eV. Tin contributes no SXF spectra, since it is
impossible to achieve any excitation out of the &nd the 5
states into the 8 state and no fluorescence can be investi
gated. This is explained by the XPS measurements that ind
cate a complete ionization of tin in §ASs. Also the ob-
tained fluorescense out of thes into the 3 state is very
weak due to a low probability for this transition.

C. Discussion

conventional LDA calculation but accessible in a quasiparti-
cle band-structure treatment. One would expect this effect to
be less pronounced in sulphides, due to anticipated weaker
localization of the S 8 states. Indeed, we note a good agree-
ment in the position of the Ss3peak in the DOS with the
featuree in the XPS. For Sn, where the shallovs State is
gssentially “bandlike,” the agreement in the energy position
is also good(although the corresponding featucein the
XPS is rather wegk On the contrary, for phosphorus with its

{deeper and quite localizeds3states, one would expect a

discrepancy between the LDA calculation and the XPS of the
order of that in oxides. The corresponding featlig how-
ever, too weak in the XPS to address this issue in more

p_etail. Other electronic bands in the compound in question
do not seem to demand for a special treatment of correlation
effects beyond the LDA for understanding the spectroscopy
of this material in a satisfactory way.

In combination with the x-ray photoelectron measure-
ments and the results of the band-structure calculation, we
get the following interpretation of the electronic structure of

The analysis of the x-ray emission data along with XPSSn,P,S;. Sulfur and phosphorus can be treated as a

and the calculation results yields the following. TheLg
emission spectrunfmaximum at~—3 to —1 eV) is due to

(P,S5)* cluster with a strong internal covalent bonding be-
tween P and S. Sulfur has a higher electron affinity compared

the S 3 states as is clearly seen from the correspondingo phosphorus and, therefore, is negatively charged con-
PDOS. These states are the principal contributors to the fedirmed by the chemical shift of the S2x-ray photoemission

turea in the XPS. In the absence of Sn emission spectra, w

epectrum to lower binding energies. A SXF measurement of
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TABLE Il. The result of the XPS measurement of the valenceand SXF measurements and theoretical FLAPW band-
band of SaP,S;, including the discussed assignment of the particu-structure calculations, we can assign the measured XPS data
lar bands. to the electronic states in the valence band of58;. The
bonding between both of the unequal®Snions and the

Band Energy positioltiXPS) (eV) Assignment (P,Ss)*~ cluster is ionic, inside the cluster we have evidence

a —33 S IP 3P of strong covalent pqnding between phosphorus an.d sglfur.

b —72 P /S 3s We observesp hybridization between P and S, dominating

c 97 P /SN 5 the center of the valence band, where some influence of Sn
_ Bs states is also present. The results by means of XPS and

d 11.5 S 3/P 3s . L

o 145 S 3 SXF represent the experimental background &br initio

modeling, including defect and impurity states. Due to a
good agreement between experimental spectra and first-
- . : principles calculations, an unambiguous identification of all
the P 3 — P 2p transition(P L) is not yet available. spectral features became possible. This provides a basis for

With such a spectrum, it could be clarified whether the bandg,yre studies and understanding the electronic structure of
c andf are formed by P 8, as the calculation predicts. Ac- (ajated mixed compounds.

cording to bands andf, the calculation predicts a higher
intensity than observed by XPS. This is due to the lack of
sensitivity factors in our band-structure calculation. The sen-
sitivity factors include among other things photoelectric
cross sections for the atomic orbital of interest and a geomet- This work was supported by the Deutsche Forschungsge-
ric efficiency factor for the instrumental arrangement. TablemeinschaftDFG), SFB 225. Financial support by the Ph.D.
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