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The spin-orbit splitting has been determined in the sulfur-rich section of the system CuGaS,_,,Se,,, which
demonstrates that the spin-orbit splitting is negative in CuGaS,. A model which provides adjustable coupling
and separation between the p- and d-like valence band can account for the main features of the band

structure of CuGaS, and CuGaSe,.

I. INTRODUCTION

There has been much recent interest in the band
structure of I-III-VI, compounds. ™3 These com-
pounds are characterized by a large reduction in
the energy band gap and in spin-orbit splitting as
compared to their binary analogs. For example,
the energy gap of CuGaS, is ~2.5 eV, while its
binary analog ZnS has an energy gap of ~3.9 eV.?
The spin-orbit splitting of ZnS is + 70 meV, while
CuGas$; is ~ 17 meV. In addition, the sign of the
spin-orbit splitting in CuGas$, is probably nega-
tive but has not been definitely established.* For
CuGaSe,, the band gap is reduced by ~1 eV and
the spin-orbit splitting is reduced from ~ 0. 45 to
0.23 with respect to its analog ZnSe.? These ef-
fects have been attributed to the proximity and
consequent hybridization of the noble-metal d
bands with the p bands on the other atoms. The
hybridized nature of the p and d bands has been
observed directly in x-ray photoemission®" and
electroreflectance studies.®

In this paper, we present a model for the band
structure of the I-III-VI, compounds. This model
contains two parameters, the energy separation
between the noninteracting p and d bands and the
interaction strength between these bands. With a
judicious selection of these parameters, the main
features of the band structure can be explained.
In addition, we present experimental results which
show that the spin-orbit splitting is definitely
negative in CuGaS, and varies smoothly in the
system CuGa$S,.,,Se,, . Thatis, as a function of
alloy composition in the CuGas$,-,, Se,, system,
the spin-orbit splitting varies from - 0.017 eV
(¥x=0) to~+0.23 eV (x=1).

II. EXPERIMENTAL PROCEDURE

The crystals were iodine transported, grown by
the method of pulling the ampoule through a verti-
cal thermal gradient.® The maximum tempera-
ture was ~ 900 °C, slightly less than previously
used for the growth of CuGas, (950 °C). Much
selection was required in order to find a crystal
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or a section of a crystal with an adequate wave-
length derivative reflectivity (WDR) signal.

All data were taken with the samples immersed
in liquid nitrogen. The wavelength modulator
consisted of a 3-mm-thick quartz plate placed
near the exit slit of a -m Spex spectrometer..
The plate vibrated at 20-Hz and produced a ~ 3-4
wavelength modulation, The spectrometer slit
width was also chosen to be ~3 A, The 20-Hz
modulated signal was amplified with a phase sen-
sitive detector, and provision was made for
normalizing the signal, i.e., dividing by the in-
cident dc intensity. In the small-wavelength re-
gions employed, dividing generally did not make
any significant difference.

The WDR data were appreciably sharper and
stronger for a typical CuGas, crystal than for a
typical CuGaSe, crystal. This was fortunate since
the S-rich region is the one of present interest.
The alloy compositions were determined by as-
suming a linear variation of the energy of the A
exciton., Moderate agreement was obtained with
similar determinations assuming a linear varia-
tion of the lattice constants, which were obtained
from powder patterns. However, the lattice-
constant method resulted in considerable scatter
due to a probable difference in surface-to-bulk
compositions.

III. BACKGROUND AND EXPERIMENTAL RESULTS

The chalcopyrite band structure for the upper-
most valence-band to conduction-band transition
is shown in Fig. 1.!° Under the combined influence
of crystal-field and spin-orbit splittings, the orig-
inal threefold degeneracy of the p-like valence
band is completely lifted. The valence- to con-
duction-band transitions are conventionally la-
beled A, B, and C in terms of increasing energy.
The usual valence-band ordering (T';, T's, I';) and
the polarization-selection rules are also indicated,
Shay et al.'® obtained good agreement with ex-
perimental results for the II-IV-V, compounds by
assuming the band-gap and spin-orbit splitting
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FIG. 1. Energy band structure near the center of the
Brillouin zone showing the transition from zinc blende
to chalcopyrite, The selection rules, with respect to the
optic axis, are indicated, The symmetry designations
have been previously used (Refs. 1, 2).

were equal to that of the binary analogue (i.e.,
InP is the binary analogue of CdSnP, and

Ing 5 Gag,5 As is the binary analogue of CdGeAs,).
Furthermore, the crystal-field splitting A,, could
be estimated simply from the formula A, =-5(1
—c/2a). Here, c and a are the lattice constants
parallel and perpendicular to the z or optic axis,
respectivly, and b is a deformation potential with
typical magnitude of ~1 eV. The quantity 1-c/
2a is the measure of the lattice compression,
since ¢/2a is generally less than unity.

For the I-II-VI, compounds, the simple binary
analog produces poor agreement with experi-
mental results. The band gap in CuGas$, and
CuGaSe, is more than 1 eV less than the binary
analog, the spin-orbit splitting is reduced from
+ 70 to — 17 meV in the sulfides and from ~ + 430
to +230 meV in the selenides. We will show that
these discrepancies can be accounted for with the
model presented below. There is also a discrep-
ancy in the crystal-field splitting, which is in-
variably larger than estimated from the simple
compression formula. This latter discrepancy
will not be treated in the present model.

Referring again to Fig. 1, the A-B splitting is
related to the crystal-field splitting and the B-C
splitting is related to the spin-orbit splitting.
These relations are given by the quasicubic model
and have been described in detail in previous pub-
lications. ! CuGa$, and CuGaSe, have approxi-
mately the same noncubic distortion, i.e., 1-¢/
2a, so that the A-B splitting should have similar
magnitude, whereas the B-C splittings, related
to spin orbit, should be greatly different. We will
show below that ordering of the valence bands in
CuGaSe, is that given by Fig. 1, while in CuGas,
the I'y valence band is deepest in energy. This

inversion is referred to as negative spin-orbit
splitting.

The 77 °K WDR spectrum for CuGaSe, is shown
in Fig. 2. The energies for the A, B, and C tran-
sitions are 1.729, 1.813, and 2.016 eV, respec-
tively, which yields the crystal-field splitting
Ay =~112 meV and the spin-orbit splitting 4,
=+231 meV.!! These values are in reasonable
agreement with previous room-temperature elec-
trolyte electroreflectance results. *? The WDR
for CuGaS,, obtained from Ref. 4, is, for con-
venience, reproduced in Fig, 3. The energies of
the A, B, and C transitions are 2. 502, 2.627, and
2.638 eV, respectively, which yields A =~ 130
meV and Ay, ~+ 17 meV.*! The ordering of the
B and C transitions is difficult to determine from
polarization studies alone, so that the ordering is
partly determined from knowledge of the expected
splittings. The polarization-intensity ratios for
the I'; valence bands to I'g conduction-band transi-
tions are given by

I, /IL=(2—3AE/A50)2 ) (1)

where AE is the separation from the totally per-
pendicularly polarized I'y— Iy transition, ' This
difficulty for CuGaSe, is mainly due to crystal
misorientation, since the natural faces from which
WDR reflectivity can be obtained have (112) orien-
tation., This orientation allows total perpendiciular
polarization, but is only nominal for parallel po-
larization.'® That is, parallel polarization is
21,+3% I,, so that a totally perpendicular polarized
transition exhibits only a 1:3 intensity variation
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FIG. 2, 77°K WDR spectrum for a (112) face of
CuGaSe, for light polarized parallel and perpendicular to
the optic axis.
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FIG. 3. WDR spectrum for CuGas, reproduced from
Ref. 4_: 'I;he A transition is shown for EllZ and the B,
C for E1Z,

due to the crystal misorientation. The calculated
polarization-intensity ratios with respect to the

z axis for the A, B, and C excitons [from Eq. (1),
including the misorientation effects] are 7:1, 1:3,
and 2:3. The observed ratios are approximately
5:1, 1:4, and 1:1. The trend is correct and
confirms the I';, Ty, I'; valence-band ordering
for CuGaSe,. For CuGaS;, due to the small spin-
orbit splitting, the lower energy I'y—I'; transi-
tion is nearly totally parallel polarized, while for
the higher energy I';— I'g is nearly totally per-
pendicularly polarized. Consequently, the or-
dering of the B and C excitons cannot be deter-
mined from polarization measurements.

The energy-band splittings of the CuGas,-
CuGaSe, system are plotted in Fig. 4. A linear
interpolation is drawn between the three transi-
tions. Since the sign of the B-C splitting is not
known a priori in CuGaS,, two lines are drawn
for the two higher-energy transition. The solid
lines are the interpolation for a negative spin-
orbit splitting and the dashed lines, for a positive
spin-orbit splitting. For a negative spin-orbit
splitting, the B-C separation should go to zero
for a~5 % Se content, while for a positive spin-
orbit splitting, the separation should continuously
increase.

In Figs. 5 and 6, the WDR spectra for two al-
loys are shown. In Fig. 5, the B-C splitting is
not resolved, and the two solid lines at the B-C
transition indicate the expected splitting if the
spin-orbit splitting were positive. This expected

splitting is greater than the B-C line width, and
in itself is strong evidence that the spin-orbit
splitting is negative. In Fig, 6, the splitting is
resolved, even though the line widths are con-
siderably broader than the line widths for the
spectra presented in Fig. 5. These, and several
other experimental points are plotted in Fig. 4.
There appears little doubt that the solid lines rep-
resent the experimental situation., That is, the
spin-orbit splitting is indeed negative in CuGas,.

IV. BAND-STRUCTURE MODEL

A simple model which explained the salient fea-
tures of the band structure of I-II-VI, compounds
could be of interest. In the first approximation,
one simplifies to cubic crystals and considers only
the center of the Brillouin zone, The original
threefold degenerate p level (I'y;) is split by spin=-
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FIG. 4, Linear interpolation of the 77°K A, B, and C

excitons for the end members in the system CuGa$,_,,Se,,.
The solid lines represent the interpolation for a negative
spin-orbit splitting and the dashed lines for a positive
spin-orbit splitting in CuGaS,. The closed circles are
the experimental points.
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FIG. 5. WDR spectrum for CuGasS, «.95)5€9(p.05)- TLhe
solid lines at the outside of the B, C transition indicates
the expected splitting for the B — C excitons if the spin-
orbit splitting was positive in CuGas,.

orbit interaction into a singlet (I'y) and a doublet
(T'g) with the doublet lying above the singlet, as
shown in the right-hand side of Fig. 7. The five-
fold degenerate d level splits into a doublet and a
triplet, the triplet having the same symmetry
(T'y5) as the p level, Under the influence of the
tetrahedral field, the doublet is presumed to lie
at higher energy than the triplet. In any case,
the doublet has the wrong symmetry (I',,) to in-
teract with the triplets, and we assume its in-
fluence can be neglected. Under the influence of
the spin-orbit interaction, the d triplet is in-
verted (Fig. 7) as originally deduced by Cardona'?
and mathematically derived by Shindo et al. '3
This inversion is referred to as negative spin-
orbit splitting.

There are two parameters in this model, the
energy separation E between the p and d levels
and the interaction M between these levels. The
p and d triplets have the same symmetry, and it
is reasonable to expect an interaction and overlap
of their wave functions since the simplest tight-
binding approximation, the p-like valence band
lies on the S atom, while the d-like valence band
lies on the Cu atom, the Cu and S atoms being
nearest neighbors. The basis of the model is that
two levels of the same symmetry will mix and re-
pel each other, with magnitude depending on the
energy separation and strength of the interaction
potential. This mixing is responsible for both the
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FIG, 6. WDR spectrum for CuGasS, g, s4)S€; .1y Showing
the reappearance of the splitting of the B, C excitons in
spite of the increase in line widths from Figs. 4 and 5.

reduction in the energy band gap and for the re-
duced or negative spin-orbit splittings.

Let the wave functions for the noninteracting p
and d levels be a set of orthonormalized states
05(Tg), (L), ¢4(Tg), and ¢4(I';). In the presence
of an interaction, the wave functions are

P1(Tg) = a1¢p(rs) +0104(T) ,
¥5(T'g) = a3 $,(T'g) + by h4(Tg) ,

(2)
Vi(Ty) =a5 ¢p(Ty) +b304(Ty) ,
Vo(Ty) =ay p(Ty) + b4 9g(T'y) -
ZERO
ENERGY

d-V.B. Tre Agold re(2)

FIG. 7. Sketch of the band extrema near k= (0, 0, 0)
showing the p and d valence bands as split by the spin~
orbit interaction. The energy gap E, and the level de-
generacies are also indicated. The degeneracies are not
presently relevant, since I'y doublets are not split in the
context of the given model, The energy E is measured
from the center of the p levels to the center of the d
levels and is positive as illustrated,
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The noninteracting p and d levels are diagonal with
energies given by +%Aso(p), _%Aso(p); E

+3 184(d), and E — 3 |4,(d)], respectively.

A (p) is characteristic of the spin-orbit splitting
of the II-VI sulfides and is taken as + 70 meV,
while Ay (d) is characteristic of Cu spin-orbit
splitting and is taken as — 150 meV.* The in-
teractions are defined by

{ $5(T) | Vya| 64(To))

= <¢p(r7) | Vea l¢a(rv)> =M, (3)
and
(66(T) | Vg | da(Tg))

={$5(T) | Vpa | pa(T7)) =0, (4)

where V,, is the interaction potential whose matrix
elements are either zero or M. The Hamiltonian
matrix then takes the following form:

3 8g(P) M 0 0

M E-}|Ag(d)] 0 0

0 0 =2 A(P) M
0 0 M E+3|ay(d)]

(5)
Using E and M as parameters, the matrix is

diagonalized to yield both the eigenvalues and the
square of the eigenvectors (hybridization). The

hybridization of a particular level is given by,
for example,

(Py]9y)=al+bi=1, (6)

where af is the percentage of p-like character in
a given energy band, and b%=1-a? is the per-
centage of d-like character for the same band.

The results of the calculation for CuGas, are
given in Fig. 8. (This calculation applies equally
well to CulnS,.) The energy-level shifts are
plotted with respect to the energy separation E
between the noninteracting p- and d-like levels
for various interaction strengths M. The straight
lines are the noninteracting levels (i.e., M =0).

It is seen from the figure that for E large and
negative (i.e., the d bands above the p bands), the
upper levels asymptotically approach the pure d-
like levels and have a negative spin-orbit splitting
characteristic of the copper d levels. Similarly,
for large positive E, the levels have predominantly
p-like character and a positive spin-orbit splitting
characteristic of the sulfur p levels.

The observed energy-gap shift between CuGas,
and the assumed pure p-like levels of its binary
analogue ZnS is~ 1,4 eV. (Experience leads us
to estimate that between 1.0-1,2 eV of this shift
is due to the presence of the d levels. However,
the exact amount is not known and is not presently
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significant.) An energy-gap shift of 1.0 to 1.2 eV
with a negative spin-orbit splitting of ~ 17 meV is
given by an interaction parameter M~ 1.0 eV, as
shown by the boxed region in Fig, 8, In this re-
gion, the hybridization is approximately 50 %, be-
ing slightly more d-like than p-like, For this
given noninteracting separation E (between 0 and
—0.5eV), a set of higher energy bands should exist
roughly 2 eV from the upper valence bands. Such
bands are indeed seen in the electroreflectance
spectra for both CuGaS, and CulnS, . '

In Fig. 9, the results of a similar calculation
for CuGaSe, are shown (applying equally well to
CulnSe,), the only differences being the larger
spin-orbit splitting characteristic of II-VI sele-
nides (~ 0. 43 eV) and the somewhat smaller down-
shift in the energy gap of CuGaSe, with respect to
the assumed pure p-like levels of ZnSe. The
shift is about 1 eV, of which we assume ~0.8 eV
is due to the presence of the Cu d levels. We find
that an interaction parameter of ~ 1 eV produces
a shift of ~0.8 eV for the top valence band and

BAND SHIFTS (eV)

E(eV)

FIG. 8. Energy position and symmetry for the upper
and lower valence bands for continuous variation of E
and stepwise variation of M for CuGaS,, The straight
horizontal lines represent the noninteracting p levels,
and the straight diagonal lines represent the noninteract-
ing d levels. In all cases, the solid curves are for Ty
symmetry and the dashed curves for I';,
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FIG. 9. Same as for Fig. 8, except that the p-level
spin-orbit parameter was taken to be characteristic of
the selenides.

reduces the spin-orbit splitting to ~0.2 eV. Again,
the model predicts a higher set of valence bands
about 2 eV from the top valence band. Such bands
have been observed in the electroreflectance spec-
tra of CulnSe, and ascribed to Cu d bands.® Simi-
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lar bands were not observed in CuGaSe, in elec-
troreflectance measurements, presumably due to
the poorer quality of the available crystals.

We find it remarkable that this simple model
can fit the observed energy band structure of the
I-TII-VI, compounds. It clearly shows how the
spin-orbit splitting varies from small and nega-
tive in both CuGaS, and CuInS, to large (however
greatly reduced from ZnSe and CdSe) and posi-
tive in CuGaSe, and CulnSe,. It can also explain
the downshifts in the energy gaps of the strongly
hybridized Cu I-II-VI, compounds with respect to
the II-VI compounds. In addition, further struc-
ture is seen in electroreflectance spectra which
occurs in the energy region consistent with this
model.

The model could also be extended to include the
Ag I-NI-VI, compounds. For the Ag compounds,
the energy-gap shift is less, but the reduction in
spin-orbit splitting is about the same as the Cu
compounds. However, the hybridization calcu-
lated for Ag compounds is smaller than for the
Cu compounds, as originally deduced by Shay
et al.™? and confirmed by recent x-ray photo-
emission studies.®™" These results can be ex-
plained by the larger negative spin-orbit splitting
associated with Ag atoms (~0.33 eV),'* so that
a comparable reduction in spin-orbit splitting can
occur even for reduced hybridization and energy-
gap shift.

In conclusion, from studying the spin-orbit
splitting in S-rich alloys, we have shown that the
spin-orbit splitting is negative in CuGaS,. In ad-
dition, we have shown that the band structure of
ternary sulfides and selenides can be fit with a
hybridized p-d-band model with similar param-
eters.
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