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Density functional theory calculations have been performed on SnO in the litharge, herzenbergite,
and rocksalt crystal structures. An asymmetric electron distribution was found around the Sn atoms in litharge
and herzenbergite SnO which could be ascribed to as3rstrically active “lone pair.” Analysis of the
electronic structure shows that the states responsible for the asymmetric Sn electron distribution are due
to the coupling of unfilled Sibp) with the antibonding combination arising from interaction of(=H and
O(2p). The coupling of Stbp) was found to be active in both the formation of the asymmetric density and
the stabilization of the litharge and herzenbergite phases. Due to the symmetry of the interaction the coupling
of Sn(5p) with the antibonding states can only take place on distorted Sn sites, explaining the absence
of an asymmetry in the rocksalt structure. In contrast to the classical view that ¢He ‘Bme pair” forms
directly through hybridization of Snsband 5, our calculations confirm for the first time, through COOP
analysis, that it is only through the interaction of the oxygerstates that formation of the asymmetric density

is achieved.
DOI: 10.1103/PhysRevB.70.235114 PACS nuni®er71.20—b
[. INTRODUCTION active lone pair” and the stabilization of the distorted struc-

Many Srll) compounds exhibit interesting physical Ures are not purely the result of the Pﬁ@_lectroqs Ina
properties and possess numerous technological applicatiofdevious study we performed DFT calculations within the
with recent work being performed on the use of Snolocal density approximatiofLDA) on litharge and CsCl
nanoparticles in rechargeable battetiemd on SnS thin Structured SnO, which again suggested that the formation of
flms for use in solar celld. In SnIl) compounds, Sn the “lone pair” and the stabilization of the litharge phase over
acquires an electronic configuration ofi*455s?5p°, with a  the undistorted CsCl structure are not purely the result of the
filled 5s subshell. The classical view is that after hybridiza- Sn 5 electrons. Both these studies indicate th&®(8) is
tion of the s and p orbitals, the Sn & electrons occupy involved in the states responsible for the lone pair and that
an inert orbitaf which is projected out one side of the the cationns? electrons are at least partially involved in
Sn atom, creating an asymmetric structure. This inert paichemical bonding with the oxygen.
of electrons is thus considered a lone gaimd while they
are deemed not active in bondifdghey are deemed to be
sterically active, resulting in asymmetric crystal structures.
However, this distortion is not present in all @n com-
pounds, which would suggest the formation and stability of
the lone pair is more complex than classical hybridization
would imply.

Classical hybridization suggests that lone pairs would
form for all Snll) compounds, hence it would be expected
that all Snll) compounds adopt asymmetric structures,
which is not the case. For example, the S@&=0O, S, Se,
and Te series, while having similar electronic configurations
exist in quite different crystalline environments. These range
from highly symmetric SnTe which adopts the perfectly sym-
metric, six coordinate rocksalt structure, witlfFe3m space
group as its thermodynamically stable phase, Fi@)),lto
highly distorted SnO. SnO assumes a layered tetragonal
structuré (litharge) with a P4/nmmspace group, Fig. (i),
containing asymmetric four coordinate Sn sites, that can be
seen as a distortion of the eight coordinate CsCI structure.
SnS and SnSe both adopt an intermediate orthorhombic
structuré (herzenbergitewith a Pnmaspace group, which
can be seen as a distortion of the rocksalt structure creating
asymmetric coordination around the three coordinate Sn at-
oms, Fig. 10). FIG. 1. Crystal structures ofa) rocksalt structured SnTeb)

Density functional theoryDFT) calculations on Pb® litharge SnO, andc) herzenbergite SnSe. Sn atoms are colored
have suggested that the formation of the so-called “stericallgark, while the anion atoms are colored light.
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TABLE |. Calculated structural properties of rocksalt, litharge, and herzenbergite SnO.

Rocksalt Lithargea Herzenbergite
Energy(eV/Sn) -10.52 -11.41 -11.22
Volume (A3/Sn) 33.48 37.25+6.1%) 39.70
a(h) 5.116 3.867(+1.7%) 11.784
b(A) 3.867(+1.7%) 3.403
c(A) 5.036(+4.1%) 3.950
Snz) 0.234(-1.8%) 0.162
Sn-0(A) 6% 2.558 4X2.261(+1.7%) 2x2.235
1x2.754

%/ error with respect to experimental data, Ref. 6.

DFT and tight binding calculations have been performedwvere obtained using the Monkhorst-Pack metHod.plane
on the Skil) monochalcogenides by Lefebvet al,’® al-  wave cutoff of 500 eV was used witkipoints grid sizes of
though their emphasis was not on lone pair formation. The X 8X 8 for the two atom, reduced unit cell rocksalt struc-
electronic structures were calculated in their observed crysture and 6< 6 X 4 and 4x< 6 6 for litharge and herzenberg-
talline structure only, preventing a full analysis of(Bnlone ite structures, respectively.
pair behavior. While more recent calculations have been per-
formed onng’ lone pairs in Ge, Sn, and Pb chalcogenides . RESULTS
using DFT and electron localization functioHsthis study
mainly addresses the compounds in the rocksalt structure,
which restricts their investigation of lone pair formation seen Each of the three structure@ocksalt, litharge, and
in asymmetric structures. This leaves the precise mechanisherzenbergitewere optimized by performing a series of cal-
behind the formation and stability of these lone pairs to beculations at different volumes. In each of these the length
addressed. The aim of this work is to study the nature of th@and angles of the lattice vectors and the atom positions are
Sn(ll) electron distribution in SnO, with emphasis on the optimized within the constraint that the total volume does not
formation of the asymmetric density, by the examination ofchange. The resulting energy volume curve was fitted to the
the electronic structure of SnO in the litharge, herzenbergiteMurnaghan equation of stafeto obtain the equilibrium cell
and rocksalt structures, the thermodynamically stable phaseslume. Optimization at this volume yields the equilibrium
of the Sn monochalcogenide series. Electronic structurstructures and binding energies shown in Table I. The lith-
analysis of SnO in each of the three crystal structures wilarge structure is predicted to be the most energetically favor-
give a better understanding of the origin of the electron disable as would be expected for the thermodynamically stable

A. Optimization of the lattice vectors

tribution in Sr(ll) materials. phase. The herzenbergite structure is predicted to be only
0.19 eV/Sn less favorable, with the cubic rocksalt phase be-
Il. COMPUTATIONAL METHODS ing the highest energy SnO structure, 0.89 eV/Sn less stable

than the litharge phase.

Our electronic structure calculations were performed us- The predicteda and b lattice vector and the internal
ing DFT as implemented in the Vienmeb-initio Simulation  coordinate for the litharge structure are in good agreement
Packag&14 (VASP). The exchange and correlation energywith experimental value$.The a and b lattice vector is
is evaluated within the generalized gradient approximatiorslightly overestimated in our calculations, in the order
(GGA) using the parametrization of Perdeat all® Three  of 2%, which is a general feature of GGA-DFT calculations.
dimensional periodic boundary conditions were employedHowever, thec vector, which represents the Sn-O layer
which allow the expansion of the crystal wave functions ininteractions, is overestimated to a greater extent due
terms of a plane wave basis set. The projector augmented the relatively weak nature of the forces in this direction
wave methotf1” (PAW) was used to treat the core electronswhich are poorly described in DFT. The rocksalt structure is
(Sn:[Kr], O: 1s%), as it keeps the computational efficiency of calculated as having six oxygens coordinated 2.558 A
a pseudopotential by substantially reducing the number ofrom Sn, while the Sn-O distances for the litharge phase are
plane waves required, while retaining the accuracy of a fixe@alculated to within 2% of the experimental values at
core all electron calculation. 2.261 A. The herzenbergite phase is calculated as having

The forces on the atoms and the stress tensor were calcune long 2.754 A and two short 2.235 A Sn-0O interatomic
lated using the Hellman-Feynman theorem. These were usetistances, in contrast to the two long and one short seen
to perform constant volume quasi-Newton relaxations untiffor the herzenbergite SnS and SnSe. This corresponds
the forces on the atoms had converged to less thato an elongated vector in the unit cell, which is caused by
0.001 eV/A, and the pressure on the cell had equalizeche Sn atoms moving along titevector, and is most likely a
Convergence of the total energy was checked with respect t@sult of stronger lone pair activity in SnO compared with
both the plane wave cutoff energy akgboint density, which  SnS and SnSe.
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FIG. 3. Electron density contour plots through a plane contain-
ing Sn atoms for@) rocksalt, (b) litharge, and(c) herzenbergite
SnO. Contour levels shown are betweere/@3 (black and
0.35e/A3 (white).
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FIG. 2. Total electron density of states from -10 eV to

+10 eV for (a) rocksalt, (b) litharge, and(c) herzenbergite SnO,
relative to the highest occupied state of each structure.

B. Electron density of states

The electron density of statéEDOS) for the three struc-
tures are shown in Fig. 2 from -10 eV to +10 &With , )
respect to the highest occupied sjaihile the G2s) and salt SnO. The exper_lmentally determined value of between
Sn(4d) states both occur at lower energies they have no sigz's eV and 3 eV for litharge Srf®shows that our calculated

nificant role in bonding and have therefore been exc;ludefand gaps are significantly underestimated, a well known

for clarity. The EDOS possess a number of common feature ailing of DFT.
The area below the Fermi level can be divided into
three main regions. The lowest energy regi@agion I
from -9 eV to -6 eV, the second regigregion Il) from The electron densities from the states between 0 eV and
-6eV to —3eV, and the third region(region Ill) -9 eV (with respect to the highest occupied sjatbrough a
from -3 eV to the highest occupied state. The EDOS of theplane containing Sn atoms, for rocksalt, litharge, and herzen-
rocksalt structure reflects its symmetric nature and containBergite SnO are shown in Fig. 3, with black and white show-
well-defined peaks unlike the asymmetric litharge anding regions of low and high electron density, respectively.
herzenbergite structures, which appear more complex. For the rocksalt phase, the electron density around the Sn
A number of differences are notable between the EDOS ofitoms is clearly spherical. In contrast, litharge and herzen-
the three structures. The litharge phase features substantisérgite SnO form an enhanced density to the side of the Sn
overlap between the peaks in regions | and Il, in contrast tatoms pointing away from the Sn-O layers. Traditionally this
the rocksalt and herzenbergite structures. In addition, whilasymmetric electron density would be attributed to a lone
containing a distinguishable central peak in the rocksalt anghair with the Sn §° electrons occupying &p hybridized
herzenbergite phases, region Il of the litharge structure diserbital, which would be interpreted as being stereochemi-
plays a much broader distribution of states, forming exten<cally active in directing the layered structures.
sive overlap with region Ill. Region I, situated just below  To establish the region from which the lone pair origi-
the Fermi level contains a single peak centered at —1 eV imates, partial electron density maps were made for the three
the rocksalt structure but appears split and shifted down teegions of the EDOS, an example of which is shown for
-1.5 eV in the herzenbergite structure. While the overlagitharge SnO, Fig. 4. Figure(d) displaying the density aris-
between regions Il and Il partly conceals the region Il peaking from region | of the EDOS clearly shows the formation
of the litharge structure, these states are clearly shifted dowof an enhanced density between O and Sn, indicating a bond-
in energy, relative to the other structures, centered at apng interaction between the anion and cation which does not
proximately —2 eV. The unoccupied states of litharge anctontribute to the lone pair. Region Il is shown to be mainly
herzenbergite SnO are also shifted away from the Fermbxygen in nature, Fig.#), and again does not directly con-
level giving rise to the larger band gaps of 1.148 eV andribute towards an asymmetric Sn electron distribution. The
0.520 eV for these structures compared to semimetallic rockSn lone pair is clearly due to electron density originating

C. Electron densities
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FIG. 4. Partial electron density contour plots for litharge SnO. .f%‘. |

Contour levels shown are betweereOd3 (black) and 0.25e/A3 10 . . s
(white). (@) -9eV to -6eV, (b -6eV to -3eV, and(c) ) B
-3eV to OeV. Energy (eV)
from region 11l of the EDOS, Fig. &). A spherical electron FIG. 5. Partial electron density of states f@ rocksalt (b)

distribution can be seen around the O atoms with an enIjtharge, andc) herzenbergite SnO, relative to the highest occupied
hanced density present above the Sn atom, pointing aw. ate in each structure. The Sa&nd H states have been doubled
from the Sn-O layer. The density between the O and Sif' €ach case for clarity.

atoms can be seen to fall close to zero in this region Whicrbhase, 50% @p), 28% Sii5s), and 22% S(bp,) character
suggests an antibonding Sn-O interaction. in litharge SnO, and 70% @p), 18% Sii5s), and 12%
Sn(5p,) in the herzenbergite structure. The asymmetric struc-
tures both contain significant amounts of(Sm,) in region

To aid the interpretation of the electronic structure, in ad-lll, with the Sn5p,) character of the litharge structure almost
dition to the EDOS we have also calculated the pari@h  equaling that of the SBs) character. Also of note is the fact
andl- and m-quantum number decompogeglectronic den- that the litharge structure contains les&€2) states close to
sity of states(PEDOS for all three structures. These were the Fermi level than the two less stable structures. As has
obtained by projecting the wave functions onto spherical harbeen illustrated through electron density contour maps it is
monics centered on each atom with a radius of 1.55 A for Smegion Il that is responsible for the asymmetry in the Sn
and 1.55 A for ! The radii chosen give rise to reasonable electron density and so these differences are directly related
space filling and the results are qualitatively insensitive tao the so-called “lone pair.”
changes in radii. Figure 5 shows the PEDOS curves from From the PEDOS it is evident that region Ill contains less
—-10 eV to +5 eV for both Sn and O in the rocksalt, lith- than one-third of the overall $8s) states with the majority
arge, and herzenbergite structures. being present in region 1. The overlap that exists between the

The PEDOS show that region | is a mixture of(S§) and  Sn(5s) and Q2p) states in regions | and Ill would again
O(2p) states, with regions Il and Ill mainly @p) in nature.  suggest that these regions correspond to the combinations
This is broadly in line with an ionic model of SnO in which arising from a Stbs) and Q2p) interaction occurring in all
the two Sit5p) electrons have been transferred t620).  structures. However, in addition the PEDOS of asymmetric
However detailed examination reveals a more complex syditharge and herzenbergite SnO contain a number of features
tem exists. Region | of the litharge and rocksalt phases corthat are not present in the symmetric rocksalt structure. Most
sists of approximately 50% $6s) and 50% Q@2p) character, notable is the presence of Gp,) states in region Ill of the
while this region in herzenbergite SnO contains approxi-PEDOS, directly overlapping with the &s) and Q2p)
mately 60% Stbs) character, which is perhaps due to the peaks. These structures also contain additional unoccupied,
lower coordination of the structure. Region Il is almost com-overlapping Stbs), Sn(5p,), and Q2p) peaks, situated
pletely O(2p) in nature, containing only small amounts of above the Fermi level at approximately +1.5eV in the
Sn(5p) states. Region Il consists of approximately 70% herzenbergite structure and +3 eV in the litharge structure.
O(2p), 25% Sit5s), and 5% Stbp) character in the rocksalt This would suggest that additional interactions occur in the

D. Partial electron density of states
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FIG. 7. Schematic representation of orbital interactions for the
(a) bonding and(b) antibonding Stbs)-O(2p) combinations and
the interaction of Sfbp,) with the antibonding combination in both
(c) symmetric andd) asymmetric crystal structures.
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composed of filled antibonding states. The difference be-
tween the three structures comes in the size and position of
the antibonding combination. The antibonding peak is small-
est and positioned lowest in energy for litharge SnO at
-2 eV. A larger split peak is present at —-1.5 eV for the
J ' herzenbergite structure, with the peak for rocksalt SnO being
-10 -5 0 5 the largest and positioned highest in energy at -1 eV.
Energy (eV) The Sri5p,)-0O(2p) COOP(grey lineg show no signifi-
cant interaction in region Il for the rocksalt phase. A bond-
FIG. 6. Crystal orbital overlap populations for the (5§  ing interaction can be seen to occur between tfi2pDand
-O(2p) (black and Q2p)-Sn(5p,) (grey) interactions in thea) Sn(5p,) in region Il for this structure which bears no relation
rocksalt,(b) litharge, and(c) herzenbergite structures. to the antibonding S®s)-O(2p) states and hence does not
effect lone pair formation. For the distorted litharge and
asymmetric structures which result in the unoccupied peakBerzenbergite structures the(Sp,)-O(2p) COOP produces
observed. Of particular interest is (58) which does have a positive peak in region Il and a negative peak positioned
any significant peaks above the Fermi level in the rocksalbove the Fermi level. This shows that in these structures an
structure. interaction between the (@p) and Sii5p,) states results in a
bonding region Il combination and an unoccupied antibond-
ing combination positioned at +3 eV in litharge SnO and at
+1.5eV in the herzenbergite phase. The symmetric Sn
To examine the nature of the interactions suggested by thsites in the rock-salt structure do not allow for the region
PEDOS, the crystal orbital overlap populati®h«COOBP for 11l Sn(5p,)-O(2p) interaction which occurs in both asym-
the Sri5s)-O(2p) and Sit5p,) - O(2p) interactions have been metric structures. It can be seen that for litharge and herzen-
calculated for all three structures and are shown in Fig. 6bergite SnO the antibonding states produced from the
The COOP represents the bonding between two orbital cersSn(5s)-O(2p) interaction directly couple with SBp,) states
ters. It is a density of states weighted overlap populatiorpresent in region lll. This interaction is consistent with the
(2¢,C,S;,), where the overlap integref ,, is taken as a posi- presence of an additional Gp,) peak in region lll of the
tive value. Therefore positive and negative regions signifyfEDOS and a Si®s) peak present above the Fermi level in
bonding and antibonding interactions, as the direction of thehe PEDOS of the litharge and herzenbergite structures. The
COORP is determined by the signs of the coefficients. filling of the bonding SiBp) states also help explain the
The Sri5s)-0O(2p) and Sii5p,)-O(2p) interactions con-  stabilization of the antibonding $Bs)-O(2p) peak seen for
tain contributions from both @p,) and Q2p,) states. The the distorted phases.
latter interaction only takes into account(Sp,) as this is the These interactions are explained schematically for the
dominant interaction, although additional (Spy) and  Sn(5s)-O(2p,) and Sri5p,)-O(2p,) interactions using orbital
Sn(5p,) interactions can be seen to occur for the herzenbergdiagrams, Fig. 7. The out of phasdé2p) orbitals have been
ite phase, arising from the orientation of the Sn atoms in thguggested from band structure calculations on Po@hich
unit cell. The S(bs)-O(2p) COOP (black lineg for each indicate that the RiBs)—O(2p) interactions are strongest
structure result in a large positive peak from -9 eV to when neighboring cells have opposite phases. The bonding
-6 eV and a large negative peak from -3 eV to the highesind antibonding interactions of &s) and Q2p) are shown
occupied state. This shows that an interaction takes plag@ Figs. 7a) and 7b), respectively for symmetric Sn coordi-
between the Sids) and Q2p) states which results in filled nation. These two interactions alone clearly cancel each
bonding and antibonding combinations in regions | and Ill,other out and could not result in formation of an asymmetric
respectively. The negative region lll peak confirms that it isdensity. As illustrated by Fig.(€), the out of phase @p)

E. Crystal orbital overlap populations
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orbitals restricts any coupling of 8p,) with the antibond- enough to make up for the lost coordination of the undis-
ing Sn(5s)-O(2p) combination. While this interaction is in torted structure.
phase on one side of the Gp) orbital, the out of phase In summary our calculations show that the asymmetric
interaction on the opposite side results in no net interactionSn electron density found in the litharge and herzenbergite
However, the displacement of the Sn atoms in a distortegtructures is produced through the coupling of thé58yp,
structure breaks this symmetry, Figdy. As the Sn sites are  Sn(5s), and Q2p) in region IIl of the EDOS. The anion
distorted, only the in phase interaction remains, making thés directly involved in the interactions. The states close
interaction of Stbp,) with the antibonding combination vi- to the Fermi level producing the asymmetric density are
able. 50% Q(2p), 22% Sri5p), and 28% Stbs) in litharge

The Sn electron density is enhanced through constructiveith the majority of SK5s) character present in the bonding
interference of Sfbs) and Sit5p,) on one side of the Sn states at lower energy. This would suggest that anions
atom, away from the oxygen atoms, which as can be seen iith different valence states may be unable to interact
the region 1lI partial electron density map, Figch results  in the same way as oxygen. Work is currently underway
in the formation of the observed asymmetric density in thecalculating the electronic structure of the XSnseries
distorted structures. The Sn electron density is thereby rgX=0, S, Se, and Tg to investigate if changes in these
duced through destructive interference on the opposite sid@teractions can be used to explain the unusual crystallo-
of the atom where the oxygen atoms are. This stabilizes thgraphic changes seen along the(ISnmonochalcogenide
high energy states by effectively reducing the antibondingseries.
interaction with @2p).

V. CONCLUSIONS

IV. DISCUSSION The electronic structure of SnO has been calculated and
examined using density functional theory in the litharge,
The complexity of the EDOS for each structure shows anherzenbergite, and rocksalt structures. The calculations show
mixing of states that is not predicted by a simple ionic modelyood reproduction of experimental results for litharge struc-
of SnO. The region identified as being responsible for theyred SnO. A spherical electron distribution was found
lone pair in SnO using partial electron density plots wasaround the Sn atoms in the rocksalt structure, while an asym-
found to contain less than one-third of the overal(8h  metric density was found around the Sn atoms in the dis-
states. Examination of the PEDOS and COOP revealed thigrted litharge and herzenbergite structures. Examination of
region (region Ill) to consist of the filled antibonding com- the EDOS showed that the asymmetric density originated
bination arising from a Si®s)-O(2p) interaction which oc-  from states in the -3 eV to 0 eV region. This region was
curred in all structures. However, as illustrated with the or-identified by COOP and PEDOS analysis to consist of the
bital diagrams, if region Il was merely the filled antibonding antibonding combination arising from an interaction between
combination of the S{bs)-O(2p) interaction this would can- the Sri{5s) and Q(2p) states, and to contain approximately
cel the effect of the bonding interaction in region | and since30% of the overall Sfbs) character. However, this interac-
both of these states are symmetric, no asymmetry in th@on alone does not produce an asymmetric density as dem-
Sn electron density would result. This occurs for SnO ingnstrated for the rocksalt structure.
the rocksalt structure, with the bonding and antibonding Further examination revealed an additional coupling be-
combinations from the interaction clearly present in regiongween Sii5p,) and the antibonding $&s)-O(2p) combina-
| and Il of the PEDOS, but no asymmetric density is tion which occurred in the litharge and herzenbergite struc-
produced. _ tures. This coupling of SBp) was found to be responsible
_ Further PEDOS and COOP analysis shows that for th§oy the creation of the asymmetric density and the enhanced
litharge and herzenbergite structures additional coupling oktapility of the distorted Sn structures. Due to the symmetry

Sn(5p,) with the filled antibonding S$s)-O(2p) states oc-  of the interaction this coupling is only possible in structures
curs. This interaction, which is seen only to take place inyjith asymmetric Sn sites.

structures with distorted Sn sites, results in filled bonding oQur calculations show that the lone pair effect is not
and empty antibonding combinations. The asymmetric Sfhe result of a nonbonding lone pair. The driving force
electron density is produced through constructive interferfor the asymmetry is the bonding between Sn and O with
ence of S(bs) and Sii5p,) and stabilization is achieved as a the asymmetry resulting from the antibonding states. It
result of the Stbp,) orbital shifting density away from oxy- s clear from our results that the anion plays a crucial role in
gen, reducing the antibonding &s)-O(2p) combination. the formation of the asymmetric Sn density as it is only
This can be seen in the PEDOS of the asymmetric structurerough the interaction of $&s) and (2p) that the coupling
where the near Fermi level states appear shifted to lowesf Sn(5p) can take place. The fact that this interaction is
energies relative to the undistorted rock salt structure. Thigot possible in structures with symmetric Sn sites explains
explains the mixing of Sidp,) into region Il of the EDOS  the absence of an 8h) asymmetric density in the rocksalt
and the presence of additional overlapping®h Sn(5p,)  structure. These results have implications for all materials
and Q2p) peaks above the Fermi level in the distortedwith ns electronic configurations. The occurrence of
phases. In order to make the asymmetric structures energetisymmetry within these materials will depend on the particu-
cally favorable the coupling of $Bp,) must be strong lar cation-anion interactions present. To examine this
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