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Abstract
The reflectivities of SbSI and their logarithmic derivatives between 1.8
and 4.5 eV have beég:measured at differeﬁt temperatures. The structures in the
'reflectivitiés a%é'compared-with the ones calculated independently by the
empirical.pseudoﬁotential method (EPM), using the pseudopotential form factors
scaled f?om previous.band structure calculations of other crystals; The
large optical anisotropy of SbSI is explaiﬁed. .A prelimina;y band structure

for SbSI is presented.

The 'semiconducting crystal SbSI has unusual properties. a. In cooling

down from room temperature, the crystal undergoes several phase transitions,1

the high-temperature phase above 19°C being paraelectric. b. It shows very

large anisotropic'properties.2 c. It has the largest kanﬂ piezoelectric

L

constant,3 and strong nonlinear optical properties. The phase transitions

involve changes in crystal structure and symmetry.! It is then possible that
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the transitions are reflected by changes in its optical spectra. In this paper;
we report our experimental results on the reflectivities of SbSI and their
logarithmic derivatiQés at different temperatures. We ha&e_found no detectable
change in the optical:spectra at the transitions; We then compare and identify
the observed structu?es in the optical spectra with thoSé'gbCained from an
independent_pseudqpotential calculation for SbSI in the péiéglé&tric phase. A
breliminary band structure for_SbSI is also preéented.' Pfeyious calculations
were done by treating SbSI as one dimensional crystal.?®

The SbSI crystél‘we used had é\dimension of about 10 x' 1 x 1 'mm3. The
é-axis and the [llO].direction were respectively paralle1 gpd perpendicular to
the rectaﬁgular faces. Optical measurements wéfe made 6nf0né of these faces
with light polarized parallel and perpendicular to the é-gxié; Unfortunately,
we were not able to oBtain a crystal with a sufficiently iaxge surface parallel
to either ; or b axié},

The appafatus:fof simultaneous measurements of the refléctivity and its
logarithmic derivéfive‘of a sample has been descfibed elsewhe__re.6 We ha;e
measured the spectraféf SbSI at many different tempe:aturés; in particular, near
the phase transitions. No detectable change in the spectra was observed at the
transitions. The specfra at 5°K and 300°K are shown in Fig{.l. At low temper-
ature, the refléctivity with E||E has the main peaks at 2.5 and 3.08 eV and
weaker ones at 2.7, 3.8, and 4.2 eV, whereas the one with‘EL; has peaks at 2.5,
3.0, 3.37, and 3.88 eV. The corresponding derivative speéﬁra have more fine
structures as expected, vThe reflectivities deéreaée monotohiCally for hw > 3.5
eV. At higher temper#tures, the structures become less éfonéunced and shift
towards lower emergies. They shift by about 0.25 eV from 5 to 300°K. A
particularly intere#ﬁing feature of the spectra is the reflgctivity with EIIE

is larger than the one with ELe by an overall factor of 1.6 and by a factor as
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large as 2 for individual peaks. c ' .

The pseudopotential method has been described in detaii elsewhere,’ we
shall mention only a few impbrtant steps pertinept to the'present calculations.
A. The.unit cell of SbSI i; orthorhombic; At room temperature, the latticé
constants along the ﬁhree orthogonal directions ﬁ(é), ?(ﬁ) énd z(¢) are 8.49,

10.1 and 4.16 Z. Each unit cell contains 4 molecules in the form of a double

16
2h

to the center of the unit cell are expressed in units of the lattice constants:

chain, the corresponding group is D . The positions of the atoms with respect

-0.375, -0.37, =-0.25
( ),
0.118, -0.13, -0.25

I+

Sb:

-0.165, -0.06, ~0.25

S E ¢ );. (1

0.335, 0.56, o025
: 0.115, 0.325, -0.25

. ' I 0 ( ' ).

: 0.615 0.175 -0.25
B. The atomic form'factors, V(]EI), where G is the reciprocal lattice vector,
are détermined as foilows: a. jThe forﬁ/factors of the S-atom, VS(|E|), were
obtained by scaling the ones from ZnS.8 At large ]E[, the scaled ones were
extrapolated by free hand. b. Since theré is ﬁo atomic fqrm factors of iodine,
we approximated VI(|EI) bylthe form factors of Cl-atom which were scaled from
NaCl.? ¢. The véb(lél) were scaled neither from InSb nbr from GaSb. Since
in SbSI, the Sb aﬁom tends to give up an electron<}o I-atom rather than accep£
electrdns as in the cases of InSb and GaSb. To take into account’this difference
in the charge transfer, we used the VSb(|EI) scaled from the symmetric fo?m
factors of SnTe.lo Except for the extrapolation at large |E|, we did not

adjust any of these form factors thus obtained. All the V(IEI)'S were truncated

at |6___|? = 14¢

2T
max 2

V2¢

Because the ratio“of the lattice constants between y and z directions is 2.42,

2 ) . : ~
), where c is the lattice constant along the c-axis.
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the corresponding !Eﬁa*l led to 78 pseudopotential form faéﬁdrs for cach atom.
The cutoff enérgieS $s defined in ref. 12 were Ej = 8.3 Aﬁd'E2 =20.4. The size
of the'matrix was;iéé x 184. Doubling the size of matrikafor ferroelectric
phase) will increésé~fhe cost more than a factor of 3.. Ihére were roughly 400
plane waves contriﬁgﬁing to the Lowdin-Brust perturbatidnfl3 Due to the small
lattice constant“aloﬁg 2, the convergence in energies aiong,[OOI] is only of
the order of 0.1.eV.-jSiﬁce we did not adjust aﬁy of the.s¢éled form factors,
we consider the préééht theoretical results as preliminéfy;

Thevcalculated—ﬁand structure along the various symﬁeﬁfy lines is shown
in Fig. 2. We usE tﬁe notations given by Slatér,lq with, however, the &-axis
along z. In the fiéﬁre, only the 29th to 42nd bands aretéﬁown. The top 6f
valence band correéponds td the 36tﬁ band. This band st;ﬁéture suggests that
the fundamental gapﬂis indirect, I ¢»S;, at 1.82 eV and tﬁéfs;allest direct gapv
occurs at F‘with an'energy of 2.08 eV. At present, expefiﬁgptal information |
about the absorptibﬁ edge is not sufficient to determine ﬁhe nature and hence
the fundamental gaﬁ éheréy. Harbeke15 assigned gaps at l.88»eV and 1.95 eV for
two polarizationsuffém his absorption measurement. However; the difference in
the absorption curveSAcan be caused by the different oscillatpr strengths for
the two polarizatioﬁs}r More experiments, such as photocqﬁd@é;iviﬁy measurements
with polarized.light; are needed to pin down the band edgé of SbSI.

The refiectiQiﬁies, R(w), for the two different polaiizations calculated
from the resultsvofitﬁis band structure calculations with é mesh of 80 points
'in 1/8-th of the Briiiduin zone (BZ) are given in Fig. 3.:;Thermal broadening
and the Debye-Waller factors were not considered in the thebfetical results.
However, the generél_sﬁapes of these reflectivities for‘ﬁ@gg;QeV resemble the
measured results a£'3000K (Fig. 2). For higher photon ene?éy,'the reflectivities

increases. These results differ from the experimental data. Similar discrepency

happens in most calculations using the empirical pseudopotential method . All



5
LBL~2225

‘

these discrepencies can be'attribhted to the fact that the bands 29~32 aﬁd
41-42 are too close tp the gap. Consequently, they contribute‘too much to the
calculated reflectivities above 3.0eV. They also affecf the calculated
reflectivities belbw 3.0eV through the Kramer-Kronig relation: We héve
calculatedvezu(w)'and €2, (w) by considering only transitiqns between the top
4 valence bénds ;o’the bottom 4 conduction bands. The ratio of two €o(w) at
2.3eV is 1.3 and at 3;0eV_is 2.5. “The correspoﬁding reflectivities are also
shown in Fig. 3. Since the lattice cqnstants at low temperature differ from
the ones quoted above by Z.ZIand'né new étructuré in the optical data is found
at the phase tranéition, we compare the latter reflectivities to the ones
meaéured\at 5°K.  In the case of-ELIé, peaks in the calculated reflectivity
at 2.3, 3.1 and 3.8eV agree reasonably with fhevexperimental results. The
first peak comes méiﬁly from 36+37 transitions in the region nearT and A
where the dipole matrix elements for Ellé are large. Thé second peak is due'£o
interband transitions 36+37, 38,39,40 and 35+37,38 in a large region with kz, .
the Z-component of the electron ﬁomentum, about‘halfway'ﬁeﬁweénlf and Z. The
region near the XY(é—G) plane with transitions of 33, 34»36, 37 and 38 contri-
butes also, but thé strengths of the dipole matrix elements are weaker. The
imbortant contributions to the peak at 3.8eV come from transitions of 33-38
- with 0.167skz$0.333(§1). The ﬁain peak for Elé is at 2.2eV and two weak
structure are at 3.0 and 3.3eV; The first peak is caused by.transitions of
3637 and 38 around Y and near L.  The regions involved in these transitions
are considerably larger than the 2.3eV peak in E[Ié\case, however, the dipole
matriirglements for thése transitions are smaller and are almost cons;ant
throughout the regiqné. The 2-components of these'ﬁatrix elements are mostly
zero. The;efore,-fhis peak with ELé is mainly due to inq;éase in the joint

N : K . -5
density of states. This is in contrast to the corresponding peak with‘EIlé
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where the effect 6f the dipole matrix elements is dominént."~The joint density
of states at 3.0eV in‘ELé are the same as in E||é. Simiiéf}to the 2.2eV struc-
ture, the dipole ﬁqﬁéﬁts are weaker | in the case of;gié. The slightly
higher reflectivityzat 3.3eV compared to the structure at 3.0eV in both theory
and experiment is due to additional contributions of 35%39 in the region near
XY plane and 35+40Ltfénsitions near ' . The overail ratio_éf the calculated
reflectivities fdr the two polarizations in considering tfénsitions of 4 valence
bands to 4 conducfidn bands is about l.4. From the aboﬁé indentifications for
various structure:i?;the spectra, we therefore believe thag the large optical
anisotropy of SbSI is mainly due to the difference in the dipole matrix.elements
for the two polariiétions. |

Comparing the two sets of the calculated feflectivi?{ég, the‘ones involving
less bands.give the'ratio 1.17 and 2.06 for two polarizations at 2.3 and 3.0eV
respectively, Whe#ééé;‘the dashed curves in Fig. 3 give the ratio of 1.2 at
2.2eV. The peak at.j.OeV is smeared out for the reflecti?ity including more
bands with El&. Thelgeneral shape‘of the reflectivitieé with transitions of 4
valence bands to 4-co§duction bands for hws3.0eV and the ratio at 3.0eV agree
better with the expéfimental daté. However, thé magnitudes'pf these reflec-
tivities are sméller‘than the measured ones for ﬁws3;5eV{i3This’shows that the
transitions involvihg'other bands are important and necessary to give a better
agreement between theory and experiment. Improvement oﬁ:?he,present calculation
can be achieved by adjusting the pseudopotential form fégfdrs, in particular,
those of Sb. We plan to do it when the ultraviolet spectré,éf SbSI become
available. |

In conclusion, we should emphasize the preliminary hathre of our calcula-

“tions. The reasonable agreement between theory and experimentfor‘hw < 3.0eV,

hY
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obtained with no adjustment of the form factors is remarkéﬁle. This indicates
that the method of:scaiing the atomic form factors in the calculations can be
applied to very aﬁiéotropic crystals. This methdd is comparatively simpler

than other methodé for crystals with many atoms per unit cell. It is especially
useful to undersfand:the main features near the absorption edge in the opticai

spectra of more complex semiconductors.

** Research sponseréd in part by the U.S. Atomic EnergyvCommission.

T Supported by the Air Force Office of‘Scientific Researéh! Air Force System
Command, USAF, \uhde'r Grant No. AFOSR-72-2353.

* On leave from Université de Paris; Paris Vi; Frahce.

tt Guggenheim Fellow, on leave at Laboratoire d' Optique'QuantiQue, 6rsay,
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| 4 Figure Captions

Fig. 1 Measured reflectivities and wavelength modulated spectra of SbSI.

Arrows on the curves indicate the axes of scale.
Fig. 2 Band Structure of SbSI.
Fig. 3 Comparison between the experimental and calculated reflectivities.
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* v tH
Y. Petroff, §S. Kohn and Y. R. Shen
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Abstract
The reflectivities of SbSI and their logarithmic derivétives between 1.8
and 4.5 eV hasévbeég\measured'at different temperatures. The structures in the
‘reflectivitiés aie c§mpared with the ones calculated independently by the
empirical pseudoﬁoténtial'method (EPM), using the pseudopotential form factors
scaled from previous band structure calculations of other crystals. Tﬁe
large optical anisqtroﬁy of SbSI is explained. A preliminary band structure

for SbSI is presented.

The semiconduétihg crystal SbSI has unusua} properties. a. In cooling
down from room temperature, the crystai undergoes several‘phase transitions,?!
the high-temperature phase above‘l9°C being paraeleétrié.' b. It shows very
large anisotropic'pfopertieé.2 c. It has the largest known piezoelectric
constant,3 and sﬁrong nonlinear optical propertiesbu The phase transitions

involve changes in crystal structure and symmetry.! It is then possible that
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the transitions are reflected by changes in its optical spectra. In this paper,
we report our experimental results on the reflectivities of.SbSI and their
logarithmic derivatives at different temperatures. We haQé‘found no detectable
change in the optical spectra at the transitions. We then compare and identify
the observed structufes in the optical spectra with thoéé gbtained from an
independentvpseudqpotential calculation for SbSI in the pafaglectric‘phase. A
preliminary band sffﬁcture forvaSI is also preéented. Prévious calculations
were done by treatiﬁg‘SbSI as one dimensional crystal.5
The SbSI crystélrwe used had a‘dimensiqn of about 10 x 1 x 1 mm3, The
g-axis and the [110] direction were respectively paralle1 é9d perpendicular to
the rectangular faces.  Optical measurements were made On’oﬁérof these faces
with light polarized parallel and perpendicular to the.é—gxié; Unfortunately,
we were not able to obtain a crystal with a sufficiently iérge surface parallel
to either ; or b éxis;_
The appafatué:fpf simultaneous meaéurements of the refléctivity and its

“logarithmic derivéﬁive of a sample has been described elséwhe_re.6 We have
measured the spectfaféf SBSI at many differeﬁt temperatures, in particular, near
the phase transitions. No deteétable change in the spectra was observed at the
transitions. The spectra at 5°K and 300°K are shown in Fig{'l. At low temper-
ature, the reflectivity with %[Ié has the main peaks at 2.5 and 3.08 eV and
weaker ones at 2.7, 3.8, and 4.2 eV, whereas the one with Eig has peaks at 2.5,
'3.0, 3.37, and 3.88 eV. The corresponding derivative specﬁfa have more fine
structures as expected; The reflectivities decrease mono;onically for hw 2 3.5
eV. At higher temﬁerétutés, the structures become less ékonéunced and shift
towards lower energiés. They shift by about 0.25 eV from‘s to 300°K. A
particularly inteteéting feature of the spectra is the réflgctivity with E||€

[y

is larger than the oné with Elc by an overall factor of 1.6 and by a factor as

-
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large as 2 for individual peaks.

The pSeudopotehtial method has been described in deteil elsewhere,7 we
shall mention only a few impbrtant steps pertinegt to the:presene calculations.
A. The ﬁnit cell of SbSI is orthorhombic. At room tempe?ature, the lattice
constants aiong the ﬁhree orthogonal directions %(&), y(ﬁ)‘and z(¢) are 8.49,
'10.1 and 4.16 Z. fEach unit cell contains 4 molecules in Lhe form of a double

. . . 16 . ' ]
chain, the corresponding group is D The positions of the atoms with respect

2h °
to the center of the unit cell are expressed in units of the lattice constants:
-0.375, =-0.37, -0.25
( ) ):‘
0.118, -0.13, -0.25

+

Sb:

-0.165, -0.06, -0.25
S + ( _ ' ): (1
- 0.335, 0.56, -0.25 :
0.115, 0.325, -0.25
1: + " ).
' - 0.615 0.175 -0.25

B. The atomic form‘factors, V(|E|), where E is the recip?ocal latfice vector,‘
are determined as follows: a. The form factors of the S—atom, VS(IE[), were
obtained by scaling the ones from ZnS.8 At large IEI, the:scaled ones were
extrapolate& by free hand. b.- Since there is eo atomic.forﬁ factors of iodine,
we approximated V (|G[) by the form factors of Cl-atom which were scaled from
NaCl.9 < Ce The V (|G|) ‘were scaled neither from InSb nor from GaSb Since

in SbSI, the Sb atom tends to give up an electron to I-atom rather than accept
electrons as in the cases of InSb and GaSb. To take into'account this difference
in the charge transfer, we used the VSb(IEI) scaled from the symmetric forﬁ

factors of SnTe.l0 Except for the extrapolation at large |G[, we did not

adjust any of these form factors thus obtained. All the V(|E|)'s were truncated

Ll )?
f

Because the ratio of ‘the lattice constants between y and z directions is 2. 42,

, where ¢ is the lattice constant along the c-axis.

at |G
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the curresponding I6max| led to 78 pseudopotential form}faéﬁors for cachi atom.
The cutoff enérg%eS'aé defined in ref. 12 were Ly = 8.3-aﬁd k, =20.4. The size
of the matrix wasiiBA x 184. Doubling ghe size of matrix:tfor ferroelectric
phase) will increésé;the cost more than a factor of 3..'Iﬁere were roughly 400
plane waves contribqting to the Lﬁwdin;Brust perturbatién:13 Due to the small
lattice constant aldng 2, the convergence in energies aiéng_[001] is only of
the order of 0.1.eV,- Since we did nbt adjust any of the.scaled form faétors,
we consider the prééeﬁt theoretical results asvpreliminéry}

The calculated'Bénd structure along the various symﬁéfry lines is shown
in Fig. 2. We usé tﬁe notations'given by Slater,ll+ witH; however, the c-axis
élong.ﬁ. In the figﬁre, only the 29th_to 42nd bands areléﬂoﬁn. The top of
valence band corréébonds to the 36th band. This band st:péﬁure suggests that
the fundamental gapwié indirect, T 4>S;, at 1.82 eV and thé.éﬁallest direct gap
occurs at ' with an energy of 2.08 eV. At present, expefiﬁéntal information
about fhe absorptibﬂ edge is not sufficient to determine the nature and hence

15 :
assigned gaps at 1.88 eV and 1.95 eV for

the fundamental gaﬁ energy. Harbeke
two polarizations-ffbm his absorption measurement. However, the difference in
the absorption cufyesvcan be caused by the different osciilétp? strengthg for
thé two polarizations. More expefiments, suéh as photocqﬁdﬁctivity measurements
with polarized”light,_hre needed to pin down the band edgegbf SbSI.

The refiecti&i#iﬁs, R(w), for the two different poléfizations cal;ulated
from the results of-tgis band structure calculations with_é mesh of 80 point§
in 1/8-th of the Briiléuin zone (BZ) are given in Fig. 3.:;Thermal broadening
and the Debye~Waller factors were not considered in the thebrgtical results.
However, the generél.shapes of these reflectivities for ﬁQ;QLOeV resemble the
measured results af 5QOOK (Fig. 2). For higher photon engféy;'the reflectivities

iﬁcreases. These results differ from the experimental da;a;. Similar discrepency

happens in most calculations using the empirical pseudopotential method . All
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thgse discrepencies can be attribhﬁed to the fact that the bands 29-32 and
»41—42 are too close tp the gap. . Consequently, they contribﬁﬁe-too much to the
calculated reflectivities above 3.0eV. They also'affec£ the calculated
reflectivities belbw 3.0eV through the Kramer~Kronig rela;ibn. We‘héve
calculated ezu(w) and €5, (w) by considering only transitioné between the top
4 valence bands tb the bottom 4 conduction bands. The raﬁib of two e,(w) at
2.3eV is 1.3 and at 3.0eV 'is 2.5. The correépoﬁding refleé:ivities are also
shown in Fig. 3. Since the lattice constants at low temperature~differ from
the ones quoted aSove.by 2.%1and-no new structure invthé‘Opticalvdata is found
at the phase tranéition, we compare the latter refiectivities to the ones
mea;ured'at 5°K. In the case of'E||é, peaks in the calculéted reflectivity
at 2.3, 3.1 and 3.8eV agree reasonably with the experimental results. VThe
first peak comes maiﬁly from 36+37 transitions in the region nearT and A
where the dipole matrix elements for Ellé are large. The second peak is due to
interband transiﬁiOns 36+37, 38,39,40 and 35+37,38 in é large region with kz,
the 2f¢omponent ofvthe eléctron_momentum, about»halfway béfweeni‘ and Z. ‘The
region near the XY(é-G) plane with transitions of 33, 34+36, 37 and 38 contri-
buﬁes also, but thé strengths of the dipole matrix eléments are weaker. The
important contributions to the peak at 3.8eV come from transitions of 3338
with 0.167skz$0;333§§£). The ﬁain peak for EL ¢ is at 2.2eV and two wgak
structure are ét 3.0 and 3.3eV. The first peak is caused by transitions of
3637 and 38 aroun&‘Y and ﬂear L. The regions involved'in these transitions'
are considerably larger than the 2.3eV peak in E||é case, however, thé dipole
matrix elements for these transitions are smaller and are almost constant
throﬁghout the regions. The 2-components of these matri# elements are mostly
zero. Therefore, ﬁhis peak witﬁ Elé is mainly due ﬁo inc;eése in the joint

: - >
density of states.  This is in contrast to the corresponding peak with E|lc
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where the effect of‘the dipoie matrix elements is dominéﬁﬁ.bﬂThe joint density
of states at 3.0eV in ELZ are the same as in E|]é. Simii;fjgo the 2.2eV struc-
ture, the dipole moﬁénts are weaker in the case of:ELé. The slightly
: \

higher reflectivityhat 3.3eV compared to the structure atr3,0eV in both theory
and experiment is aue to additional contributions of 35+39 in the region near

XY plane and'35+40.trénsitions nearI;. The overall ratioléf the calculated
. reflectivities fdr thé two polarizations in considering trénsitions of 4 valence
bands to 4 conducﬁidn bands is about 1.4. From the aboVé‘indentifications for
various structure:in‘tﬁe spectra, we therefore believe tﬁ;tzthe large optical
anisétropy of SbSI»iS‘mainly due to the difference in tHe‘dipole matrix elements
for the two poiariZa#ions. ) |

Comparing thevtwb sets of the calculated reflectivifies; the‘ones involving

(lesé bands give the ratio 1.17 and 2.06 for two polarizaﬁidns at 2.3 and 3.0eV
respectively, whe#ééé; the dashed curves in Fig. 3 give the ratio of 1.2 at
2.2eV. The peak atfj,Oev is smeared out for the reflectivity including more
bands with El&. Ihelgeneral shape of the reflecti&itieé-with transitions of 4
valence bands to Avéoﬁduction bands for hws3.0eV and the ratio at 3.0eV agree

N

better with the expéfimental data. However, thé magnitudgslpf these reflec- \
tivities are sméllervfhan the measured ones for ﬁws3.5eV;.iThis shows that the
transitions involvihgvother bands are important and necessary to give\a better
agreement between theory and experiment. Improvement oﬂlthe{present calculation
can be achieved by adjusting the pseudopotential form fécﬁdrs, in particular,
those of Sb. We ﬁlan'to do it when the ultraviolet spectréféf SbSI become
available. |

In conclusion, we should emphasize the preliminary:nathre of our calcula-

‘tions. The reasonable agreement between theory and experiment for hw < 3.0eV,
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obtained with no adjustment of the form factors is remafkaSle. This indicates
that the méthod Of'séaiing the atomic form factors in the calculations can be
applied to very aﬁiédzropic crystals., This methdd is comparatively simpler
fhaﬁ other methodé for crystals with many Atbms per unit cell. It is especially

useful to undérstand_the main features near the absorption edge in the opticai

spectra of more complex semiconductors.
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Figure Captions

Fig. 1 Measured reflectivities and wavelength modulated speétra of SbSI.

Arrows on the curves indicate the axes of scales
Fig. 2 Band Structure of SbSI.

Fig. 3 Comparison between the experimental and calculated reflectivities.
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LEGAL NOTICE
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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