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The electronic structure of the valence band at the Brillouin-zone center of the I-III-VI, chalcopy-
rite compounds has been calculated using a model developed by adding the effects of p-d hybridiza-
tion and the crystal field to the Hamiltonian of the Kane model. Two important parameters in the
model are the energy separation E between the p and d levels and the interaction M between these
levels. It is shown that three previous models (Tell and Bridenbaugh, Kildal, and the linear hybridi-
zation model) can be derived as special cases of the present model. The model has been used to
analyze the available data on some 13 compounds. It is shown that the dimensionless parameters
M /E and AE, /E, where AE, is the band-gap anomaly, show a smooth variation with the fractional
d character of the valence band and appear to be characteristic of the structure. Values of the de-
formation potentials b, and by averaged over all of the compounds have been determined and found
tobe b, =(—0.8+0.2) eV and by =(—4.3+1.5) eV.

I. GENERAL INTRODUCTION
Considerable interest has been shown in recent years'—3
in the chalcopyrite compounds and their alloys because of
their possible technological applications, e.g., in solar-
energy conversion, potential utilization in light-emitting
diodes, nonlinear-optical materials, etc. Earlier studies
have shown that the structure of the uppermost valence
bands in a II-IV-V, chalcopyrite compound is simply re-
lated to the energy bands of its III-V binary analog. It
has also been found that the Hopfield quasicubic model*
can be used to satisfactorily explain the observed splitting
and symmetry properties of the valence bands at the
Brillouin-zone center. The s-like conduction band is non-
degenerate (doubly degenerate counting spins) and the p-
like valence band is triply degenerate (sixfold degenerate
with spins). The triple degeneracy of the p-like valence
bands which are derived from the I'y5 level in the zinc-
blende structure is completely removed by the simultane-
ous effects of the spin-orbit and crystal-field interactions.
The largest contribution to the crystal-field splitting of
the valence bands comes from the noncubic potential aris-
ing from the tetragonal lattice compression along the
chalcopyrite z axis.!

Kildal® generalized the Kane theory® of energy-band
structure near k=0 to the ternary chalcopyrite com-
pounds by including in the Hamiltonian a k-independent
crystal-potential anisotropy, adjusted to reproduce the ex-
perimentally observed valence-band splitting at k=0.
Within this model, the energies of the I'; levels relative to
I'¢(E(=0) level in the valence bands are given by

E ,=—3(A4+8)+5[(A+8)>—TA8]%, )

which is exactly the same form as that of Hopfields’s
quasicubic model. The crystal-field-splitting, 5, and
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spin-orbit-splitting, A, parameters can thus be determined
from the observed valence-band-splitting data using Eq.
(1). This theory can be satisfactorily applied to the II-IV-
V, compounds. \

In the case of I-III-VI, compounds, the uppermost
valence bands are profoundly influenced by the proximity
of noble-metal d levels, as has been pointed out by Shay
and Wernick! and by Jaffe and Zunger.” Two manifesta-
tions of the hybridization of anion p levels and noble-
metal d levels have been observed. The direct energy gaps
observed in I-III-VI, compounds are smaller than the en-
ergy gaps in the II-VI analogs by amounts of up to 2.41
eV (in the case of CuAlS,), and the spin-orbit splittings
are considerably smaller than those of II-VI analogs.’
The strong p-d hybridization of the valence bands has
been directly determined from the x-ray-photoemission
studies.® The compounds containing Cu show a stronger
p-d hybridization effect than the Ag compounds.

Tell and Bridenbaugh® proposed a simple model, which
takes into account the p-d hybridization of the valence
bands at the center of the Brillouin zone of a quasicubic
crystal. Two important parameters are the energy separa-
tion E between the p- and d-like I'y5 levels and the in-
teraction matrix element M between these levels. The
basis of the model is that two levels of the same symmetry
will mix and repel each other, the magnitude of the in-
teraction depending on the energy separation and the
strength of the interaction potential. In the model, it was
assumed that the I'ys levels of the p and d bands in the
absence of p-d hybridization would be midway between
the corresponding I'g and I'; levels. This, however, is not
the case.® In addition, the effect of the crystal field was
not taken into account. According to the results of Tell
and Bridenbaugh, to explain the effect of the negative
spin-orbit splitting in CuGas,, the unperturbed d-like I';s
level must lie above the unperturbed p-like I';s level.
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II. THEORY

A. Introduction

Here, a model is proposed which takes into account the
p-d hybridization effect on the uppermost valence bands
of I-III-VI, chalcopyrite compounds, considering only the
center of the Brillouin zone (BZ). For convenience, it is
assumed that the p-like valence bands lie above the d-like
ones, although a similar analysis could be carried out
without this assumption. In a cubic (tetrahedral) field, the
fivefold-degenerate d levels split into a threefold-
degenerate I'j5(d) and a twofold-degenerate T'j,(d) set,
and it can be shown that the I'{5(d) levels lie at higher en-
ergy than the I'y5(d). The d level I'j5(d) has the same
symmetry as the p level I'{5(p), so that these will interact
with each other. Since the d level I'y,(d) has the wrong
symmetry to interact with the I';5(p), it can be neglected.
Thus only the p band I'5(p) and the d band I'\5(d) will be
considered.

There are two important parameters in this model, viz.,
the energy separation E between p and d levels and the in-
teraction matrix element M due to the p-d—hybridization
interaction between these levels. Starting from a quasicu-
bic crystal with spin-orbit interaction, the wave functions
of the diagonalized spin-orbit interaction are used as basis
functions. The p-d—hybridization interaction is applied
and levels of the same symmetry will mix and repel each
other, the magnitude of the interaction depending on the
energy separation and the strength of the interaction po-
tential. The interaction is responsible for both the reduc-
tion AE, in the energy gap compared with the value for
the corresponding binary compound (i.e., the band-gap
anomaly) and for the reduced or negative spin-orbit split-
ting.

In order to see the effect of the crystal field on the up-
permost valence bands, the first three mixed levels, which

. have 'y and T'; symmetry, are then perturbed further, and
they split into three separate levels with I';, I's, and T';
symmetry, respectively. All of the energy eigenvalues and
wave functions, including the coefficient of d-like charac-
ter, can then be determined exactly. The two parameters
E and M will later be treated as adjustable parameters so
as to fit the energy eigenvalues to the experimental data.
The parameters E, M, and the band-gap anomaly AE,
play an important role in the theory. Three special cases
will be considered, viz., the cases when there is no p-d hy-
bridization and/or crystal field, and the one when the
strength of the interaction potential is very weak.

B. Theoretical development

The Hamiltonian for cubic crystals with spin-orbit in-
teraction is of the form
H= J’—~+VO+4 ~(VVoxB)a, 2)
where P is the momentum operator and & is the spin
operator. The term V), is the cubic potential of the crys-
tal.

The basis functions in the diagonalized spin-orbit Ham-
iltonian can be written as follows:® For the p band,
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FIG. 1. Sketch of the energy-band configuration at the I'
point showing the variations in the p and d bands as spin-orbit
interaction, p-d hybridization, and crystal-field interaction are
successively applied.
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The first three of these functions are again degenerate,
respectively, with the last three.

These are the wave functions which form a set of ortho-
normalized states for the noninteracting p and d bands.
The resulting energy configuration is shown in Fig. 1.

In the presence of a hybridization interaction potential
Vyd, the interaction matrix can be written as

7 O

0 7 NG

The basis wave functions used in this representation are as
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and ¢5,(I’;). The first six functions are degenerate with
the last six, respectively. The matrix elements and the
submatrix # 4 can be written in the form

($2(T) | Vpa | $5/(Tp)) =M8,;8,58mn »
($%(T,) | Vpa | 65(T,)) =0, @)

($3(Trm) | Vpa | $5(T4)) =0,

where M is the interaction between these levels and §;; is a

follows: ¢5(T'g), ¢7:(Ts), ¢po(Fg %o(rs)’ ¢ o), ~ Kronecker 8 function. The full matrix representation
$32(T7), ¢pl(r8) ¢51(Ts), #54(Tg), $50(Ty), ¢p2(r7 then becomes
I
A,/3 M 0 0 0 0
M —1Agl/73 O 0 0 0
0 0 A,/3 M 0 0
¥ = R 9)
P=| 0 0 M —|Ag|73 0 0
0 0 0 0 —%4, M
0 0 0 0 M —E+%|A;]
where A, and A, are the spin-orbit sphttmg of the p and d band respectively. The resulting energy eigenvalues are
L [a ™ ™ v
ho=M=7 |[F—E——5"— d } [ +E+-—— +4M2 ,

(10)
ho=3(—F8,—E+5|8s N+ 7[(= 38, +E—F | Ag| P+4M2)2,
x3=%<—-§-A,—E+%|Ad|>—%[<——%A,,+E~%|Ad1>2+4M21“2,

(11)

172
18, 1Al 1[4, ™ K
M=hs=o 13 ~E-"3 |72 |3 TEt T +4M ’
r
and the corresponding eigenfunctions are as follows: for DL(Tg) =a4d50(Ts)+badgo(Ts) ,
Ao» (16)
QL) =a,dB4(Ty) +b4850(Ty) ,
BHTg)=aodZy(Ts)+bodGo(Ts) , o) =astlT 4¢d° ’
(12)  and for As,
B — B B
@o(T's)=a0fpo(l's) +bodao(Ts) , ®§(T'g)=asd5 (L) +bs¢du(Ty) ,
for A, ®B(Ty) 8 8 (17)
‘ =as¢,1(Tg)+bs¢g (Ts) .
®HTy)=a192(Te)+b1481(Ty) , g)=as¢p1(I'y s¢a1(Ig
(13)  The a, and b; coefficients can be evaluated. Writing
f(Ts)=a1451(Ts)+51441(Ts) , vi=af, then
for A,, Yo=vi1=ai=1-b}
DY) =a,85,(T7)+by¢3,(T7) ,
i(Ts)=ax9plT2)+batarl Ty 14 _1/[1+M2/ [k SRL ; <] l ] (18)
YTy =a2603(T7) +b293:(T7) » 2
for A : va=a}=1-b3=1/[1+M*/(M+E —F|As| ], (19
3s
=a}=1-b3=1-1/[14+M*/(M3+54,)], 20
OUT,) =a38%,(Ty)+bygdxTy) Ys=as 3 [1+M7/(Aat58,)7] , 20
(15) A
D) =a;3¢8,(T7)+b3¢5(T5) , n=rs=a§=1“”§=‘""/[‘+w/ ["S“Tp} l
21

for )\.4,
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Next, it is necessary to include the crystal-field interac-  uppermost valence bands, only the first three levels are
tion due to the noncubic potential arising from the tetrag-  considered. Using the wave-function equations (12)—(14)
onal lattice compression along the chalcopyrite z axis, this  as basis functions, the interaction matrix for the crystal-
being the largest contribution to the crystal-field splitting  field interaction, V,, can be written as

of the valence bands. In order to find the splitting of the
|

8 8 8
M=y~ —(1—y)~" Q) AR 20—y 1=y o 0
5 5
(27/11/2)”2—;-+[2(1——7/1)(1—y2)]1/23"_ A, 0 RN ))\
8,
0 0 7»()+'}’0 +(1——-'}/0)—

The quantities 8, and 8, are the crystal-field-splitting parameters of the p and d bands, respectively. They are defined
by’

<X|Vc,iX>=<Ych,|Y>=%’é, (23)
(Z |V |Z)=—1%8,, (24)
and, similarly, |
(YZ|Vc,|YZ)=(ZX|Vcr[ZX>=%d—, : (25)
(XY |Vy | XY)=—28, . (26)

It is to be noted that the static shift® due to the crystal field has already been taken into account. However, the cross-
term matrix element due to the crystal field has been neglected in the present model.
To determine the level splittings at the BZ center, the matrix in Eq. (22) must be diagonalized. The valence band then
splits into three doubly degenerate levels, which are
5d

8 .

8y 84
El’z(r7)-——— [A’I_*"A'Z“?/l -—(1——-’}/1 —3—

172

84
= =2 %{mn>‘/26p+[<1—y1x1-y2>1"26d}2 - 8)

8,
11—7»2-‘)’1 —(1—=v1)

In order to estimate a value for the band-gap anomaly AE,, it is assumed that the I'g level in this analysis is the same as
the top level in the valence band of the equivalent binary compound. In that case, AE, then takes the value

AE,=E,—A,/3 . ' (29)
The wave functions corresponding to Egs. (27) and (28) are

W) =c; ULy +d PHT,) =c,a16%1(Tg)+d1a,882(T7)+c1b1651(Tg)+d15,852(T5) (30)

WALy =c a,851(Ts)+d1a,85,(T7) +c1b1951(Ts) +d15265:(T7) 31

WE(Te)=DE(Tg) =aodo(Ts) +bod%(Ts) , | , (32)

WH(Tg)=Df(Ts)=aodho(Ts)+bodfo(T's) , 33)
and

WHT ) =c, @) +d, PH(T7)=c2a1851(Ts) +d2a2052(T7)+¢201631(Ts)+d2b263,(T7) (34)

WH(T7)=c20,851(Ts)+d2a2842(T7) +2b1451(Ts) +d2br¢5a(Ty) . (35)

Using these levels, the fractional p-like character of the uppermost valence bands are found to be
ai=ciai+diai=cly,+dirz, (36)
a=a3=7o, (37)



5908

and
22, 22 2 2
ay=cjay+dyaj=cyy,+d3y;,

where

cf:l/(1+
d%:l/[l+

ei+di=1,

4

(41)

ci+di=1. (42)

Thus, from the above analysis, the energy separations of
the valence bands are given by Egs. (27) and (28), and the
fractional p and d characters of the valence are given by
Eqgs. (36)—(38). Equations (27) and (28) can be used to
analyze the experimental data available for various chal-
copyrite materials and give values for the various material
parameters. This will be done in Sec. IV. Before this
analysis, however, it is instructive to show that the present
model will reduce to the previously proposed models
under the appropriate limits.

III. LIMITING CASES

Three previous models are considered and it is shown
that each is a special case of the present model and can be
derived from it.

A. Tell and Bridenbaugh model

In the Tell and Bridenbaugh analysis, there is no noncu-
bic crystal field and, in the absence of p-d hybridization,
the T';5 levels of the p and d bands are assumed to be mid-
way between their I'y and I'; levels. For the present
model, if 8, and §; are made zero, the E,, Ey, and E,
levels, Eqgs. (27) and (28), reduce to a doubly degenerate I'g
level at the energy A;=A, and to a I'; level at the energy
}bz, i.e.,

El =7»1=E0=7»3(F3), E2=)\2(F7) . (43)
From Egs. (36)—(38), it is seen that the fractional p-like
characters then become

a1=Y1=0%=%Yo, A2=Y2.

The energy-gap anomaly AE, [from Eq. (29)] becomes
A, A,

AEngl——5—=7&|—T . (45)

Equations (43)—(45) are the same as those of Tell and Bri-

denbaugh, except for the different choice of the energy of
the I' |5 levels mentioned above.

(44)
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b} )
(2?’172)1/sz+[2(1—71)(1—72)]1/2%] /(El*—lz)z] )

2 2
8 o) o) )
(27’17’2)1/2—3&+[2(1“71)(1—?’2)]1/2—;‘} /[Ez—)»r"?’l_p'f‘(l—?’l)_;‘]

114, |Ag | 1A |Ag] |
A=t |22 g 112 1241
=% 173 3 2|3 TEHT 1+
B M’

3 TE[+(A,+ [Ag|)/3E]

(38)

(39)

3 ) - (40)

B. Kildal’s model

In this case a noncubic crystal field is assumed, i.e.,
6,0 and 6,540, but there is no p-d hybridization, i.e.,
M =0. Thus, in the present analysis, if the d-like charac-
ter is ignored, then only the p-like character remains and
the various parameters take the values

Yo=Y1=72=1, ay=ap=a,=1
and (46)
A
AIZAO_—_ —‘52—, }\,2=——§—Ap .

The energies of the I'; and I'g levels can then be expressed
as follows: For I,

A, +8
o=t 47)
and for I',
1 s 2 172
Eip=—5(8p+8,)2 [A,,-;” +55; (48)

This is identical to Kildal’s final result. Furthermore, it is
to be noted that Kane’s form can be obtained by neglect-
ing the crystal field completely, i.e., by setting 5, =0.

C. Linear hybridization limit

This is the form used by various workers.!!%1116

" Essentially, it assumes that the parameters A and § in Eq.

(1) can each be written as a linear sum of the p and d con-
tributions, i.e.,

A=aLAp+(l—aL )Ad

and (49)

S=ar8,+(1—ay)8, .

In the present model, this case is represented by the
conditions M/E <1 and E > A, and |A;|. The energy
eigenvalues A; and A, can then be rewritten, using a Tay-
lor expansion, as
a2 172
(E+48,73+ | Ay /3)?

(50



30 EFFECTS OF p-d HYBRIDIZATION ON THE VALENCE ... 5909

Expanding further,

From Egs. (18) and (19),

M? A, M| M? A4 ey | M
klz—E—-i— 3 ‘1—--E—2 _—E?-T (51) Yi=Yo=7Y2=ap= |1— B2 (55)
The first term on the right-hand side represents the shift Thus,
due to hybridization and will be the same for all three M2
bands. Hence it will disappear when the differences 7»1+7»2=_E*“—-3—[aLAp—( l—ap)|Ag]]
E,—E,, etc. are calculated. However, it will be an im-
portant term in the expression for the band-gap anomaly and (56)
AE,. Similarly, M—A=arA,—(1—ay)| Ay | .
M?* 24, M* | 2 M* ‘
~ 2 A 52 From Eq. (27),
}\.2 E 3 1 E2 + 3 Ez ! d| ( ) q
Eo=Ao+708,/3+(1—70)8,/3,
Thus, . .
_ , so that, in the linear hybridization limit,
2M* A M* | 1M
A+A,= —_— — Ayl . (53) M?
iHhy="p—— 2 | T3 g Al Ep~"rm +3lar A, —(1—ay) | A4]]
Similarly,
+5lard, +(1—a;)8,] . (57)
M2 M2
M—ha=4, [1—‘,52—] |8a| 27 5% Similarly, from Eq. (28),
|
1 Sp 8d
E = — —_— —_— J— _
12=7 [}»14'7»2 7173 (1—=7p) 3 J
5 5, 2 172
d
\M—M—m{-—(l—wT] +5 ()28 + U=y D1=y)] %8 )2 |,
which, in the limit, gives
M*
E1122?—'6‘[CZLAP—(1—GL) I Ad [ +aL8p +(1—-aL )84]
t3({[ap b, —(1—ap) | Ag| 1= 5lard, +(1—0ap 8,112+ 3 [ar 8, +(1—a;)8,1)17% . (58)
The band-gap anomaly AE, now becomes
A M2 A
AE, E1~—3L: 5 3” —+lard,—(1—ap) | Ag | +ar8, +(1—a;)8,4]
+3({lard, —(1—ap) | Ag | 1= $[ar8, +(1—a.)8,1)2+ % slard, +(1—ap)8,1)172 . (59

In Egs. (47) and (48), from the Kildal model, it can be
assumed that A, and §, are the total spin-orbit and
crystal-field contributions, i.e., A, is replaced by A, and 5,
by 8. If, in that modified form, A and 8 are substituted
from Eq. (49), the resulting equations are identical with
Egs. (57) and (58) above. Thus Egs. (57)—(59) include the
linear form assumed in previous work.!:10-11:16

IV. NUMERICAL ANALYSIS AND RESULTS

In order to apply the present model to analyze the
behavior of various I-III-VI, compounds, it is first neces-
sary to review what experimental data are available for
the analysis. For many of the I-III-VI, compounds, three
valence-band—conduction-band transitions E,, Ep, and
E¢ have been determined at room temperature and are

T

listed in Table I. The lattice-parameter values have been
determined for all of the compounds, so that the ratio ¢ /a
is known and is also given in Table I. However, if only
these data were assumed known, there would be too many
unknown parameters in the analysis. The band-gap
anomaly AE, can be estimated by comparing the value of
E, with the value of the corresponding binary -analog,
and these values of AE, are listed in Table I. Finally,
values of the spin-orbit-splitting parameters A, and Ay
can be estimated from the atomic values.'>!* Thus, A,
can be written in the form

Ap:Gp(%ApI'f'Tss‘Apm‘i-%Apvx) , (60)

where A, |, etc. are the atomic p spin-orbit splittings of
the elements and G, is an enhancement factor for the
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TABLE 1. Input parameters.

Band-gap
Code Ternary Energy gaps (eV) A, v anomaly
letter compound E, Ep Ec (eV) c/a Binary analog® AE; (eV)
A CuAlS, 3.49° 3.62° 3.62° 0.09 1.96° Mgo.5Zny 58 2412
B CuGaS$, 2.43° 2.55° 2.55° 0.12 1.96° ZnS 1372
(o CulnS, 1.53% 1.53% 1.53° 0.16 2.00° Zng sCdy,sS 1.64%
D CuAlSe, 2.72° 2.86° 3.01° 0.32 1.95° Mgo.sZng sSe 1.47%
E CuGaSe, 1.68° 1.75° 1.96° 0.35 1.96° ZnSe 1.00*
F CulnSe, 1.04° 1.04° 1.27° 0.39 2.00° Zng 5Cdy sSe 1.29?
G " CuAlTe, 2.06¢ 0.91 1.97° Mgy sZng sTe 1.44*
H CuGaTe, 1.24¢ 1.27¢ 1.85¢ 0.94 1.98° ZnTe 1.32f
I CulnTe, 1.06° 1.06° 1.67° 0.98 2.00° Zng sCdp sTe 1.12f
J AgAlS, 3.13¢ 0.10 1.7728 Mg, 5Cdy.5S
K AgGaS, 2.73° 3.01° 3.01° 0.13 1.79° Zny 5Cdg sS 0.44°
L AglnS, 1.87° 2.02° 2.02° 0.17 1.92° Cds 0.66°
M AgAlSe, 2.55¢ , 0.33 1.7938 Mg sCdy.5Se
N AgGaSe, 1.83° 2.03° 2.29° 0.354 1.82° Zn, sCdg sSe 0.50%
(0] AginSe, 1.24° 1.33° 1.60° 0.40 1.92° CdSe 0.612
P AgAlTe, 227" 2.38" A 0.92 1.88° Mg, sCdo sTe 1.03f
Q AgGaTe, 1.32° 1.43! 2.23 0.95 1.90° Zn, sCdg sTe 0.86f
R AgInTe, 0.96 0.99 1.96° CdTe 0.84f

2Reference 7.
*Reference 1.
“Reference 18.
dReference 19.
“Reference 16.

solid. For both zinc-blende'? and chalcopyrite'® struc-
tures, G, has been taken to be 29/20. The values of A, ,
etc. used in the analysis have been taken from various
sources and are listed in Table II. For A, only the effects
of the copper or silver d electrons are considered since the
other d levels are much too deep to contribute. Thus A,
is assumed to be given by

Ay=GyA;1 . (61)

Since, as indicated above, the d triplet acts like the p lev-
els, it is assumed that G, also has the value 29/20. Tak-
ing Ajcy as —0.152 eV and Agu, as —0.55 eV," this
gives Ay values of —0.22 eV for the copper compounds
and —0.80 eV for the silver compounds.

The final requirement in this collection of input data is
to obtain the crystal-field p splitting §, from the lattice-
parameter ratio ¢ /a. As indicated in Ref. 1, the relation
can be written in the form

8p=%b,(2—c/a), (62)

where b, is the deformation potential associated with the
p character. Because of the interaction with the d bands,
no explicit value for b, has been determined for the I-1II-
VI, compounds. However, for the II-IV-V, compounds,
where no p-d hybridization occurs, the mean value of b,
for the various compounds is found to be —1.2 eV. Thus

fReference 3.

8Reference 20.
hReference 17.
iReference 21.
iReference 22.

this value was used initially for b, in the present work.
However, as is shown below, a different value was needed
in the final analysis.

With the above parameters taken as known, the number
of unknowns in the analysis is reduced to three, viz., E,
M, and 84, and thus Egs. (27)—(29) can be solved exactly
to determine values for these parameters. From these
values of E, M, and 3, values can be determined for E;,
Ey, E,, a;, ap, and a, from Egs. (27), (28), and (36)—(42).
The differences between the E,, E,, and E, values
should, of course, be the same as the differences between
the E,4, Ep, and E¢ input values, but the separate values
will be different by a constant quantity since the energy
zero in the present analysis was chosen to be at the I';s
level of the initial quasicubic crystal, as is shown in Fig. 1.

TABLE II. Atomic p spin-orbit splittings of elements used in
the analysis (in eV). .

A,(Cu)=0.031

A,(Ga)=0.12
A,(AD=0.016
A,(In)=0.27°

4,(8)=0.077°
A,(Se)=0.286°
A,(Ag)=0.114* A,(Te)=0.8335°

2References 14 and 15.
YReference 12.
“Reference 13.
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FIG. 2. Values of b; obtained in present analysis for given
For meaning of code letters, see Table I

values of b,.

L denotes the mean by to at b,=—0.8 eV.
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FIG. 3. Variation of standard deviation o for b; (averaged
over 13 compounds) for given values of b,.

The values of a;, ap, and a, show the relative amount of
p character in the three separate valence bands. In each
case the variation from one band to another is quite small,
but it is of interest for purposes of comparison to have &
as a mean value, i.e., @=1(a;+ag+a,).

When the above calculations were made using the value
of b,=—1.2 €V, it was found that the values obtained for
the various parameters listed above appeared to be in sa-
tisfactory agreement from one compound to another, ex-
cept in the case of §;. On the assumption that 8, satisfies
the same form as 8, with regard to the parameter ratio
c/a,i.e.,

84=2bs(2—c/a),

it was possible to obtain values of b, for all compounds
considered. These were found to vary considerably, with

TABLE III. Parameters determined from the analysis.

Ternary E, E, E,

compound eV) (eV) (eV) a Qo a, a
CuAlS, 2.44 2.31 2.31 0.707 0.713 0.702 0.707
CuGaS, 1.41 1.29 1.29 0.645 0.660 0.632 0.646
CulnS, 1.69 1.69 1.69 0.602 0.602 0.556 0.587
CuAlSe, 1.57 1.43 1.28 0.746 0.750 0.715 0.737
CuGaSe, 1.12 1.05 0.84 0.812 0.813 0.777 0.801
CulnSe, 1.42 1.42 1.19 0.760 0.760 0.715 0.745
CuAlTe2

CuGaTe, 1.63 . 1.60 1.02 0.752 0.752 0.656 0.720
CulnTe, 1.45 1.45 0.84 0.749 0.749 0.628 0.709
AgGaS, 0.483 0.203 0.203 0.864 0.901 . 0.830 0.865
AglInS, 0.717 0.567 0.567 0.824 0.855 0.802 0.827
AgAlSe,

AgGaSe, 0.618 0.418 0.158 0.965 0.966 0.958 0.963
AglnSe, 0.743 0.653 0.383 0.928 0.929 0.904 0.920
AgAlTe,

AgGaTe, 1.17 1.06 0.26 0.948 0.948 10935 0.944

AgInTe,
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TABLE 1V. Parameters determined from the analysis.

Ternary M E
compound eV) (eV) M/E

1—-a

AE,/E

1—(11

1—a?

CuAlS, 3.660 3.340 1.096
CuGaSs, 1.794 1.096 1.637
CulnS, 2.015 0.708 2.846

CuAlSe, 2.396 2.588 0.926
CuGaSe;, 2.006 3.037 0.661
CulnSe, 2.294 2.585 0.887

CuAlTe, .
CuGaTe, 2275 2271 1.002
CulnTe, 1.935 1.822 1.062

AgGaS, 0.757 1.716 0.441
AglInS, 1.352 2.396 0.564

AgAlSe;
AgGaSe, 2.028 9.962 0.204
AglnSe, 2.020 6.323 0.319

AgAlT62
AgGaTe, 3.432 13.30 0.258
AginTe,

0.293
0.354
0.413
0.263

0.199
0.255

0.280
0.291

0.135
0.173

0.037
0.080

0.056

0.722
1.250
2.316

0.568

0.329
0.499

0.581
0.615

0.256
0.275

0.050
0.096

0.065

0.293
0.355
0.398

0.254

0.188
0.240

0.248
0.251

0.136
0.176

0.035

0.072 -

0.052

0.352
0.315
0.240

0.275
0.251
0.220

0.037
0.082

0.059

#Reference 7.

values from —5.8 to + 6.9 eV. Since it had further been
assumed that, as in the case of b,, by should have the
same value for all of those compounds, the above result
was taken to indicate that the value assumed for b, was
incorrect. The complete analysis was therefore repeated a
number of times using values of b, lying in the range
—0.5 to —1.8 eV and the values obtained for b; com-
pared in each case. Figure 2 shows the values of b, ob-
tained for each compound for values of b, in the range
—0.5 to —1.3 eV. It is apparent that the spread in b,
values appears smallest for b, in the vicinity of —0.8 eV.
For each value of b,, a mean value of b; and a standard
deviation o were calculated. Figure 3 shows the variation
of o with b,. It is seen that the minimum in o occurs at
b,=—0.8 eV, at which point the mean value of b, is
—4.3 eV and 0=1.5 eV. In view of these results, it is
suggested that for all of the I-III-VI, compounds and al-
loys, appropriate values for the deformation potentials are
b,=(~0.8+0.2) eV and by =(—4.3%1.5) eV.

Unlike b,, the other parameters determined by the
analysis were found to be relatively insensitive to varia-
tions in b,. Thus, in the final calculations the method
described above was used with a value of b,=—0.8 eV.
The resulting values of the parameters E, M, E,, E,, E,,
ay, ag, Ay, and @ are listed in Tablés III and IV. Also
given in these tables for purposes of comparison are
values of 1—a; given by various authors from linear-
hybridization-type models.

The ratios M /E and AE, /E are dimensionless and in-
dicate the general character of the model. These ratios are

04

03

(-3

02

0.l

On »>x_

10 15

25

FIG. 4. Variation of mean value of fractional d character of
valence band 1—@& with M /E. W, present model; @, linear hy-
bridization approximation. For meaning of code letters, see

Table 1.



30 EFFECTS OF p-d HYBRIDIZATION ON THE VALENCE. . .

QY 1 1 1 L

00 Ol 02 03 04 OS5
(1-9%))

FIG. 5. Variation of AE,/E with fractional d character of

top valence band 1—a;. M, present model; ®, linear hybridiza-
tion approximation. For meaning of code letters, see Table L.
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FIG. 6. Variation of E,/E with fractional d character
(1—a,). For meaning of code letters, see Table 1.
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given in Table IV. Figure 4 shows the values of 1—a@, i.e.,
the mean fraction of d character in the three bands, plot-
ted against M /E while Fig. 5 gives the values of AE, /E
plotted against 1—a;, the fraction of d character in the
top valence band. It is seen that the values for the dif-
ferent compounds lie on smooth curves which appear to
be characteristic of the structure. In Figs. 4 and 5, values
determined from the linear hybridization model are also
given for comparison. These curves will be discussed fur-
ther below.

Finally, the variation of the reduced energy values
E,\/E, Ey/E, and E,/E should depend, respectively, on
the values of a;, ag, and a,. In Fig. 6 the variation of
E,/E with 1—a; is given, and the variation of the other
parameters is very similar to this.

V. DISCUSSION

"The aim of the work has been to produce a theoretical
model describing the effect of p-d hybridization in the
valence band of a I-III-VI, compound, the starting point
being the Kane model® for a binary compound with spin-
orbit interaction. Since the states of the triple part of the
d band have the same symmetry as those of the p band, it
has been assumed that their matrix representations have
the same form. Thus when p-d hybridization is applied,
the p and d bands mix and repel each other. In the
present analysis the magnitude of this mixing and repul-
sion can be calculated exactly. After this, the crystal-field
interaction is introduced and again the calculation can be
performed exactly.

A number of points should be mentioned here. Firstly,
the order of the operations with the crystal-field effect ap-
plied last is different from that used by Kildal. However,
since each step is carried out exactly, the order of applica-
tion should not affect the final result. The order used
here was found to simplify the mathematics. Secondly, in
order to reduce the number of unknown parameters in the
analysis, the off-diagonal matrix elements due to crystal-
field interaction between the p and d bands have been
neglected, i.e., it has been assumed that

(X |V | YZ)=AY |V |ZX)=(Z |V, | XY )=0.

Since M and E are used as adjustable parameters, this
means that the effect of this interband interaction will be
taken up in the values determined for M and E. Finally,
in the crystal-field analysis the effect of the anion dis-
placement, the structure component discussed by Jaffe
and Zunger, has been neglected, since this would require a
much more detailed analysis involving atomic positions,
etc. It is considered that this structural component has an
appreciably smaller effect than that of the tetragonal dis-
tortion given by 2—c/a.

In order to use the model to analyze the experimental
data for various compounds, in addition to the measured
values of E,, Eg, and E., the valence-band—con-
duction-band transition energies, and also of c/a, the
lattice-parameter ratio, it is necessary to know A, and Ay,
which here are calculated from atom spin-orbit values,
and also one other parameter. In the present analysis,
AEg, the band-gap anomaly, has been used. This can be



5914

determined for most of the compounds considered by sub-
tracting the value of E, from the energy-gap value of the
equivalent binary compound, either real, e.g., ZnS, etc., or
a pseudocompound, e.g., Mg sZn, 5S, etc. This involves a
further assumption in the theoretical analysis that AE,
can be equated to the energy separation of the E,(T";) and
I's(p) level in Fig. 1, an assumption made previously by
Tell and Bridenbaugh. The analysis then enables the
mean values of the deformation potentials b, and b, to be
determined over the range of compounds considered.
This is an important point for analysis of further materi-
als since, now, the extra parameter assumed known can be
bg rather than AE,. It is planned to extend this analysis
to the temperature variation of the energy gaps of a num-
ber of the compounds, and also to the variation of energy
gaps with both composition and temperature for a number
of alloys of the compounds. In none of these cases will
the value of AE, be available; thus acceptable values of
the deformation potentials are essential.

As indicated above, M/E and AE,/E are dimension-
less and the former determines the fractional d character
in the valence band (1—a&). Hence, Figs. 4 and 5 show
plots. of 1—& versus M/E and AE,/E versus 1—a; for
all compounds considered. In each, all of the points lie on
a single smooth curve, indicating that M/E and AE,/E
are characteristic of the structure. Also plotted in the fig-
ures are the values determined from the linear hybridiza-
tion approximation. These graphs clearly indicate where
the linear model breaks down. Thus for the case of 1 —a@
versus M /E, the linear model indicates that all values of
1—@& up to the maximum of 1 could be obtained with rel-
ative 'small values of M /E, even in the case when an ini-
tial postulate was that the p levels were higher than the d
levels. However, the present model indicates that 1—@ is
limited to approximately 0.5, whatever values of M /E are
considered. Similarly, in the case of AE;/E versus 1 —a;,
the linear model indicates a maximum value for AE,/E
of approximately 1, even with values of 1—a; up to 1,
while the present model allows very much larger values of
AE, /E, although 1—q; is limited to a maximum of ap-
proximately 0.5. This comment is similar to that made by
Jaffe and Zunger concerning the plot of AE, versus
1—oay by Shay and Kasper. The latter was assumed to
give a linear variation and fitted fairly well for low AE,
values. However, in the case of CuAlS,, the value of AE,
of 2.4 eV would indicate a value for 1 —a; of 0.77, very
different from the value of 0.35 determined from the
spin-orbit splitting. It is to be noted that Shay and
Kasper made the CuCl value a point on their line. If this
had been ignored and the CuAlS, value used, a curve
similar in shape to that of Fig. 4 would have been ob-
tained.

In Table IV values of 1—a& from the present analysis
are given together -with values of 1—a from Jaffe and
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Zunger and Shay and Wernick. The values show appreci-
able differences in some cases, and this could be due to the
methods of analysis. Thus, in the theoretical calculations
of Jaffe and Zunger, spin-orbit splitting was neglected,
while in the present calculations the structural component
of the crystal-field effect was neglected. In the Shay and .
Wernick results, the values of A, used were taken from
the binary analogs and not from the atomic values, as in
the present work.

For the I-III-VI, chalcopyrite compounds, the experi-
mental evidence indicates that the three valence bands
have I'yI'¢I'; symmetry in order of energy values. How-
ever, the experimental results for CuGa(S,Se;_,), have
been interpreted by Tell and Bridenbaugh® to indicate that
the I and 'y bands cross over at z of the order of 0.95 so
that the CuGa$S, order would I';I';I's. However, in this
case they found it necessary to postulate that the d levels
lay above the p levels in the starting model. It is possible
to explain these results with the present model. For all of
the sulfides, A,, the p spin-orbit splitting, is small, and, as
seen from Fig. 1, the effect of p-d hybridization further
reduces the I'y—TI'; difference, and hence the Ey—E,
difference, after the effect of the crystal field is included.
There is no limit, in this case, to the reduction, and
I's—TI'; (and hence Ej—E;) could become zero or even
change sign, depending upon the amount of hybridization
(and the strength of the crystal-field interaction) occur-
ring. Thus the I';I';'g order suggested for CuGa$S, could
occur, even though in the starting quasicubic structure the
d levels are well below the p levels.

Note added in proof. The above analysis was carried
out using the value Ay 5= —0.55 eV, However, Cardo-
na'* gives a lower value to this parameter, namely —0.33
eV. Therefore the calculations have been redone using
this lower value. It is found that in Fig. 2, although the
curves corresponding to the silver compounds are changed
to some extent, the region of minimum spread remains al-
most the same as before. This in this case the values ob-
tained are b,=(—0.8%+0.2) eV and b;=(—3.9£1.5) eV.
In addition, in Figs. 4—6 the positions of the points for
the silver compounds are changed by various amounts,
but in all cases the points still lie on the curves shown.
Thus the conclusions drawn are not affected.
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