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Surface structure and core-level shifts in lead chalcogenidéd01) surfaces
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We study the geometrical structure, the relaxation, and the surface core-level shifts of PbS ai@dRbTe
surfaces viaab initio pseudopotential calculations. In both systems, an oscillatory relaxation of the surface-
layer separations is predicted and this feature is expected to be present in other polarizable ionic rocksalt
compounds. In agreement with experiment, PbTe displays a large surface rumpling that is absent in PbS.
Reasons for these similarities and differences are addressed. Our results compare well with most available
experimental data. Partial disagreement with a recent x-ray standing wave investigation in PbS is discussed.
Core-level shifts in PbS are very small and are not sensitive to surface relaxation. Therefore, they are not a
useful tool to investigate surface geometry in these compounds.
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[. INTRODUCTION inward relaxation of the top surface layer, as large=d$%.
This result is at variance with the recent XSW measurements
Lead chalcogenides are narrow gap semiconductor conby Kendelewiczet al? that, on the other hand, confirmed the
pounds with strong ionic character that crystallize in the cu-absence of surface shift in P801) for both 4f Pb and 3
bic NaCl (rocksali structure. They have been intensively S core excitations.
studied in the last decades due to their importance in various Therefore, an accurate theoretical investigation of PbS
domains of both fundamental and environmental science. land PbTe&(001) surfaces is needed to understand the reasons
particular, lead sulfide—naturally occurring as the mineralfor their different behavior and for a consistent interpretation
galena—constitutes the main reservoir of lead in water-roclef the results of surface core-level spectroséopnd other
interaction and a thorough study of its surface reactivitystructural analysfs' in these compounds.
would provide a better understanding of many weathering
mechanisms occurring in the Earth’s surface.
The typical cleavage face of these compounds iS@04)
and an accurate description of the atomic geometry and the Our theoretical calculations have been performed within
electronic structure of this surface is therefore a prerequisitéhe framework of density-functional theory in the local-
to further analysis of surface reactivity. Simple qualitativedensity ~approximation (DFT-LDA)® using norm-
arguments based ohondlength-conservingtomic relax-  conserving and ultrasoft’ pseudopotentials for S and Te,
ation would predict, for close-packed ionic systems such aand for Pb, respectively. For the latter element,Sfates are
the rocksalt structure, very small surface relaxatidthese included in the valence region. We wused the
simple arguments apply satisfactorily for prototype ionic sol-Ceperley-Aldet' exchange-correlation potential as param-
ids, such as MgO, but their validity for the more polarizableetrized by Perdew and Zung&r'3A kinetic energy cutoff of
PbS and PbTe compounds is not well established. 28 Ry and a 1(k-points Monkhorst-Pack grid in the bulk,
The experimental situation is still controversial. On oneor an equivalent density of points in the Brillouin zo{&Z)
hand, Kendelewiczt al.? via x-ray standing wavéXxSW)  for larger systems, were found to be sufficient to converge all
experiments on Pb®01) surface, found no evidence of a the quantities of interest.
significant relaxation. This result was supported by a The PbS and PbT€001) surface were modeled in the
Hartree-Fock theoretical studythat confirmed the absence supercell geometry by periodically repeated slabs of up to
of significantrumpling of the surfacgevaluated to be of the nine atomic layers separated by 5—-6 equivalent vacuum lay-
order of 0.1 A. On the other hand, low-energy electron dif- ers. We will refer to a supercell &+ M when the system
fraction (LEED) analysis of(001) surface of PbTe, naively containsN atomic layers separated i equivalent vacuum
expected to be very similar to PbS, indicates a relevant odayers. In the (& 1) surface unit cell, each layer contains
cillatory relaxation together with a larg& %) rumplingof  one cation and one anion that keep, by symmetry, their bulk
the surfacé with the top-layer Pb atoms sinking below the position in thex-y plane, while along the direction, perpen-
plane containing the anions. dicular to the surface, the equilibrium atomic positions are
To add to the confusion, measuremé@fitsf the photo-  not fixed by symmetry and, in particular, can be different for
emission spectrum of the Pld&core level in the(001) PbS  different atomic species, thus inducing a surfagmpling
surface show negligibles<0.1 eV, surface core-level shifts During relaxation, the in-plane lattice parameters of the slab
(SCLS that have been interpreted by Alldmn the basis of  were fixed by the bulk values of the two compounds, and all
linear chain tight-binding calculations, as due to a strongatoms in the supercells were allowed to relax until the inter-

II. METHOD
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TABLE I. Equilibrium bulk parameters for PbS and PbTe. TABLE II. Surface layer rumpling\r, and interlayer distances
Adj; for PbS and PbT€00D) surfaces. The thickness of the slabs in
PbS PbTe the supercell iN+5. (See text for explanation.
ap (a.u) B(GPa B’ ay(au) B(GPa B’
Rumpling (%) Relaxation(%)
Present work  11.03 64 487 12.08 49 451 Ar;  Ar, Ars Ar, Adp, Ady Ads, Adgs
Expt2 11.20 53-70 12.18 40
Other$ 11.16 66.3 4.38 12.17 51.7 4.52 (001) PbS
N=5 0.1 0.2 -4.7 2.3
“Reference 15. 7 003 04 -02 ~51 32 -04
"Reference 16. 9 -01 04 -04 06 -52 35 —12 05
Expt? 0.0 <1
atomic forces vanish. No remarkable change in the total en- (001 PbTe
ergy and surface geometry was found by increasing th§=7 53 —-35 14 —41 21 -01
vacuum distance between slabs up to six equivalent layergypib 7 —4 2

From the study of convergence with respect to the slab thick:
ness in the case of PbS, we found that theb7supercell was  ®Reference 2.
sufficient to obtain converged results, while thinner slab<Reference 4.
were not sufficient.

accuracy of our calculation and show that simple “bond-

length-conservation” argumeritsannot be applied in gen-
lll. RESULTS AND DISCUSSION eral.

PbS and PbTe form naturally in the rocksalt structure.  AS for the average layer relaxation, calculations show a
Theoretical structural parameters have been determined [ymilar pattern for the two compounds with an oscillatory
fitting our calculations to the Murnaghan equation of state!Nt€rlayer relaxation: the top-to-second layer distance con-

Lattice parameters and bulk moduli agree within a few perracts(by ~5% and~4% for PbS and PbTe, respectively

cent with experimental dath and previous theoretical and the second-to-third layer distance expalibys=3% and
calculationd® (see Table )L ~2%). Deeper layers are practically unaffected by relax-

In order to quantify the amount of surface rumpling, we ation from their bulk positions. These theoretical results are

define the rumpling parameter as the distance, for each layef! Very good agreement with the LEED analysier PbTe,

between the vertical position of cations and anions, scaled thile they are at variance with the XSW study of PbS sur-
the bulk distancel,: face where no significant surface relaxation was repdrted.

We believe that this disagreement is only apparent and is

(S.Te)_ _pb to be related to the fact that more than one surface layer
Az-=zi —4 1) participates to the relaxation, contrary to what was assumed
! do in the experimental analysis. In fact, XSW experiments are

sensitive todisplacement®f the surface atoms from their

wherez* refers to the position of th& (X=S,Te, or Pp  bulk positions as determined by the bulk diffraction condi-
atoms along the direction in a given layei. Another pa- tions, and, due to the oscillatory surface relaxation in PbS, in

rameter describing the surface relaxation is the average sepgPite of the large~5 top-to-second layer contraction, the
ration Ad;; between two layers, again scaled to the bulkatomic displacements of surface atoms from their ideal posi-

value: tions are much smallers —2% and~ +3%, for top and

second layers, respectively. Moreover, signals from the two
d—d relaxing layers tend to compensate each other in the XSW
Ad;; :L, di=£[zi(s'Te)+ . (2)  Vieldin such a way that, we believe, the total surface contri-

. do 2 bution to the XSW signal is within the 1% noise level
quoted in Ref. 2. In order to solve this issue, the reanalysis of
the experimental data in Ref. 2 on the basis of the present
results and/or the investigation of this surface with some

Our theoretical results for the average layer relaxation andurface technique more sensitive taterlayer distances
for the surfaceumpling of PbS and PbT€001) surfaces are such as LEED, for instance, would be desirable.
reported in Table II. Our calculations predict that both PbS and PKU81)

The calculations, in agreement with recent experiméfts, surfaces display an oscillatory relaxation of the surface lay-
predict no rumpling in the case of PB801) surface and a ers as a whole: the topmost layer tends to contract, the sec-
large positive rumpling of the first surface layer for PbTeond one tends to expand, and so on. In addition to this layer
(i.e., top-layer Pb atoms sink with respect to Te atbtos  relaxation, PbTe show a strong rumpling that is absent in
gether with an opposite, smaller, effect for the second layerPbS. Let us examine the reasons for these similarities and
The theoretical value of 5% for the topmost-layer rumplingdifferences.
in PbTe surface is in good agreement with the value of 7% In the bulk, anions and cations occupy high-symmetry
measured by Lazaridext al* These results demonstrate the sites and the interacting forces among them vanish by sym-

A. Surface relaxation
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FIG. 1. PbS: contour of the electronic charge density on the FIG. 2. PbTe: contour of the electronic charge density on the
plane(100), for the unrelaxeda) and relaxedb) geometry, respec- plane(100), for the unrelaxeda) and relaxedb) geometry, respec-
tively. tively.

metry. Due to the reduced symmetry, the relaxed geometry dwice ri(Te?”") while the S-S distance in PbS is more than
the surface is dictated by the equilibrium between the longd3% larger than twice;(S™). S

range electrostatic interaction and the short-range Pauli re- 1he difference between these two surfaces is evident from
pulsion between ionic cores. The electrostatic part can easilj'® charge-density distribution, in the ideal and relaxed ge-

’ dmetries, shown in Fig. 1 and Fig. 2 ori20 plane through
be calculated by the Ewald sum and the short-range reputhe slab. In the ideal geometry, the charge density of PbTe

sion can be, in first approximation, modeled in terms of two- ) . 2 .
body repulsive interaction between ions outside the core region is clearly asymmetric for Pb and Te
' exchange, with Te atoms more extended than Pb ones. Upon

lnbth'f smglgledkptmttjhre, tlhetosctlllga_tory I?y?rtrr]elaxar?oq relaxation the anion sublattice remains almost unrelaxed but
can be traced back 10 Ihe electrostatic part ot Iné CONEsIVEGy, o0 have more room to move at the surface than in the
energy: for the ideal unrelaxed surface, the electrostati

forces acting on ions display an oscillatory behavior with the%u”(' The resulting surface rumpling determines charge pro-
[ tric in the first surface layers. In
topmost layer pushed toward the bulk and the second lay flles that appear more symmetric in the first surface layers

lled t dth f ired by an osc'llaﬁ?bs' the charge density is rather symmetric for Pb and S
pulled toward the vacuum, exactly as requl y : exchange already in the ideal geometry and it remains sym-
tory relaxation to occur. This is a generic feature in rocksal

- . .tmetric after relaxation.
ionic crystal due to the geometrical arrangement of atoms in

the (001 surface and to the electrostatic nature of the inter-
action. The extent to which these oscillatory forces are con-
verted into relaxation depends on the stiffness of the short- A piece of experimental evidence that is not controversial
range repulsion. Very stiff cores will not relax much, softeris the small value of the surface core-level shifts in PbS that
and more polarizable cores will relax more. This is why thehave been reported both in earlgnd recerft studies. How-
amount of relaxation found in the strongly polarizable leadever, from the absence of SCLS, Allapredicted, on the
chalcogenides is larger than that encountered in other ionibasis of tight-binding calculations, a very large, 15%, surface
compounds such as MgO or NaCl. contraction not found in experiments and in the present first-
The electrostatic interaction is invariant for exchange ofprinciple calculations.
anion and cation charges, and cannot be held responsible for To clarify this issue, we computed the SCLS for PbS and
the rumpling of the surface since the electrostatic forces arBbTe in the first-principle final-state appro&thhat ac-
the same for both kinds of atoms on a given unrelaxed sureounts also for the valence electron screening of the hole
face layer. The asymmetric relaxation present in PbTe, andreated in the core region by photoemission. In this scheme,
absent in PbS, implies that in the former case an asymmetmhe surface core-level shift is simply the energy difference
between anion and cation exists in the short-range part of thieetween the energy of the slab containing an isolated core-
interaction that is absent in the latter. This is consistent witionized atom on the surface layer and that of a slab where the
the assumption that in PbS, the dominant contribution to thexcited atom is in the central, bulk layer. In practice the
short-range repulsion comes from Pb-S first-nearest-neighbdsolated excitation is approximated by(supej periodical
interaction, which is symmetric for anion-cation exchange.arrangement of excited atoms in the desired layer. In order to
In PbTe, a sizable contribution comes also from the Te-Talescribe the core-excited Pb atom, while adopting the
next-nearest-neighbor repulsion in such a way that Te sulpseudopotential approach, a pseudopotential has been gener-
lattice in PbTe tends to remain closer to the ideal geometryated from an atomic configuration with ond #lectron re-
while lead atoms in the first few surface layers relax moremoved from the core. No significant dependence of the cal-
inducing the surface rumpling. This picture is supported byculated SCLS on the atomic valence configuration used in
literature value¥ of ionic radii for the two anion§r;(S>”)  the pseudopotential generation has been found.
=1.84 A, r;(Te?")=2.21 AJ: The experimental Te-Te next- Results of the calculations are reported in Table Il for
nearest-neighbor distance in PbTe is only 3% larger thaf+5 surface slabs. For Pb®01) surface, we checked that

B. Surface core-level shifts
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TABLE lIl. The 4f Pb surface core-level shifts for the relaxed obtained value of 0.14 eV, differing from the relaxed value
surfaces computed in the supercell approach with different periodpy only 0.04 eV, indicates that core levels are very insensi-

icity of the core-exitations. tive to relaxation in PbS and their value cannot be easily
used to address structural issues in this compound.

A (eV) (1x1) (\2x2) Expt?

PbS(001) 0.18 0.18 0.60.1

PbTe(001) 0.06 IV. CONCLUSIONS

The structural relaxation of PbS and Ph(D&1) surfaces
and a calculation of their surfacd 4b core-level shifts have
been presented. Comparison with experimental data, as well
supercells where the excited atoms have<() and (/2  as similarities and differences in the behavior of the two
X \2) surface periodicy give identical results, within 10 compounds, have been discussed. The oscillatory surface re-
meV, so that (X 1) supercell is already sufficient for the laxation present for both systems can be traced back to the
present purpose. electrostatic part of the atomic interaction while the surface

Both PbS and PbTe display very small surface shiftsyumpling, when present, is related to an asymmetry in the
PbTe in particular. Although the theoretical value for core-short-range Pauli repulsion between ionic cores. Simple
level shift in PbS, 0.18 eV, is outside the quoted experimenbond-length-conserving arguments do not apply to these ma-
tal error bar we estimate that an agreement with experimerigrials. SCLS are insensitive to surface relaxation in these
within ~0.1 eV is rather successful, in view of the various materials and are of little help in the structural determination.
approximations involved in the calculation—

%Reference 2.
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