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Optical properties of monoclinic Snl, from relativistic first-principles theory
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Within the local-density approximation, using the relativistic full-potential linear muffin-tin orbital method,
the electronic structure is calculated for the anisotropic, layered materigl Bm direct interband transitions
are calculated using the full electric-dipole matrix elements between the Kohn-Sham eigenvalues in the ground
state of the system. The inclusion of spin-orbit coupling was found to change the optical properties of this
material considerably. Polarized absorption and reflection spectra are calculated and compared with recent
experimental results. The experimentally suggested cationic excitation for the lowest-energy transition is con-
firmed. From the site and angular momentum decomposed electronic structure studies and the detailed analysis
of the optical spectra it is found that the lowest-energy transition is taking place between(&o15 type 2a
— Sn 5p (atom type 4 states. The ground state calculation was repeated using the tight-binding linear
muffin-tin orbital—atomic sphere approximation method, and the resulting band structure agrees very well with
the one calculated with the full-potential method. In contrast to recent experimental expectations, our calcula-
tions show an indirect band gap, which is in agreement with earlier semiempirical tight-binding calculations as
well as with absorption and reflection spec{&0163-182697)02532-0

I. INTRODUCTION Gorban et al? investigated the photoluminescence, ab-
sorption, and reflection spectra of Srfllms and found that
The properties of the tidll) halides have been of interest the forbidden bandwidth for the indirect transition at 86 K is
because of their application in the development of electroni@.11 eV and that for the direct transition it is 2.59 eV. They
discharge lamps. Snl,, a layered luminescence semi- also concluded that the conduction band of Sisl formed
conductor® has a high color rendering when used in an elecby the metal iongi.e., Sr#*). Later, from the detailed study
tric arc lamp® A characteristic feature of this tin di-iodide is of the fundamental absorption edge based on spectral depen-
its high photosensitivity, which permits its use as a photoredence of the imaginary part of the dielectric constapt
cording mediunf. The spectroscopic properties of Srduch  Kostyshinet al* concluded that the minimum of the conduc-
as ionization potentials, dissociation energies, ground statetion band and the maximum of the valence band are located
first excited state energy difference, and first excited stateat the same point of the Brillouin zone. Very recently Ohno
second excited state energy difference were calculated ret al® measured the polarized absorption and reflection spec-
cently from complete active space self-consistent fieldra of Snl, in the fundamental absorption region at tempera-
calculations’ Desai, Rai, and Vyas measured the bulk dielectures 10—300 K. From the spectral dependence of the absorp-
tric constant of Snj as a function of temperature to under- tion edge with temperature they concluded that the lowest-
stand the electric field distributidh. energy gap of Snl is of a direct type. Doniet al1° have
Fujita et al.”® have recently studied the polarized absorp-obtained the electronic band structure using the overlap re-
tion and reflection spectra of Snat a lower temperature and duced semiempirical tight-binding method and shown that
they have found a direct transition at 2.57 eV. Thé Sions ~ Snl, has an indirect fundamental gap of about 2.1 eV, fol-
occupy two inequivalent sites in the monoclinic lattice. lowed by a region of weak direct transitions. It is interesting
Though the experimental results suggest that the cations ate note that there is a controversy regarding the nature of the
responsible for the lowest-energy transition in this materialjpand gap in Sry not only between theory and experiment
experimentalists are unable to resolve the exact'Sions  but also between the experimental studies. Thus, more accu-
responsible for this transitichHence, theoretical work on rate electronic structure studies on $are required to con-
the details of the electronic structure and optical properties ofirm the nature of the band gap. This is one of the motiva-
this material is required to understand the microscopic origiriions for the present investigation. Detailed studies of the
of the lowest-energy transition. chemical bonding nature of Splre also particularly inter-
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esting because its closely related system,3wls an unusual types occupy the 8j position, seven types occupy the 4i po-
behavior of pressure induced amorphization. sition, and the remaining one occupies tleepdsition of the

Because of the complicated nature of the band structureZ2/m lattice. Hence, the calculation involves totally 32
Doni et al1° studied the electronic properties of Sy in-  spheres of 15 different types. Although this large number of
troducing a model hexagonal lattice, obtained from slightempty spheres in a calculation might seem deterrent, the par-
distortions of the monoclinic lattice. In the present paper weicular implementation of the TB-LMTO-ASA used makes
have not made this simplifying assumption. All calculationsthe determination of the both symmetry and optimal sphere
presented here are thus performed using the correct crysteddii extremely easy. Also, the TB-LMTO-ASA calculations
structure. Though several experimental studies are availabkre very fast and the computational effort involved is minute
regarding optical properties of Spf*7® no theoretical at- compared to the FP-LMTO calculations.
tempt has yet been made to understand the microscopic ori- The basis set consists of tirs55p, iodine 5 and empty
gin of the experimentally observed optical transitions.sphere & LMTO’s. The Sn 5 and 4f, iodine 6s, 5d, and
Hence, the present study is a detailed investigation on théf, and the empty sphere and d partial waves were in-
electronic structure and optical properties of gnising a cluded in the tails of the above mentioned LMTO’s. This
state of the art full potential linear muffin-tin orbitéFP-  treatment corresponds to wdin down-folding of the high
LMTO) method. As a complement to the highly accurate butblock (i.e., Sn &, 4f and | 6s, etc) of the secular matrix
computationally very heavy full-potential calculations, we followed by energy linearization of the resulting low block
also performed tight-binding—LMTO calculations in the (i.e., Sn %, 5p and | 5, etc). This treatment not only
atomic sphere approximatioffB-LMTO-ASA). Few ex- reduces the size of the secular matrix, but also serves to
plicit comparisons between a very accurate method like thavoid distortions of the phase shifts of the high partial
FP-LMTO, and a simpler method, like TB-LMTO-ASA, waves'! The basis functions were calculated at fixed ener-
have been done for systems with very open structures. ThergiesE,, which were chosen to be at the center of gravity of
fore, such a comparison is interesting in itself. Moreover,the occupied parts of the site and angular momentum pro-
due to the simpler interpretation of the electronic structure ijected bands. The core states are treated relativistically, while
is helpful to perform ASA calculations in parallel to full- the valence states were calculated scalar relativistically, i.e.,
potential calculations. For instance, all orbital-projectedexcept for the spin-orbit coupling all the other relativistic
quantities are better defined in the atomic sphere approximaffects were incorporated.
tion, where an interstitial regime is absent. The tetrahedron method for the Brillouin zoree., k

The rest of this paper is organized as follows. The theospace integrations has been used, in its latest version, ac-
retical methods used are described in Sec. Il. Section lltording to Blahl et al,'* which avoids misweighing and
deals with the crystal structure and chemical bonding natureorrects errors due to the linear approximation of the bands
of Snl, using charge-density studies and angular momenturinside each tetrahedron. The von Barth—Hedin parametriza-
and site decomposed density of statB©S) analysis. The tion is used for the exchange correlation potential within the
band structure obtained from FP-LMTO and the site andocal density approximation. 320 points were included in
angular momentum projected band structure obtained frorthe iterations towards self-consistency. The self-consistency
TB-LMTO method are given in Sec. IV. The polarized ab- iterations were continued until the total energy difference
sorption and reflectivity spectra obtained from the full- between two consecutive iterations was less than®1Ry.
potential-LMTO method and other optical properties areThough more complications are involved in those calcula-
given in Sec. V where they are compared with availabletions, the band structure obtained from this computationally
experimental results. The most important conclusions drawefficient method was found to be in good agreement with the

from our theoretical studies are given in Sec. VI. highly accurate FP-LMTO method. Furthermore, the particu-
lar implementation of the TB-LMTO-ASA used here is very
Il. COMPUTATIONAL DETAILS convenient for viewing and analyzing the orbital-projected
band structures, which proved to be very useful in the sub-
A. TB-LMTO method sequent analysis of the electronic structure of,Snl

In the part of our study where the ASA was used, the
Hamiltonian and overlap matrices were evaluated over
atomic spheres where the potential is spherically symmetric. B. FP-LMTO method
For solving the one-electron Schiiager-like equation self- The full-potential—-LMTO calculatiorts were all electron,
consistently we have used the scalar-relativistic lineafully relativistic with the spin-orbit coupling included at each
muffin-tin orbital method in the ASA, including the com- variational step. Furthermore, no shape approximation to the
bined correction term&. In the ASA the selection of sphere charge density or potential was used. The base geometry
radii is very important, in particular for the open low sym- consists of a muffin-tin part and an interstitial part. Inside the
metry structures such as that of $if In order to achieve muffin-tin part the basis functions, charge density, and po-
that the overlap between the spheres is less than 20%, wential were expanded in symmetry adapted spherical-
have included 23 empty spheres in ten different equivalenharmonic functions together with a radial function and in a
positions in the primitive cell of the base-centered mono-Fourier series in the interstitial. The spherical-harmonic ex-
clinic lattice. With this configuration, if we adopt the proce- pansion of the charge density, potential, and basis functions
dure given by Jepsen and AnderSefor the selection of were carried out up td .= 6. The basis set was comprised
sphere radii, the calculated overlap between the spheres aoé augmented linear muffin-tin orbitald. The tails of the
within 17%. Among the ten types of empty spheres, twobasis functions outside their parent spheres were linear com-
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TABLE I. The structural parameters used in the present calculations. Three different se@ndfy
atomic position parameters are given for iodine in tlig gosition. To distinguish these atoms the atom
positions for iodine in different equivalent positions are represented(iay, 4(ib), and 4ic). The lattice
parameters are in A.

System Snj Z=6 Space groufc2/m (No. 12 Pearson symbahC18

Lattice parameters a=14.17 b=4.535 c=10.87 B=92.0°
Atom Position X y z
Sn(1) 2(a) 0.0000 0.0000 0.0000
Sn(2) 4(i) 0.2662 0.0000 0.3065
1(2) 4(ia) 0.0780 0.0000 0.7299
1(2) 4(ib) 0.3602 0.0000 0.5609
1(3) 4(ic) 0.3523 0.0000 0.9239

binations of Hankel or Neuman functions depending on thenary parts ofe(w) are often referred to as, ande,, respec-
sign of the kinetic energy? (the kinetic energy of the basis tively. We have calculated the dielectric function for fre-
function in the interstitial region The basis included§  quencies well above those of the phonons and therefore we
5p, 5d, and 4f partial waves of both tin and iodine. In an considered only electronic excitations. The dielectric func-
attempt to give a better description of the optical propertiestion may be calculated using the random-phase approxima-
the pseudocore Snddand the high lying | & orbitals were  tion and we neglected local field and finite lifetime effetts.
also included. However, their effect on the spectra was foundh condensed matter systems, there are two contributions to
to be minor. e(w), namely, intraband and interband transitions. The con-

We used two tail energies for every state. The integrationgribution from intraband transitions is important only for
over the Brillouin zone in the ground state calculation weremetals. The interband transitions can further be split into
carried out as a weighted sum, using the special pointlirect and indirect transitions. The indirect interband transi-
sampling!* with weights reflecting the symmetry of a given tions involve scattering of phonons and are neglected here. It
k point. We also used a Gaussian smearing width of 20s expected that the indirect transitions give only a small
mRyd for each eigenvalue in the vicinity of the Fermi level contribution toe(w) in comparison to the direct transitiotfs,
to speed up the convergence. For the DOS and optical ca&lthough the indirect transitions will have a broadening ef-
culations, the tetrahedron integration method was employedect. How large this effect is depends on the temperature.
The calculations were done at the experimentally determinedlso other effects, e.g., excitons, affect the optical properties,
structural parameters given in Table | and the volume ratispecifically, excitons normally give rise to rather sharp
between the interstitial region and the unit cell was approxifpeaks.
mately 0.65. The exchange and correlation were treated in The direct interband contribution to the imaginary part of
the local-density approximation using the von Barth—Hedinthe dielectric functionge,(w) is calculated by summing all
exchange correlation functional with parameters given bypossible transitions from the occupied to unoccupied states,
Janaket al.*® The results reported here used Kl points in  taking the appropriate transition matrix element into account.
the full base-centered monoclinic Brillouin zotBZ). We  The dielectric function is a tensor and all the components
have tested th&-space convergence of our results by per-need to be calculated. However, we have chosen our princi-
forming the same calculation with 348 points in the full  pal axes so that the only nonzero off-diagonal elemeiatig
BZ. Although some peaks changed just as in the tests of the** (and, of cours&®*). The amplitude o&** was seen to be
basis size, the overall change in the results was minor. Weegligible in comparison to the amplitude of the diagonal
thus conclude that our calculation is satisfactorily convergedelements. This is simply due to the fact that the angle be-

Since both tin and iodine are heavy elements, it is exiween thez andx axes,, is 92°, so that our principal axes
pected that the spin-orbit interaction should be significant. Irare close to form an orthogonal coordinate system. Therefore
order to test this we performed the FP-LMTO calculationswe can restrict our considerations to the diagonal matrix el-
both with and without the spin-orbit term, but with the ementse””(w) with v=Xx, y, or z. The interband contribu-
scalar-relativistic terms included in both calculations. Whertion to the diagonal elements e§(w) is given by
calculating the optical matrix elements, we considered the
momentum operator but neglected the spin-flip t&tm. g 2@2!inoce occ

&= 2 2 | P (0Pl i)
m-w= n y BZ

C. Optical properties .
The optical properties of matter can be described by Xg(EI;_EE,_ﬁw)Xﬁl (1)
means of the transverse dielectric functiefy,») whereq (2m)3
is the momentum transfer in the photon-electron interaction ] ] .
and o is the energy transfer. At lower energies one can sefvheree is the electron chargen its mass,fy, the Fermi
q=0, and we arrive at the electric-dipole approximation, distribution function, andP_, is the projection of the mo-
which is assumed throughout this paper. The real and imagimentum matrix elements along thedirection of the electric
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field. EX are the one electron energies. The evaluation of
matrix elements in Eq(l) is done over the muffin-tin and
interstitial regions separately. Further details about the evalu-
ation of matrix elements are given elsewh&&he integra-
tion over the Brillouin zone in Eq(l) is performed using a
linear interpolation on a mesh of uniformly distributed
points, i.e., the tetrahedron method. The tatgl was ob-
tained frome;"(IBZ), i.e., €5” was calculated only in the
irreducible part of the BZ using

LN
62:_21 ol &(1BZ) 0y, 2

whereN is the number of symmetry operations asmdrep-
resents the symmetry operations. For shortness, the symbol
e(w) is used instead ot””(w). Lifetime broadening was
simulated by convoluting the absorptive part of the dielectric__'C: 15 The cryTltabllstrILJcE)tulrle of fSDIThe blacg l;gllilarektge ”Sn
function with a Lorenzian, whose full width at half maxi- atoms, where small black balls refer to(_zab_ and big black bafls
mum (Apy) is equal to 0.005(w)2 eV. The experimental 'cPresent S#i). The gray balls are the jodine atoms, where 1, 2,
B . . . ..and 3 refer to iodine in the 4ia, 4ib, and 4ic positions, respectively.

resolution was simulated by broadening the final spectra W|'[I:|.he atom positions are explicitly given in Table I.
a Gaussian of constanty,, equal to 0.01 eV.

After having evaluated Eq(l) we calculated the inter-
band contribution to the real part of the dielectric function

Ill. CRYSTAL STRUCTURE AND CHEMICAL BONDING

€,(w) from the Kramers-Kronig relation A. Crystal structural aspects
5 . Neo' do’ Howie et al?! made the crystal structural analysis of
er(w)=1+ _pJ e(0)odo’ (3  Snlp. The reported structure is monoclinic with distinct lay-
™ '’ w? ers having three inequivalent positions for the iodine atoms,

which was later confirmed by nuclear quadrupole resonance
frequencies measuremeRtsThe crystal structure of the lay-
ered Sn} is shown in Fig. 1. The structural parameters used
' in the present calculations are given in Table I. In this struc-
ture, the most tightly bonded pairs of Sn-1 ions are packed in
?;uckered sheets along tH201) plane with weaker bonds
linking adjacent layers. Two such puckered sheets exist per
it cell of Snl, and are depicted with bonds in Fig. 1. Each
it cell contains six S molecules. The SH" ions occupy

two inequivalent sites. One third of the Sh ions [small

tallv ob d polarized reflectivit ¢ h | ‘black balls in Fig. 1, 23) position in Table ] are surrounded
ally observed polarized refiectivity Spectra we have calCly ¢ octahedrally by six iodine ions as is the case of

lated those spectra using the following relation. The speculalgb2+ ions in Pbl, The remaining SA" ionsbig black balls
reflectivity can be obtained from the complex dielectric con- Fig. 1, 4i) position in Table ] occupy the sites similar to
stant given in Eq(2) through the usual Fresnel's equation, those of, the PB" ions in the orthorhombic PbGlcrystal

In order to calculates;(w) one needs to have a good repre-
sentation ofe,(w) up to high energies. In the present work
we have calculated,(w) up to 41 eV above the Fermi level
which also was the truncation energy used in B). We

calculations(with fewerk points and a smaller bagishere
the truncation energy was varied. These calculations show
that good convergence was obtained for truncation energi%
above 40 eV.

To compare our theoretical results with the experimen

2 where each cation is surrounded by six halogen ions at the
Ve(w)—1 ; :
R"(@)=|—— (4) corners of a trigonal prism. The Snlstructure may be
Ve(w)+1 viewed as a distortion from a simple cubic-like-structure

where one Sn atom and two | atoms are stacked in different

Note that this formula assumes that the polarization of theytomic layers when moving in the 111 direction of the
incoming light and the measured light is the same. Differenkjmple cubic Bravais lattice.

polarization directions couple through the off-diagonal ele-
ments and we can therefore expect such effects to be minor

in the present studies since the teeftt is very small. We B. Chemical bonding

also calculated the absorption coefficié(w) and the elec- In Snl, each SfR2a) atom is surrounded by two(4ia)
tron energy-loss spectrutn(w) using the following expres- atoms at a distance 5.996 a.u. and foitid) atoms at a
sions: distance 6.001 a.u. Further, each(@8hatom is surrounded
5 5 U 12 by one [4ib) atom at 5.720 a.u., twa4ia) atoms at 6.045
[€1(w)+ €3(w) ]~ €1(w) a.u., and two more(4ia) atoms at 6.154 a.u. This indicates
How)=2w 2 ’ ®)  that the strongest bonding in this solid is betweefd8rand

I(4ib) and that it has a dominant covalent character. The low

value of the bond length between atoms with few nearest

Lo)=———- (6) neighbors is in line with the observation of Paulfigrhe
€1(w)+ €3(w) larger value of the bond length between(&a with neigh-

€(w)
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ompound and the directional bonds are clear indications of
e covalent nature of the bonding.

Figure 3 presents the contour plots of the total valence
charge distribution of Snlin the ab plane. The charge-
density contours show that the bonding between the layers is
boring iodine in comparison with that of 8h) indicates that  weaker, with a low electron density in this region. The elec-
the nature of the chemical bonding of tin in the two differenttronic Charge densities have enabled us to investigate the
equivalent sites in this material is somewhat different. Oumonding in this compound. The main feature is a strong in-
charge-density distribution analysis as well as DOS analysigeraction in the puckered Sn-I net. The contour plot shows
discussed below, shows that the chemical bonding 628n  that most of the electrons are accumulated around the iodine
with neighboring iodine is more ionic in nature comparedsites in this compound, whereas the population of electrons
with that of Sri4i). This different nature of bonding behavior in the tin sites is smaller. This, of course, is due to the ionic
significantly changes the electronic structure and opticabonding between tin and iodine.
properties Sy and is discussed in detail in Secs. IV and V. The electronic structure and charge-density distribution

The angular momentum and site decomposed density @fence give evidence for a chemical binding in Swhich is
states of Snj are shown in Fig. 2. From this figure it can be a combination of ionic and covalent bonds. The covalent
seen that the |5 population on the tin sites is much lower nature is also consistent with the fact that the structural ar-
than that of the ground state atomic configuration. At therangement may be viewed as a distortion of a simple cubic
same time the electron population in thp States of iodine  type of stacking, where, as a consequence of the distortion,
is considerably increased compared with the ground statgn-| bonds are strengthened enhancing the covalent character
atomic configuration. Thus, there is definitely an ionic char-of the binding. As a matter of fact one may approximate the
acter of the bond between Sn and I. This is reasonable, bejectronic structure of Smlby that of a simplified simple
cause the difference in Pauling’s electronegativity betweerubic type structurédata not shown
Sn and | is 0.7, which is considerable. In support of the
above viewpoint the Mulliken population analysis ofXSn
(X=Cl,Br,l) by Benavide-Garcia and Balasubramanian V. BAND STRUCTURE
also shows that the tin atom exhibits population deficiency The band structure of Sglincluding spin orbit coupling
from its neutral atomic population for all cases while the (SOQ), obtained from the FP-LMTO method is given in Fig.
halogen atoms exhibit excess electronic density confirming. A calculation neglecting the SOC gave rather similar re-
the ionicity in Snb,.°> Further, Fig. 2 shows that in the energy sults and is therefore not displayed. The regions below the
region where the p have the most weight-4-0 eV, there Fermi level in Fig. 4 contains 27 bands, which can be di-
are also Snp and Snd states. As discussed in previous vided into three regions: the bottommost valence-band re-
studies?*?® this indicates the existence of covalent bondinggion, the middle of the valence-band region, and the top of
between tin and iodine. In addition, the low symmetry of thisthe valence-band region. The bottommost valence band is

FIG. 2. The angular momentum and site decomposed density q
states of Snj from the spin-orbit coupling included full-potential—
LMTO method.



6856 P. RAVINDRAN et al. 56

SN T =
NASE )
N
V/V“"
5 TS = V)Q’ R 2 g
"\ /S %\ 0 Sn(4i)-p
K2 —— ]
SN e 8,
N :
N <+ 2B 3 4 - &
—_ I A N B
e e g N P 6 R I
L —’,;'T“&ﬁi‘. ’——\3\_‘:/’; o )C:;2>
B A 7oA s
£ a4 = X 4
) e LN N -
L P = «ﬁi§§
2—%?8 % = %
S n(4i)-s
8 O "1 s —
e M Tl Vs 5
SR
S s N
10 [~ = 4= ™ §
T
= ===
v I' A M L 4
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from full-potential-LMTO method. Sn(2a)-p

around 13 eV below the Fermi level and contains six bands
arising from the iodine 8§ states. The middle of the valence-
band region contains three bands, located around 8 eV below -4
the Fermi level. They have mostly cation Sbs character.
Among these three bands, the bottom two are dominated by
5s states of Sn in the(# position and the top one is domi- -8
nated by the § states of Sn in the(2) position. These cation 4
5s states hybridize mostly with the iodinep5states as is
clear from Fig. 2. As it turns out, this hybridization is very
important for the optical properties of this compound, since
much of the interband transitions take place between these
cation 5s states and the conduction band. In order to acquire
a better understanding of the band structure of this layered
material, we calculateflsing the TB-LMTO-ASA method
the orbital-projected band structure of $rdnd this is pre-
sented in Figs. %Sn statesand 6(] state$. The width of the
orbital-projected bands is proportional to the wei{ghtf the
corresponding orthonormal orbitsl.** The iodine 5 bands
lie very low in energy and are not shown in Figs. 5 and 6
From Fig. 5 it is clear that the Snsbbands are located at
different energies depending on the spatial position of the
cation within the unit cell. arise mostly from the p states of Sn in the 4i position and

The top of the valence-band region contains 18 bands anithe top three bands are mainly frorp States of Sn in the 2a
among those bands there is one broadband which is closer pwsition. Once again these features clearly demonstrate that
the Fermi level and is distinctly separated from the othersthe bonding behavior of Sn in the two inequivalent sites is
The interesting aspects of the band structure of this materialifferent. Above the Sip bands, there is a cluster of bands
is that even though the 8 5s bands are around 6 eV ~3.5 eV above the Fermi level. The origin of these bands is
away from the Fermi level, they contribute significantly to the 5d states of both iodine and tin as is clearly seen from
this single band. This is due to the hybridization betweerthe site and orbital-projected DOS shown in Fig. 2.
Sn(2a) with I(4ia) and K4ic), which is clearly seen in the As mentioned earlier, there is a contradiction regarding
orbital-projected bands given in Fig. 5 and the site and anthe nature of the band gap in this material, not only between
gular momentum projected DOS given in Fig. 2. Because oéxperiment and theory but also between different experimen-
the ionicity, the tin B electrons are mainly abové: and tal studies. The present energy-band structure shows that the
hence their contribution to the valence band is smaller.  topmost valence band is studied betweenArendM points

The conduction-band region consists of nine bands loand the bottommost conduction band is attheoint of the
cated between 0 and 3 eV, having predominantly $n 5 Brillouin zone(Fig. 4). This clearly shows that the nature of
character. Among the nine bands, the bottommost six bandfe band gap in this material is of an indirect type. This

T

Sn(2a)-s

Energy (eV)

FIG. 5. The orbital-projected band structure of tin in Sob-
‘tained from the scalar-relativistic TB-LMTO method.
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ing from the discontinuity in the exchange-correlation poten-

4 e tial at the integer particle numbét.?® Because of the diffi-
:%&gz’@%% culties with the discontinuity, there are no standard methods
S I(4ic)-p | 2 for calculating (correctly the size of band gaps, although
° 0 _— recent work based on tHeW approximation seems promis-
8 ing in this regard’?® We have not explored this theory here
s = ~ & and for the lack c_)f_a b_ette_r theo_ry we empiripally increased
the band gap until it coincided with the experimentally mea-
61| i sured value. In the calculation of the optical spectra we have
" e e S —— therefore artificially increased the gap with 0.8 eV. This
value was determined by comparing the peak positions in the
4‘%&— Q_ﬁ: experimental and theoretical reflectivity spectra measured by
2 & % Fujitaet al.” Since the agreement between theory and experi-
S I(4ibp 1 ] ment is, as will be clear below, somewhat limited, this value
T = is quite uncertain and might instead of 0.8 eV be as large as
22 1 eV or more.
i 4 i~ As a final remark in this section we note that the elec-
tronic structure obtained from the LMTO-ASA and FP-
64 1 ] LMTO methods is rather similar. It is interesting that an
3 S approximation which is based on spherical averages through-
out the crystal works well even for a rather loose-packed
* 5@5 structure, provided one takes care in filling open voids in the
2 \&i % structure by so-called “empty spheres.”
g 0 I(4ia)-p —
go ) V. RESULTS FROM OPTICAL PROPERTIES
8 N
= T — Further insight into the electronic structure can be ob-
o tained by studying the optical properties. The optical func-
| = tions reflect the fine structure of the energy distribution of
-8V 7 Ly 1 the electron states in the valence and conduction bands. In

our investigation of optical properties we have first calcu-
lated the imaginary part of the dielectric function directly
FIG. 6. The orbital projected band structure of iodine in Snl from Eg.(1). There are eight prominent peaks appearing in

obtained from the scalar-relativistic TB-LMTO method. the e,(w) spectra, denoted by,B,C, etc. in Fig. 7. Now we

will try to explain the origin of these peaks based on our
observation is consistent with the conclusion arrived at byelectronic structure studies. As discussed in Sec. IV, there
Doni et al,'° the absorption as well as reflectivity measure-are 27 bands in the valence-band regisee Fig. 4. The
ments by Garboet al,? but against the conclusion arrived at lowest-energy peak in Fig. 7 is due to band 27 band 28
by Kostyshinet al* from absorption measurements on thin interband transitiofi.e., mostly S2a) 5s — Sn(4i) 5p with
films and Fujitaet al.” from single crystal reflectivity and small contribution from (5p) — 1,Sn 5d]. This peak has
absorption measurements. Our orbital-projected bandalso been observed by Kostyshghal? from the experimen-
structure studiegobtained by means of TB-LMTO-ASA tal near fundamental edge reflectivity and absorption mea-
method show that the bottom of the conduction band at thesurements. These authors concluded that this peak structure
M point is mainly ofp, character originating from Sn at the is due to direct interband transitions, which is consistent with
4i position. Further, we notice that the topmost valence bandur theoretical observation. When claiming that an interband
arises mostly from SRa) s states hybridizing withp, of  transition is taking place between two different atoms, as we
I(4ia) and with thep,, p,, andp, of I(4ic). The band gap of have done in the notation used above, we do not mean that
Snl, without the spin-orbit coupling gives a value of 1.54 eV the final and initial states are in completely different regions
and with the spin-orbit coupling a value of 1.37 eV. Theseof space. The mentioned atoms signify the origin of the
values are smaller than the experimental measurements Isjates involved, not their positions in space. PBak Fig. 7
Kostyshinet al? (2.52 eV at 85 K, Gorbanet al? (2.2 eV at  is caused by transitions from band 27 to bands 28 and 29.
86 K), and Fuijitaet al” (2.275 e\J. The calculated band gap The 5 and 5 electrons of both S2a) and Sit4i) are in-
is identified here with the difference between the highesvolved in the interband transitions responsible for the peaks
occupied and the lowest unoccupied Kohn-Sham eigenvale, D, andE in Fig. 7. Sn(%l) — Sn(5p) as well as I(P)
ues, the so-called Kohn-Sham gap. The real band gap, how- | (5d) interband transition also takes place in this region.
ever, is the smallest difference between the energy requirethe peaks= andG originate from the Sn(§) — Sn(5p) as
to remove an electron from the valence band of the insulatwell as I(50) — Sn,I(5d) interband transitions. Further, the
ing N-particle ground state to infinity and the energy ob-highest-energy peak in the(w) spectra(i.e., G) is due to
tained by adding an electron to the conduction band of th¢he direct interband transition from Sn,i§p — Sn,I(5d).
insulatingN-particle ground state. This real band gap can beBecause of the presence of a cluster of broad 8h(@@&nd
written as a sum of the Kohn-Sham gap and a part originat{ 5d) bands in the high-energy part of the conduction band



6858 P. RAVINDRAN et al. 56

25 F T T T . 08 .
Ellx Snl, — Elix
S Ellyllb
15 ¢ /\.\. J 0.6 —-~--Ellzilc
1Y/ \ VN exp.E_I_b
Vi 5 N exp.Ellb
! 2
st N S 3 0.4
H ~ E ,,,,,,
25 t } { .
0.2
5 . Elly
~< 15 F \§ 1
w | \ L " L s
/! 2 4 6 8 10 12
/ Energy (eV)
51t /i ]
i S FIG. 8. Calculated and experiment&ef. 7 reflectivity spectra
75 F t t t ] of Snl,. The calculated spectra are illustrated with thick lines,
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C\’ 1\ /F Ellz solid lines should be compared with each other, and the same is
\ valid for the dashed lines. No experimental measurement corre-
15 "\ ! i
B/ « sponding to our calculated dot-dashed spectrum has been per-
/' \ formed. The calculated spectra are slightly broadened, see text.
J G
51 A respondence in the positions of the peaks and valley at lower
! e energies. In general, if indirect transitions are taken into ac-
2 4 6 8 10 count a certain broadening of the maxima takes pfadép
Energy (eV) to 7 eV, the reflectivity with polarization parallel to is

higher than for the other two directions. This is due to the
presence of narrow bands in the conduction band along the
€r-Z direction of the Brillouin zone, see Fig. 4. It should be
noted that the absolute value of the theoretical reflectivity is
much larger than the experimental. The possible reasons for
the discrepancy between theory and experiment may be due
in Snl,, there is very little structure appearing in the high-to the following. The reflectivity spectra for Spiwas mea-
energy part of the optical spectra. sured using synchrotron radiation with small samples and
Very recently, Fujiteet al.” measured the polarized reflec- hence, it is difficult to obtain the absolute value of the
tivity spectra for Snj at low temperatures. In order to com- reflectivity? Fujita et al.” therefore assumed that the reflec-
pare with the experimental reflectivity spectra, we have caltivity in the transparent region is the same as that calculated
culated the polarized reflectivity spectra originating fromfrom the room temperature refractive indices given by
interband transitions. In Fig. 8 the specular reflectivity, cal-Kostyshinet al* In general, the reflectivity near the absorp-
culated frome** (thick solid line), €YY (thick dashed ling  tion edge increases as the temperature decreases.
and e** (thick dot-dashed lineis compared with the experi- The reflectivity spectra can be split into two regions; the
mental reflectivity spectra. The experimental spectrum witHirst is below 7 eV and is due to cationic excitations and the
the electric field polarized parallel to tieaxis (thin dashed other, above 7 eV, is mainly arising from anionic excitations.
line) should be directly compared with our spectrum calcu-Up to about 4.5 eV, the reflectivity spectra arise mainly from
lated fromeYY. The other experimental spectruihin solid  the Sr{2a) 5s — Sn(4i) 5p interband transitions. Between
line) closely but not completely, corresponds to our spectrun#.5 and 7 eV, the main contributions come from8n5s —
calculated using™*. Clearly, the agreement is not too good. Sn(2a) 5p interband transitions and &a) 5s — Sn(4i) 5p
All three theoretical spectra have a distinct minimum aroundransitions. The valleys in the reflectivity spectra around 7
7 eV with only a small variation, whereas this minima in the eV indicate the onset of cationic excitations and above this
experimental spectra seems to occur at 6 eVHp while  energy anionic excitations dominate, i.e., interband transi-
for ELb no clear minimum is observed. We also see thations from | 5p — | 5d. This is evident from the site and
whereas the amplitudes of the peaks at 2.6 eV is very differangular momentum decomposed D@Hg. 2) and band
ent in the experimental spectra, the corresponding peaks structure(Fig. 6).
the calculated spectra have about the same amplitude. There In our calculated reflectivity spectra fdib, the reflec-
is, however, some relative agreement if one compares thi@nce was 0.38 dw=2.3 eV, whereas the experimentally
differences between the two experimental spectra and theeasured value at this energy is 0.26 only. We have made
differences between the corresponding calculated spectraeveral attempts to improve the agreement between theory
The amplitude of the experimental and theoretEjth spec- and experiment in the reflectivity spectra of $nThis in-
tra is significantly lower than the amplitude of the theoreticalcludes additional basis sets, the increase in the numbler of
E|x andE_L b spectra, respectively. There is also some corpoints in the BZ sum, etc. We obtained virtually the same

dielectric tensor of Snl with spin-orbit coupling. The spectra are
slightly broadened, see text.
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FIG. 9. Calculated absorption coefficient spectra of,Sot the FIG. 10. Calculated and experimental absorption coefficient
three polarization directions. The spectra are slightly broadened, sespectra of Snj at the absorption edge. The calculated spectra are
text. not broadened. Experimental data were measured by Ohno,

. . Yoshida, and FujitdRef. 8.
result for the optical properties and we conclude that the

remaining discrepancies, such as the absolute position ariths been suggested by Dagial1° that it is due to phonon
the width of the peaks, cannot be attributed to the computaassisted transitions over the indirect gap. This suggestion
tional procedures for the electronic structure calculation. Wecompares well with our calculated indirect band gap.
suggest that more experimental studies on high-energy polar- In order to clarify the discrepancy between experiment
ized reflectivity measurements are needed to confirm our reand theory regarding optical absorption spectra near the fun-
sults. damental edgéFig. 10 Yoshidaet al3° recently made ex-
Very recently Ohneet al® measured the polarized optical perimental studies using highly purified Srdingle crystals
absorption edge for Splas a function of temperature. In the obtained from the zone-refining method at 6 K. Interestingly,
polarized directiorE||b they have found a peak just below they have found that the broad absorption peak around
the sharp absorption edge. In order to understand the origiR.275 eV in the previous experimental studies are not present
of this low-energy absorption peak i&|b, we have also and also the polarized absorption spectra obtained near the
calculated the polarized absorption spectra shown in Fig. Sundamental edge are found to be in good agreement with
From the absorption spectra in Fig. 9, it is immediately ob-the theoretical results given in Fig. 10. Further, they have
vious why the color of S should be reddish because the repeated their absorption studies near the fundamental edge
absorption starts around 2.35 eV. This is the high-frequencysing the less purified crystals obtained from the Bridgeman
region of the visible spectrum, i.e., green light. Thus, lowmethod at 8 K. In this case they are able to reproduce the
frequencies are not absorbed and they will therefore domibroad absorption peak around 2.275 eV like the previous
nate the transmitted light. As a consequence, the crystal wilkxperimental studies. Hence, the discrepancy between the
appear red, just as a thin gold film appears green due to thexperimental and theoretical optical spectra is due to the
high absorption in the low-frequency part of the spectrumsmall amount of impurities present at $rih the previous
The absorption coefficients, shown in Fig. 9, have peak&xperimental studies. Unfortunately no experimental reflec-
around 5 eV and 10 eV and a minimum around 7 eV, for alltivity spectra for highly purified Snl crystals at low tem-
polarization directions. The anisotropy causes Bjg ab- peratures are available to compare our results. We hope the
sorption to be somewhat lower than for the other two polarpresent results will motivate more experimental studies in
ization directions at 5 eV. All three spectra rise steeply at thehe future.
absorption edge, for a blowup see Fig. 10. In Fig. 10 we have The dispersive parts of the diagonal elements of the di-
also plotted the experimental absorption edge spectra, mealectric tensor are shown in Fig. 11. The dichroism is clearly
sured at 10 K It is interesting to note that the experimen- visible, especially in the low-energy parts of the spectra. The
tally observed broad absorption peak feature between 2.2 arfdnction representing characteristic energy losg@splas-
2.3 eV atE|b is not present in the theoretical spectra. Wemon oscillationg is one of the more important among those
conclude that the origin of this peak is not due to directsuitable for the description of microscopic and macroscopic
interband transitions. Ohnet al® interpreted that the origin properties of solids. This function is proportional to the prob-
of this peak is an excitonic effect. The interband optical cal-ability that a fast electron moving across a medium loses an
culation does not include this excitonic effect. This may be aenergyE per unit length. The electron energy-loss spectra
possible reason for the absence of the experimentally oEELS) for Snl, calculated from the dielectric functions for
served lowest-energy absorption peak in our theoreticahe three different polarization directions are shown in Fig.
curve, although excitons normally produce sharper featured2. Generally speaking, the most prominent peak in the
Our band-structure calculations show that the fundamentdtELS spectrum is identified as the plasmon peak, signaling
gap is of indirect type and hence the lowest-energy excitatiothe energy of collective excitations of the electronic charge
could also be due to indirect interband transition. As we havelensity in the crystal. It is possible to have several plasmon
only considered direct interband transitions in our calculapeaks in a crystal. In this context we should also mention the
tions, such a peak cannot appear in the theoretical spectra.dtcurrence of plasma resonances and their coupling to the
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2—10 eV we can identify three roots in the spectra. The first
root is situated at 4.6 eV for tHg||x spectrum and somewhat
lower, 4.3 eV, for the other two spectra. The next root is
found around 6.9 eV for thE||x spectrum and at 6.8 eV for
the other two. The third root is situated around 8.5 eV in all
three spectra. There is also a fourth root at 19 @\t
shown). At such high energies thg spectra are very flat and
the amplitude of the, spectra is small.

There are four prominent features in the EELS spectra:
two distinct peaks at 7 eV and 19 eV and two broader fea-
tures around 15 eV and 25 eV. The anisotropy is especially
visible in the highest of the peaks, i.e., the one at 19 eV. The
two peaks both correspond to roots in thespectra. How-
ever, as is now obvious, not all roots ¢&g=0 give rise to
peaks in the electron energy-loss spectrum. ThusO is a
necessary condition for plasma oscillations to occur, but as
observed is not a sufficient condition.

In order to compare our theoretical value of the dielectric
constant at zero frequency with experimental values we have
estimated the average value of zero frequency dielectric con-
stant using the relatioa(0)=1/3 €*(0) + €”¥(0)
+€*40)], where €%(0), €Y(0), and €“40) are the zero
frequency dielectric constant along the crystal axes. From
this relation, the estimated average zero frequency dielectric
constant is 8.87. These values are found to be comparable
with the value 11.30 measured using microwave frequencies
of 8.95 GHz on powder sampfeThe polarized zero fre-
quency dielectric constants obtained parallel toahb, and

FIG. 11. The real parts of the diagonal elements of the dielectri€ axes of the crystal are 8.83, 9.79, and 9.01, respectively.

tensor of Snj with spin-orbit coupling. The spectra are slightly
broadened, see text.

These results clearly indicate the anisotropy in the optical
properties of SnJ. Unfortunately no experimental polarized
zero frequency dielectric constant is available to compare our

spectra in Fig. 11. Plasma resonances manifest themselvesrasults with.

rather distinct peaks in the electron energy-loss spectra, and
are thus a feature that should be relatively easy to observe
experimentally. However, they also have a simple relation-

VI. CONCLUSIONS

ship to the dispersive part of the dielectric function. A root in

A detailed analysis of the electronic structure of Shas

€1, 1.e.,€,=0, can give rise to a plasma resonance, althouglyeen performed using the FP-LMTO method as well as the
this is not a sufficient requirement. Damping of the plasmarg- MTO method. The chemical bonding between tin and
oscillations, so-called Landau damping, may suppress thgydine in Snl, was demonstrated to be of mostly ionic nature

plasma peaks in the experimeftsNevertheless, it is inter-

with an additional covalent contribution, which was estab-

esting to note the positions of these roots. In the regionished through analysis of the charge-density distribution as

4

Electron Energy Loss
) w

—_
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Energy (eV)

FIG. 12. The electron energy-loss function of Smialculated

well as the site and angular momentum decomposed density
of states. The overall topology of the polarized reflectivity
spectra obtained from our first principle calculations is un-
fortunately found to be in considerably worse agreement
with experiment than expected. Previous calculations of op-
tical properties for other systems, using the very same
method, have been found to be in extremely good agreement
with experimental results not only for isotropic systems such
as IVB refractory metal compountfsbut also for highly
anisotropic systems such as graphit&herefore it is very
surprising that the agreement in the present case is relatively
poor. We also glanced at the absorption edge spectrum mea-
sured by Ohno, Yoshida, and Fujita when determining how
much the gap needs to be shifted. Unfortunately, the position
of the edge seems to be very temperature dependent, making
an estimation of tb 0 K edge position so uncertain that this
method did not improve our precision.

from the diagonal elements of the dielectric tensor. The spectra are The nature of the fundamental gap in this material was

slightly broadened, see text.

found to be indirect, irrespective of the band-structure
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method used in the calculations. The indirect band gap istructure of Sn} as calculated by the atomic sphere approxi-
followed by a direct gap appearing at tlZepoint of the  mation has been shown to be very similar to the electronic
Brillouin zone. Our band-structure results are in good agreestructure of a more accurate method where no approxima-

ment with conclusions drawn from optical measurements byions concerning the shape of the electron density or poten-
Gorbanet al? and consistent with the band-structure studiesjal are made.

made by Doniet al° from the semiempirical tight-binding
method. As our band structures show, the top of the valence
band contains S&a 5s character and the bottom-most va-
lence band is from S4i) 5p states, implying that the experi-
mentally observed peak at 2.56 eV is due to(Zan 5s We are thankful for financial support from the Swedish
—Sn(4i) 5p transitions. The absorption peak at 2.275 eV forNatural Science Research Council and for support from the
E||b polarization is not present in our absorption spectra andnaterials science consortium No. 9. We are also grateful to
hence we conclude that the origin of this peak is not due td. K. Andersen, O. Jepsen, and A. Burkhardt for providing
direct interband transitions. Furthermore, new experimenttheir latest version of the TB-LMTO program for the present
reveal that this structure disappears when the crystal iband-structure analysis. We are also grateful to H. Yoshida,
grown using the zone-melting method instead of theN. Ohno, and M. Fujita for communicating their results prior
Bridgman-Stockbarger technigt®.More low-temperature to publication. L. Nordstrm and L. Fast are acknowledged
single crystal polarized optical property studies are needed tfor useful discussions. A.D. wishes to acknowledge C. G.
confirm the nature of the band gap. Finally, the electronidRibbing for many enlightening discussions.
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