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We use first-principles density functional theory to calculate the phonon frequencies, electron localization
lengths, Born effective charges, dielectric response, and conventional electronic structures of the 1V-VI chal-
cogenide series. The goals of our work are twofold: first, to determine the detailed chemical composition of
lone pairs and, second, to identify the factors that cause lone pairs to favor high- or low-symmetry environ-
ments. Our results show that the traditional picture of casigmmixing causing localization of the lone pair
lobe is incomplete, and instead tipestates on the anion also play an important role. In addition these
compounds reveal a delicate balance between two competing instabilities—structural distortion and tendency
to metallicity—leading, at the same time, to anomalously large Born effective charges as well as large dielec-
tric constants. The magnitude of the LO-TO splitting, which depends on the relative strength of both instabili-
ties, shows a trend consistent with the structural distortions in these compounds.
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I. INTRODUCTION refer to asstereochemical activity.
Indeed Bersukérhas argued that stereochemical activity

Many compounds containing group IVA and VA ele- is determined by a balance between the energy separation
ments with a stable valency 2 smaller than the group valenchetween the predominantly anion-based highest occupied or-
show interesting physical propertitéThese include perov- bitals and cation-based lowest unoccupied orbitals, the force
skite oxides with Phon theA site, as well as oxides of $n constant of the mode corresponding to the distortion, and the
Bi'', etc. In particular, the cations in these compounds alvibronic constant, F={anion (IV/9Q)o| ¥cation). Here
most always occupy an off-centric position with respect toy,,ion iS the wave function of the largely anion-based high-
the coordination polyhedron of anions. A common aspect irest occupied orbitaly..ion that of the largely cation-based
these compounds is that the cations have a paretéctrons  lowest unoccupied orbital, and’\{/dQ), the change in po-
in their valence shells that is often calledame pair. They  tential energy with distortion around the symmetric structure.
are structurally quite different from compounds containingin recent work, Watson and Parkemnd Lefebvreet al® have
cations of identical valence and similar size, but which haveused electronic structure calculations to show that the anions
no lone pair? do play an important role in the stereochemistry of PbO, the

The activity and role of the lone pair has long been in-tin monochalcogenides, and the antimony chalcogenides. In
voked for explaining the off-centering structural distortion. addition, the effect of the lone pair on structure in Sn and Pb
Starting from the early work of Sidgwick and Powedind of ~ compounds has been visualized using electron localization
Gillespie and Nyholnf,the so-called valence shell electron functions® Finally it has been implicated as playing an im-
pair repulsion theorytVSEPR evolved to explain and under- portant role in the technologically important perovskites
stand the geometries of molecules containing lone pair atPbTiO; and PbZrQ and also in Bl'-based compounds
oms. Orgel invoked the mixing of andp orbitals of cations The goals of our work in this paper are twofold. First,
and their polarizability to explain the structural distortions. using the group-IV chalcogenides as a model system, we
He emphasized the generality of stereochemical effects adetermine the detailed nature of the lone pair in distorted
the lone pair and even related it to a large dielectric responseatructures. Second, we identify which factors are important
However, not all the relevant compoun@sr example, of in promoting off-center distortion driven by lone-pair local-
PH') display off-centric coordination. A well-known ex- ization and search for a single parameter, available for the
ample is PbS wherein Pp®ctahedra are perfectly regular. high-symmetry phase, that can be usegredictwhether or
This would suggest that the anion and perhaps the geometnot a particular structure will distort spontaneously. Our
have a role to play in whether the lone pair displays a tenmethod of choice is density functional theory, which allows
dency to off-centric coordination—a tendency that we shallus to evaluate trends in a range of electronic and lattice dy-
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TABLE I. Experimentally known structure$Ref. 1) of the

IV-VI compounds. P denotes black phosphorus structure, N ther T f' \.
rocksalt, and As a rhombohedral structure. j
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namic properties, including dielectric constants and Born ef- . 1. Experimental structures of the IV-VI compounés. is
fective chargesBEC’s), across the nine differelKQ com-  the tetragonal black phosphorus structure of GbSis the rocksalt
pounds withA=Ge, Sn, PbQ=S, Se, Te. structure of PbTe, andc) is the polar rhombohedral low-

We reach two main conclusions. First, it is the stere-temperature structure of GeTe. The black spheres represent the cat-
ochemical activity of the cation lone pair which is the pri- ions and the gray spheres the anions.
mary driving force for structural distortion in these materials.
This in turn is determined by the interaction of cati®and Iil. METHODS AND TECHNICAL DETAILS

p states withanion pstates; the simple traditional picture of |5 the present work, we use a combination of two first-
vibronic interaction between catignandp states is incom-  principles density functional thed®/ (DFT) methods: the
plete. Second, two different instabiliti¢the tendency to be-  |inear muffin-tin orbital (LMTO) method® in the atomic
come semimetals through the closing of the gap and thephere approximatiofASA) and plane-wave pseudopoten-
structural instability determine the properties of these ninetial total energy and linear response calculatithdhe
compounds. While the BEC’s are anomalously large neaformer is used to obtain partial and full densities of elec-
both of these instabilities, the splitting between the longitu-tronic states, crystal orbital Hamiltonian populatiof@O-
dinal and transverse optical phonah®-TO splitting) van-  HP’S) and electron localization function&ELF’s), and the
ishes at the former and is large near the latter. The LO-Tatter to determine equilibrium lattice constants, TO-phonon
splitting therefore reproduces the observed trends of stabilitfrequencies, dielectric constant, Born effective charges, and
and we suggest that it is a better indicator of structural insta€lectron localization lengths.

bility (and therefore more useful in designing new noncen- Our linear muffin-tin orbital ASA implementatidnis ver-

trosymmetric compoundshan the traditional BEC. sion 47C of the Stuttgart tight-bindingfB) LMTO-ASA
program:’ A detailed description of the LMTO-ASA

method, including its applications, can be found elsewf{&re.
The partitioning of space into atom-centered and empty
spheres was achieved using a procedure that ensured overlap
None of the monoxides of the divalent carbon group elebetween atomic spheres did not exceed 16%. Scalar-
ments G&, SH', and PY crystallize in the cubic rocksalt relativistic Kohn-Sham equations within the local density
structure. While GeO is only stable above 1273 K, SnO andPProximatior® were solved, taking all relativistic effects
PbO have a layered tetragonal structure with cations having #t0 account except for the spin-orbit coupling. Here 256
coordination of 4. This is notable sinedl the alkaline earth i'reduciblek points were used in the primitive wedge of the
oxides MgO, Ca0, SrO, and BaO are cubic rocksalts witrBrillouin zone (BZ) for the LMTO calculations. The LMTO ’
six-coordinate cations and anions, this despite the ratheerleCtron'C, structures were a”"?"yzed by_ calt_:ulatlng COHP’s
large variation in size between these cations. Therefore th nd ELFs. The crystal orbital Hamilionian population

tendencynot to adopt the cubic structure by certain carbon OHP (Ref_. 20 is t.he (_jensny Qf states welghFeq by the
._corresponding Hamiltonian matrix element and is indicative

) Bf the strength and nature of a bondifmpsitive COHP or
_effects._For all three catlons,_the_ rocksalt structure becomeéntibonding(negative COHPinteraction. The signs we use
increasingly stable as the anion is changed from O to S, S

X frere are the opposite of what is used in the original definition
and then finally T¢see Table)l GeS, GeSe, SnS, and SnSe ot pronskowski and Blohl 2° Electron localization functions
form a layered low-symmetry structure characterized by(introduced by Becke and Edgecombecilitate visualiza-
four-coordinated cations and GeTe undergoes a structurghn of bonding and the lone pairs in real spat& The ELF
transition between 600 K and 700 K from the high- provides a measure of the local influence of Pauli repulsion
temperature rocksalt phase to a rhombohedrally distortedn the behavior of electrons and permits the mapping in real
rocksalt structure at low temperatufeTable | summarizes space of core, bonding, and nonbonding regions in a
the crystal structure data on theQ compounds, and the crystal?? All LMTO calculations used cell parameters ob-
experimental structures of Ge®om Ref. 13, PbTe, and tained in ourcasTEPcalculations(Table Il) described below.
GeTe are shown in Fig. 1. The tendency to be stable in the In the plane-wave based methods, we use scalar-
cubic rocksalt structure increases as one moves to the heavieslativistic norm-conserving pseudopotentials optimiZed
cation-anion pairgto bottom righj. for low plane-wave cutofféup to 50 Ry. The cutoff radii are

Il. EXPERIMENTAL STRUCTURES
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TABLE Il. Calculated rocksalt unit cell volumes €} for the 5 —
cubic unit cells containing four formula units.

S Se Te
0 - 4
Ge 152.27 167.28 200.20
Sn 185.19 205.38 236.03 ] I
Pb 199.18 218.17 254.84 [ nmmpPpR

5| Z

Energy (eV)

chosen to be close to those quoted in Ref. 24. The exchange-
correlation energy functional was evaluated within the local 1ot

density approximation(LDA), using the Perdew-Zunger + (t) C‘) (’) (#) q) _
1 1 1 %I 1 1

parametrizatiof® of the Ceperley-Aldéf homogeneous
electron gas data. Similar techniques have been used previ-
ously in the study of GeT#, SnTe, and PbT& and related R —
methods have been used to calculate the properties of PbS, F o L &S
PbSe, and PbTe.Our calculations reproduce the earlier re-
sults for structural properties to within 1%. Our calculated FIG. 2. Atomic orbital energiegoint and intrinsic widths of
unit cell volumes are presented in Table II. For accurate debands(vertical lineg arising from them for the nine IV-VI chalco-
scriptions of these low-band gap materials, particularly in thegenides con5|der_ed here. Clr_cles and squares dgnote thegatidn
calculation of phonons and dielectric properties, we sampl® Pands, respectively, and diamonds denote apidands.
the Brillouin zone with a 1X12xX12 mesh of Monkhorst- ] )
Packk points. In the present work, total energy calculationshave to be determined. In fact, they are obtained by calcu-
have been performed usirgpsTEP 2.1 (Ref. 30 and linear lating the first-order linear response of Kohn—SharP wave
response calculations with theespcode3! Both codes are  functions to a “@d/dk)” perturbation (also known as &-p
based on the variational principle of density functionalperturbation. Thus, the localization tensor can be obtained
theory and use the conjugate gradient algorithm for direcas a by-product of DFT linear response calculations,oby
minimization of the total energy and its second derivative. simply taking the inner products of the intermediate wave
While the calculation of dielectric constants, Born effec-functions given in Eq(2).*°
tive charges, and phonons has now become a routine appli-
cation of the DFT linear responséywe show here that it can
also be trivially used to calculate the electron localization
tensor, introduced by Souz al3 This tensor is a measure
of the spread of electron Wannier functions, and its trace is In this section we calculate various physical properties of
equal to the gauge invariant part®f* the high-symmetry, undistorted rocksalt structures to deter-
mine whether indicators of the tendency of the structure to
N distort can be identified in the high-symmetry phase. The
922 [<r2>n—(f>ﬁ]. choice of physical properties is motivated by earlier studies
" of structural instabilitie3! and Orgel's speculation that the
polarizability or dielectric constant should be larg&hus,

IV. PHYSICAL PROPERTIES AND THE OFF-CENTER
DISTORTION

where(), denotes the expectation value over tita Wan- : o ; :
nier function and the sum is over the occupied bands. It jyve consider primarily those linear compliances that are a

useful in the present study to probe the metallicity of a givenmeasure O.f coupling betweep phonoﬁhﬂnce instability be-
material. Following the work of Sgiarovellet al.®5 the lo- N9 @ Special caseand electric fields.
calization tensor can be shown to be

A. Band gaps

(Fol g)em Y, jdEZ <iu i iu > ) There are no notable trends in the band g[ekplsex_ample,
« ple Ng(27)3%)  \ gk, ™ok K[ Ey(PbS)>Ey(PbTe)>Ey(PbSe)], and in fact earlier theo-
retical work™ showed that this is a result of the fine balance
whereP=1—3N|u,)(u,il is the projection operator on un- between the relative atomic energy levels and the strong
occupied stated/ the volume of unit cell, antll, the number ~ cations—anionp interactions. In Fig. 2, we show atomic
of electrons. Herdr ,r g). indicates(r ,r g) —(r ,){r g} with orbital energies and correspondingrinsic bandwidths of
the average taken over all the occupied bands. the ions with lattice constants of the nine chalcogenide com-
In the calculation of the dielectric constant, using the Ppounds. The term energies which are symbols in the plot
DFT linear response to electric field perturbatildé”, the Wwere obtained from atomic, scalar-relativistic calculations.

P

functions For the bandwidths, which are indicated by vertical lines,
self-consistent DFT calculations were performed for the car-
P bon group atomgGe, Sn, Ppand the chalcogenide atoms
HOu,) = P‘Wung> (2) (S, Se, Tgin the fcc structurdrocksalt sublatticewith lat-
B
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TABLE lll. Calculated TO phonon frequencies (cm 1) and TABLE IV. Calculated Born effective charges in IV-VI com-
TO force constant& (eV/A ?) of IV-VI compounds. pounds.
S Se Te S Se Te
Ge ® 110 | 90 | 97 | Ge 5.98 7.41 10.8
K -2.0 —2.26 -3.2 Sn 5.75 6.52 8.26
Sn ® 14 151 27 Pb 4.48 5.05 6.16
K 0.04 —0.06 0.17
Pb ® 111 69 52 ) ] ) o
K 254 204 1.58 do not help in understanding the relative stabilities of these

compounds or in predicting trends in new structures.

tice constants equal to the correspond®@ compound in C. Born effective charges

the rocksalt structure. These bandwidths arise therefore as a The concept of Born effective charge is often interpreted
result of the crystal but in the absence of the cation-anioras an indicator of ferroelectric or structural instability, and
interaction. We point out from this figure that there is a smallprevious work on ferroelectric perovskité4°~*3has clearly
overlap between catios and cationp bands for GeS, SnS, shown that BEC'’s tend to be far larger than the nominal ionic
and SnSe. For GeSe, while there is no overlap, separatiazharges in most ferroelectric materials. The formal definition
between the two bands is quite small. Based on Orgel's amf a BEC (Z,*,(,B) is the atomic position derivative of the
gument of cations-p mixing, this already hints that these polarizationP at zero macroscopic electric field:
compounds are very likely to be unstable in the high-
symmetry rocksalt structure. Note also that tHeands of the N P,
anions have decreasing overlap with heands of the cat- Zj,aﬁ:W
ions as the cation or anion becomes heavier, although their P
overlap with thep bands of the cations is significant &l wherej runs over the atoms, and and 8 are Cartesian
the compounds. indices. Alternatively, the BEC can be defined as the linear-
order coefficient between the electric figfdand the forcer,
which the field exerts on ioft

()

’
£=0

B. TO phonons

Information about phonons in the high-symmetry phase 7* :&
forms the foundation in modeling structural phase transitions lap 2
in various material$® In particular, one focuses on the o o
lowest-energy structural distortions which span the unstabl&lere the derivative is calculated at zero atomic displacement
phonons characterized by imaginary phonon frequencies. W& @s the mixed second derivative of the total energy with
calculated the TO phonon frequencies of the IV-VI com-respect to both electric field and atomic displacement:
pounds, summarized in Table Ill along with the TO eigen- 2
value of the force constant matriwhich is the second de- *  _ 9"Eror
rivative of energy with respect to atomic displacemgnts lap dERIU; 4
These results were obtained at the theoretical lattice constant
and therefore should not agree quantitatively with experi- A large BEC indicates that the force acting on a given ion
mental values due to the sensitivity of phonon frequencies tdue to the electric field generated by the atomic displace-
volume?’ To benchmark our methods, we also calculatedments is large even if the field is small, thus favoring the
phonon frequencies at the experimental vol(sndor the  tendency towards a polarized ground state.
compounds for which data are available and obtained results In Table IV we list our calculated BEC's for the cations in
(not reported hedein good agreement with experimetit. the IV-VI compounds, all of which have a nominal ionic

The TO phonons of the three Pb compounds and SnTe aharge of 2-. Since the compounds are all binary, the anion
stable, consistent with the lack of experimentally observedEC’s are equal to those of the cations but with opposite
distortion, reported in Table I. For Sn compounds, the TGOsign. The BEC'’s of all the nine compounds are quite anoma-
phonon is marginally stable for SnS and unstable for SnSdous (in fact, they deviate more from the nominal ionic
For all three Ge compounds, TO phonons are unstable. Atharges than is typical in perovskite oxide ferroelecjrics
first sight, the sign and magnitude of the TO phonon fre- Two clear trends can be seen from the table: first, that the
guency might appear to be a good indicator of the extent oBorn effective charge increasep the columns—that is, as
structural instability. In fact, the frequencie® increase as the cation becomes lighter—and second, that it increases
one goes down the column; however, there is no trend alonglong the rows, as the anion becomes heavier.
rows. While the force constait shows a trend along rows, The increase in Born effective charge from Pb to Sn to Ge
it is the opposite of what one would expect from the trend infor the same anion is consistent with the increased tendency
stability of the cubic structure. While these results are conto distortion for the lighter cations. However, the increase in
sistent with the experimental structures listed in Table I, theyBEC for heavier anions i®ppositeto the increasing ten-

4

u=0

®)

E=0,u=0
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TABLE V. Calculated dielectric constanis® and localization TABLE VI. Calculated longitudinal effective charges in IV-VI
lengths squaretf in IV-VI compounds. compounds.
S Se Te S Se Te
Ge € 36.0 67.0 155.0 Ge 0.17 0.11 0.07
12 (A?) 0.90 1.25 2.02 Sn 0.09 0.07 0.09
Sn €” 62.0 100. 93.0 Pb 0.24 0.19 0.18
12 (A?) 1.06 1.41 1.78
Pb €” 19.0 26.0 34.0
12 (A?) 0.81 1.02 1.33 (about 0.7 &). Both the dielectric constant and localization

length increase systematically with increasing anion size, in-
dicative of increased metallicity from S to Se to Te. This
dency to distort. Moreover, the BEC’s for all nine com- confirms that, indeed, the increased metallicity, rather than
pounds including the stable ones are anomal@ug., for an increased tendency to off-center displacement, is in turn
PbTe, the BEC is 6.6 Therefore an anomalous BEC alone responsible for the increasingly anomalous BEC in the same
is clearly an insufficient indicator of a tendency to undergodirection. There is no consistent trend down the columns in
ferroelectric distortion. either of these two quantities.

To understand the inadequacy of the BEC as an indicator
of off-center distortion, it is helpful to rewrite the expression
for the BEC using its nonvariational forifsas

Ihyn
¢kn>:% <ﬂ

u;j g

E. Longitudinal effective charge

It has been suggested recefitishat a better indicator of
proximity to a structural phase transition is tleagitudinal
kn>* effective chargerL,aB (LEC). The longitudinal effective
charge is similar to the Born effective charge, but wih
replaced by the external electric fiefif*:
where ¢, are the Kohn-Sham wave functions with Bloch

avext
an;j g

&Vext
IEg

&Ir/fkn
* =
Zj,aﬁ % < (953

vectork and band index. It is now clear that an anoma- SE.

lously large BEC can occur iither the response to atomic Lo e => zF &t (7)
. . . . iap ex jay=yB

displacement perturbationy¢/Jdu; ;) is large, indicating a 2 Y

large stabilization in energy for small atomic displacements

and a tendency to ferroelectric distorticor, if response to  Where €75 is the optical dielectric tensor. Thus the LE'C
electric field perturbationdiy/9&,) is large. The latter indi-  incorporates the fact that, if the optical dielectric response is
cates sensitivity of the wave functions to an electric field, alarge, then large screening fields exist that can counteract a
condition which increases with increased metallicilr ~ tendency to polarization.

equivalently decreased ionicjtyn a material. In fact the in- The LEC's are tabulated in Table VI. The LEC’s do in-
crease in BEC from S» Se— Te for the same cation is the deed decrease from S to Se to Te, consistent with the ob-
result of such an increase in metallicity. served reduced tendency to distortion. However, the increase

from Pb to Sn to Ge that we saw in the BEC’s and which is
required to indicate increased distortion in compounds of the
lighter cations does not persist in the LEC’s. Therefore we

Following up on the prediction made by Orgietgarding  conclude that the LEC’s also cannot serve as a single param-
the correlation between large dielectric response and stergter for predicting instabilities.

ochemical activity of lone pairs, we study here the dielectric
constants of the IV-VI compounds. Since the TO modes in -
some of these compounds are unstable in the rocksalt struc- F. LO-TO splitting
ture (making the dc dielectric constants undefined at)) K Due to infinite range dipolar interactions, there is a
we focus on the high-frequendglectronig dielectric con-  nonanalyticity in the phonon spectrum at thepoint of in-
stante™. The increase in metallicity is reflected in the mag- sulators, reflected in the splitting\w between long-
nitude of e*, which diverges at the insulator to metal transi- wavelength transverse and longitudinal phonon frequencies.
tion. For cubic perovskite oxides, Zhomg al’ found that a giant
As mentioned in Sec. lll, we also calculate the electronLO-TO splitting in the phonon spectrum is correlated with
localization lengtH as a measure of metallicity. Note that the the strongest instability in the system. LO-TO splitting de-
localization length is a ground state, measurable quantitpends on the Born effective charges, dielectric consdnt
with its relatiorf>3*to conductivity through a sum rule. Both and phonon eigenvecto?é;as such, it can be readily ob-
quantitiese™ and|? are tabulated in Table V. tained from the results presented so far. For the rocksalt
We find that thee™ is much larger than that of semicon- structure, there is only one TO mode and hence a single
ductors(e.g., 11 for GaAsor of perovskite oxides<10).  LO-TO splitting, which is isotropic due to the cubic symme-
Similarly 12 for most of the IV-VI compounds is much larger try. Our calculated LO-TO splittings are tabulated for the
than values calculated previously for semiconducfors IV-VI compounds in Table VII.

D. Dielectric constant and localization length

125111-5
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TABLE VII. Calculated LO-TO splitting (cm?) in the phonon 1.5 T T T T T T .
spectrum of IV-VI compounds. — As
L GeS | Ap
s Se Te —Qp
Ge 322 221 178 0.5 1
Sn 134 106 76
Pb 113 72 64 o L : ;
10 -8 6 -4 2 0 2 4 6 8
15 ——
We note that the magnitudes of LO-TO splittings are in =
general much smaller than those of the cubic perovskite ox-.° 1L GeTe _
ides (which are typically around 700 cm). This is particu-
larly notable for GeTe, since it undergoes a ferroelectricé 58 . |
phase transition. However, it is not surprising as the dielec-z
tric constantse” of the IV-VI compounds are much larger § - /J\‘\\
than those of perovskites, resulting in screening of the long-©  ° 70" 5 6 2 =2 o0 2 4 6 s
range interatomic interactions. Indeed, LO-TO splitting cap- e B
tures the effects of both structural and metal-nonmetal insta:
bilities and shows trends along both rows and columns thai PbTe
are exactly consistent with the trends in stability: It increases r i
towards the left of the rows and up the columns.
05t .
G. Discussion: Competing instabilities "
To conclude this section, we propose that the LO-TO °J0 8 6 4 2 0 2 4 6 8
splitting (A ) can be interpreted as an order parameter for a Energy (eV)

phase transition from a polar insulating phase to a metallic
phase. First, it vanishes in the metallic phase, since th
strong screening by electrons in metals makes the range g
interatomic interactions finite, removing the nonanalyticity in
the phonon spectrum &=0. Second, a large LO-TO split-
ting is correlated with a strong ferroelectristructura) in-
stability, because Coulomb interactions are important in st
bilizing ferroelectric phases. ThusAw is seen to be
indicative of a metal-insulator transition at one end of its
range and of a structural instability at the othe increases Y- ELECTRONIC STRUCTURE AND THE LONE PAIR
with either decreasing localization lengitr decreasing TO For the remainder of this work, we focus on understand-
frequency. o ing the detailed nature of the lone pair and the conditions
Our results for V-Vl compounds indicate that they are yhich determine its stereochemical activity. We take GeS,
close to both a structural phase transition and an insulator t&eTe, and PbTe to be representative of the nine compounds
metal t_ransition. This complicates the _trends in j[he Variou%tudied, with the GeS/GeTe pair allowing us to study trends
properties that we explored. More precisely, we find that the, anions and GeTe/PbTe allowing us to investigate changes
trends along the rowswith anions are driven by the vicinity iy pehavior with the cation. We analyze the electronic struc-
to metal-insulator instability whereas those along the columryre ysing COHP’s and visualize the lone pairs in the cubic

are driven by the vicinity to structural instabilities. Thus, we 54 (hypothetical distorted structures using ELF’s.
find a clear trend in localization length along rows and in TO

phonon frequencies along columns. Both trends are captured
simultaneously by the LO-TO splitting. The BEC's, which
correspond to “mixed” couplings, show a trend consistent Figure 3 shows our calculated orbital-resolved densities
with metallicity along rows and with structural instability of states for cubic rocksalt structure GeS, GeTe, and PbTe.
along columns. The solid black line shows the cati@states, the light gray
Since there are two different instabilities relevant to thesdine the cationp, and the dark gray line the anigm The top
compounds, finally we studied the effect of freezing in oneof the valence band is set to 0 eV. As is well known from the
of them (the structural instabilityon the otherthe metallic- literature?® in all cases the catiosorbitals form the lowest-
ity). For GeTe, we distorted the crystal internally with its TO energy valence-band states forming a filled, rather narrow
instability at thel” point (an intersublattice displacement band, around 8 eV below the top of the valence band. The
and calculated the change in localization length. For a subvalence band is composed primarily of anjstates, which
lattice displacement of 0.18 A3% of the lattice constant form a broad(around 6 eV widg band that is somewhat
we found thatl? reduced from 2.02 to 1.6(by 20%, indi-  hybridized with the catiors band. Catiorp states dominate

FIG. 3. Orbital-resolved LMTO densities of states for GeS,
eTe, and PbTe in the rocksalt structure. The origin on the energy
is is the top of the valence band.

cating that the two instabilities must be strongly competing.
Needless to say, the electronic structure calculations showed
33n increase in the band gap with distortion.

A. Densities of states and COHP’s
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3 T T T T T T T TABLE VIII. Cation-s—anionp, cationp—anionp, and total
— s—p integrated COHP’$units of eV per primitive ce)lfor all nine com-
1.5 /\ GeS 1 PP pounds.
0 L
s-p p-p Total
=12 W ) S Se Te S Se Te S Se Te
B0 8 & 4 =2 0 2 4 & & Ge —162 —-156 —1.86 522 522 540 3.60 3.66 3.54
3 . . . . . . . Sn —132 —-1.26 —1.62 432 450 4.68 3.00 3.24 3.06
Pb —-156 —-156 —198 4.14 432 450 258 276 2.52
— 157 A GeTe g
[0
f 0 S ~— above. The orbital-resolved integrated occupied COHP’s re-
5 flect the energetics of the distinct bonding and antibonding
o -5t ] interactions, with the magnitude of the integrated COHP cor-
gl M AV A relating with the extent of covalency. Table VIII displays our
-0 8 6 4 -2 0 2 4 6 8 partial and total integrated COHP’s for all nine compounds.
33— ——— We observe that the catis+anionp COHP’s are indeed all
negative, indicating an overall antibonding interaction. How-
Ly A Fble ) ever, they do not show any simple trend along the rows or
o1 columns. In contrast, the catign-anionp COHP’s are all
positive (indicating bonding interactionsand correlate with
15+ . the localization length, supporting the link between this co-
valent interaction and the tendency to metallicity. The total
30 8 6 4 2 0 2 4 & s COHP’s show a trend reminiscent of the LO-TO splitting
Energy (eV) down the columns, but no clear trend along the rows.

How does the bonding situation change on distorting the

FIG. 4. COHP's per primitive unit cell for GeS, GeTe, and rocksalt structure in a manner that allows the stereochemical
PbTe. The black lines correspond to catiranionp interactions  activity of the lone pair to manifest itself? To answer this
and the gray lines to catiop—anionp interactions. Positive values question, we consider GeTe in its undistorted cubic phase
of the COHP represent bonding interactions, and negative valuegnq in a cubic cell with a rhombohedral distortion. We obtain
represent antibonding interactions. the distorted phase by retaining the cubic cell parameters, but
d&splacing the Ge atom in the 111 direction by 2% in crys-
?allographic coordinates. In other words, we retain Ted,
0.5, 0.5 and move Ge t@0.02, 0.02, 0.0Rinstead of keep-
ing it at the origin. We call this the rhombohedral structure.
qgthis structure, Ge has three nearest neighbors and three far
ones, much like in the real crystal structure. Figure 5 dis-

the conduction band, although there are also some occupi
cation p states that overlap energetically with the anjn
states. To a large extent, catisiand cationp states are well
separated in energy, particularly in the structurally stabl
compounds such as PbTe. Indeed, PbTe even has
pseudogap centered at5.5 eV with respect to the top of the .
valence band, which separates the predominantlg §htes plays t,he changfes n caIcuI:;ted G_»eTeJ_p and hGeBI—Ti-F:_
from the other states. In GeS, however, we note that there igOHPS on performing such a distortion. The b_ac INes
a significant density of Gs states just below the top of the cprrespgnd to the Cl';'b'c slt:r_ucttére_ a_nd ;the gLay Ilrr:esl to the
valence band. A feature worthy of note is that in GeS, the Géjlhstorte stru_ctuLe. rom Fig. 5, it is clear that the largest
s states are significantly broader than those in GeTe, anganges are in the Ge-Tep COHP.
these in turn are broader than ®states in PbTe. The bottom
of the cations states is also the deepest in GeS. Also, the
system with the largest localization length of the three con- Figure 6 shows the calculated valence electron localiza-
sidered here is GeTe. This compound is the closest to metafion functions for GeS, GeTe, and PbTe in both cubic rock-
licity and, indeed, one observes the largest fraction of catiogalt and rnombohedrally distortéds described in the previ-
p states in thevalence-bandegion in this compound. This ous sectionstructures. Following Silvi and Saviithe ELF
suggests that catiop—anionp covalency tends to drive the is defined as
system towards metallicity.

Figure 4 shows our calculated COHP’s for the same three ELF=[1+(D/Dy)*]" %,
compounds. The density of statd80S) plots showed that,
for all practical purposes, the catierand anionp bands are
filled, and the catiorp states are empty. It is not surprising 1 , 1 [Vp|? 3 bi5/3 53
therefore that catios—anionp interactions have both a D=3 > Vel —8 5 Dna=pB7)7
bonding and an antibonding componéetowthe top of the ' P
valence band, while catiop—anionyp interactions are bond- Here p is the electron density ang; are the Kohn-Sham
ing below the top of the valence band and antibondingwave functions. The cation is at the center of the square, with

B. Electron localization functions

where
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— cubic GeS
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FIG. 5. COHP’s of the catios—anionp interaction and the ‘ ' ; ' — ‘

cationp—anionp interaction for undistorted cubic and rhombohe- ‘ AR & A

drally distorted GeTe
FIG. 6. (Color): Calculated valence ELF's of cubic and rhom-

bohedrally distorted GeS, GeTe, and PbTe. Lighter colbght
gray and and whitesignify regions of strong localization while

anions in the edge centers. The white end of the scale corr&olors tqwards dark.blue §igpify poorly localized .regions. The scale
sponds to high localization, whereas the deep blue end indR" the right of the figure indicates the color coding.
cates zero localization.

In all three cubic rocksalt cases, thelone pair is seen as
a roughly spherical region of electron localization around the
cation at the center of the squar@he anions, with their Finally, we link the physics of the two instabilities to the
largely filled p shells, are also approximately sphericahe  electronic structure and hence to the nature of the lone pair.
distortion is modeled by moving the cation to the bottom left, There are three relevant electronic bands: occupied cation
relativeto the anions in the picture. In all cases the formation(S™), anionp (P~), and unoccupied catiop (P"). It was
of the localized lone pair is observed to the top right of theargued by Orgel, and has been assumed in much of the
cation(in the space left behind subsequent literature, that the interaction betw&&nand

In the systems that have distorted ground-state structure®,” bands is the primary cause of distortion. However, our
viz., GeS and GeTe, we notice that the ELF in the lone-pairesults show that the mixing betwe&1 andP™ states is in
lobe (to the right of the cationis higher than the correspond- fact mediated by th®~ states. This is strongest at the top of
ing lone-pair ELF in PbTe, which does not spontaneouslyalence bands which are predominarfly bands(see Fig.
distort. In addition, the lone pair has a larger spatial extent ir8). Our calculated COHP'éFig. 4) clearly show that ang*
the Ge compounds due to its increased tendency to be imndP™ character in this energy range results from the anti-
volved in covalent bond formation. The larger spatial extentoonding and bonding, respectively, 8f andP™* states with
of the lone pair seen in the ELF of GeS and GeTe wherP~ states. A uniform structural distortion introduc®s’
compared with PbTe is mirrored in the greater width of thestates antibonding witl®~ (Fig. 5 near the top of valence
cations densities of states and the catisranionp COHP’s  bands which in turn increases the mixing betwe&n and
of GeS and GeTe compared with PbTe. The combination oP*. In addition, in GeS, SnS, and SnSe, there is also direct
larger ELF and increased covalency leads to a “stronger’overlap between th8" andP™* bands(see Fig. 2, resulting
lone pair, which is more stereochemically active. in even stronger interaction and hence structural instability.

C. Discussion: Electronic structure and the lone pair

125111-8
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There is an increase in anigrand catiorp mixing as one  do in the parent PbTe or SnTe pure compounds. Naively this
goes from GeS to GeTgee Fig. 3 correlating with increase might seem counterintuitive, since the smaller GeTe lattice
in metallicity. Due to larger separation betwesh and P~ constant should leave less space for the cation to distort.
bands, there is a decreaseSh andP~ (henceP") bonding  However, it is consistent with our picture of catisaanion-
when one moves from GeTe to PbTe correlating with in-p overlap being a driving force for off-center distortion,
creased structural stability. The activity of the lone pair de-since this is higher in the smaller lattice constant structure.
pends on the bandwidths of and separation between all three
bands. It is stronger where the mixing 8f and P* with
P~ (and also indirecthyS™ with P™) is large, where it has VI. SUMMARY
the stereochemical effect of stabilizing the distorted low-
symmetry structures. If this mixing is over a wider range of

energy (for example, GeS and GeJlethe lone pair is ex- TO : . .

) L ) phonons, Born effective charges, dielectric constants,
pected 1o be_dlffuse. For PbTe, on the other haid char electron localization length, or LO-TO splitting. The trends
acter peaks in a narrow range of energy at the top of the

valence band, leading to a localized lone pair, described ihn structural stability are reflected fully in the trends in

Sec. IV. Stability of a structural distortion depends onLO_TO splitting and partially in other properties. We identify

whether the energy gained from mixinr bonding be- LO-TO splitting as a single parameter, indicating the vicinity

tween occupied and unoccupied states compensates the etch] two instabilities: metallicity and structural instability. The

. . electronic origin of these properties is linked with the stere-
ergy required to promote an electron to unoccupied state

: ¥ . . : . ochemical activity of the lone pair of electrons, which in turn
Since the s'amé’ ~ states are mvglyed in both interactions is driven by catiors—anionp hybridization.
and hence instabilities, a competition results.

Thus we conclude that lone-pair lobe formation is driven
primarily by covalency between catianand anionp states
with the mediation of catiom states rather than by on-site
s-p mixing. Note that there is experimental evidence for our The authors thank J. Gopalakrishnan for many stimulating
conclusions in extended x-ray absorption fine structiX-  discussions. N.A.S.’s funding for this work was provided by
AFS) measurements for Pb-doped GeTe and Pb-doped SnTke National Science Foundation, Grant No. DMR-9973076.
compounds. Lebedest al*® found that Pb or Sn atoms em- H.C.K. and R.S. thank the Indian Council of Scientific and
bedded in GeTe showlarger off-center distortion than they Industrial ResearckCSIR) for support of this work.

We have studied the structural stability of the rocksalt
IV-VI chalcogenides to determine whether it correlates with
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