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The simultaneous recording of current and radiation
as a function of electric field strength produces many
cases, like that in Fig. 3, which suggest that the instabil-
ity responsible for the radiation affects the current
magnitude.

The dependence of current on electric field during
plasma injection (produced by square-wave voltages),
Tig. 5, shows that more is to be learned and under-
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stood about injection of electron-hole pairs into semi-
conductors.
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The static Jahn-Teller effect is studied for a monovacancy V*, V°, and V= in diamondlike covalent
solids by a new method which applies to the case of linear combinations of atomic orbitals (LCAO) as
wave functions. In this “rigid LCAO model” the orbitals are assumed to follow the nuclei rigidly in the
deformation. The formal calculation is almost identical to that of the usual treatment of the Jahn-Teller
effect by the perturbation method. For the vacancy in diamond we use the electronic structure determined
by Coulson and Kearsley in a molecular model. We obtain energy lowerings of the order of 0.1 eV and
distortion amplitudes of about 0.05 A. Finally we compare our results with the experimental data.

INTRODUCTION

T is well known that optical absorption and electron
paramagnetic resonance give evidence for the identi-
fication of some irradiation defects in diamondlike
covalent solids as being vacancies and interstitials.
But, in some cases, the question is which defect, either
a single vacancy or an interstitial atom, is responsible
for a given absorption band or EPR line. Theoretical
work then is very useful to guide us in the interpreta-
tion of experimental data.

In order to explain the GR 1 absorption band,
centered around 2 eV, Coulson and Kearsley' have
studied theoretically the electronic states associated
with a vacancy in a molecularlike model. In a similar
way, Yamaguchi? has calculated the electronic struc-
ture for both vacancies and interstitial atoms. Un-
fortunately their results do not provide sufficient infor-
mation to identify the observed centers with certainty.

From electron paramagnetic resonance we can get
an idea of the symmetry properties of the defects.
Actually there is a lowering of the tetrahedral sym-
metry due to the distortion of the neighboring atoms.
In this work, we shall study that distortion in the case

N C. A. Coulson and M. J. Kearsley, Proc. Roy. Soc. (London)
A241, 433 (1957).
2T, Yamaguchi, J. Phys. Soc. Japan 17, 1359 (1962).

of single vacancies, as arising from static Jahn-Teller
effect. Jahn and Teller® have shown that if an elec-
tronic state of a polyatomic molecule is orbitally de-
generate, the nuclear configuration is unstable with
respect to small displacements, unless the nuclei lie on
a straight line.

It is then necessary to know the electronic structure
of the vacancy. We shall first recall the method and
results of Coulson and Kearsley, who made use of
linear combinations of atomic orbitals (LCAO) for the
wave functions. Because the first-order perturbation
theory of the Jahn-Teller effect is not very convenient
in this case, and it is probably better to assume that
the wave functions are rigidly translated according to
the atomic displacements, we propose in the second
part a new treatment of the Jahn-Teller effect which
we shall refer to as the “rigid LCAO model.” A great
advantage of this model is that the symmetry con-
siderations of the perturbation theory are still valid and
the formal results are similar.

In the third section, we shall give our numerical
results and conclusions, and then review the experi-
mental data and their interpretation. Finally, the two
are compared with one another and with Watkins’s

( 3 I; A. Jahn and E. Teller, Proc. Roy. Soc., (London) 161, 220
1937).
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simple models* for vacancies in silicon. We hope to
give some support to Coulson and Kearsley’s con-
clusion that the GR 1 band arises from ¥° and to
Watkins’s model for V+ in silicon.

I. ELECTRONIC STRUCTURE OF THE VACANCY

To determine the new stable configurations of the
vacancy, we need the electronic energy levels and the
corresponding wave functions. We use Coulson and
Kearsley’s molecular model in the Hartree-Fock ap-
proximation. Having reviewed all of their work, we
obtained the same results, except for the 2E level of
V-, which we think to lie somewhat higher than the
ground state, whereas in their work it is in the neighbor-
hood of the fundamental.

Let us now recall the basic assumptions of their
model. Each carbon atom in the diamond lattice has
four nearest neighbors forming a regular tetrahedron
around it. For the perfect lattice we can solve the
electronic problem by using sp® tetrahedral hybrids
pointing from one atom towards its nearest neighbor.

The central atom O (Fig. 1) has four nearest neigh-
bors 4, B, C, D. When it is removed to create a vacancy,
four bonds are broken. We can assume that the ad-
jacent bonds are not greatly altered and that the
deformation of the lattice around the defect is small.
Therefore the electrons which are engaged in bonds
outside the cube (Fig. 1) are not very much affected
by the vacancy.

We may notice here that this localized model neglects
the width of the valence band. For instance, the states
of high-spin multiplicity must have higher energy
values than calculated here. Actually the localization
of an electron, added to spin reversal, requires an
energy of the order of the valence bandwidth. We can
then conclude that the numerical results obtained in
the present model may be strongly modified when we
make more realistic calculations.

In the following we shall use Slater’s atomic 2s and
2p functions, from which we build the hybrid orbitals
(we use a zero superscript for quantities involving the
coordinates of the nuclei in their perfect-lattice positions)

a=3(al—al+a—a),
B=30.—bI— b+, (1)
A=%(c e’ —c,0—c),
d=31(dI+dL+d,L +dN).

The Hamiltonian for the z-electron vacancy molecule
may be written in atomic units:

1
H=3Y (THV)+3: X —, (2)
i i 75
where 4, j=1, 2,---, n. T; is the kinetic energy for

4 G. D. Watkins, in Proceedings of the International Conference
on the Physics of Semiconductors, Paris, 1964 (Academic Press
Inc., New York, 1965), Vol. 3, p. 97.
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F16. 1. The vacancy in O is surrounded by four carbon atoms
4, B, C, D. The sp* hybrid orbitals a°, b°, ¢°, d° are given, which
point from the carbon atoms towards the vacancy.

electron 4. V0 is the potential energy of interaction
between the vacancy electron ¢, the nuclei, the K-shell
electrons of the molecule, and the external electrons
surrounding the vacancy atoms 4, B, C, D.

We may write

V=V a4+ Vei4+Vel+Vodo. (3)

Let us now calculate the electronic levels both in the
Hartree and Hartree-Fock approximations.

A. Hartree Approximation

Let us form delocalized one electron orbitals:

P=3(a"+0++d),  (4y)
tl=5(a"+b—c"—dv),
10=3(— O+ W+—d), (Ts) )

L9=3(@ =+ —d).

They transform like basis functions of the irreducible
representations 4, and T’ of the group T'p; this is a
great advantage because it enables us to simplify the
energy-level calculation by symmetry considerations.
The energy of the bonding orbital #° is about 7 eV
lower than for &0, ¢,° ¢.°. From this, we deduce im-
mediately the electronic energy levels for V+, Vo, V—
which are, respectively, the vacancies with 3, 4, 5
electrons. In the case of V* (Fig. 2), v* (4,) is filled
with two electrons (with antiparallel spin) and there

— (i

ty

L

—
Fi1G. 2. The electronic srtucture of ¥+ in the Hartree case: 1°
is lower in energy than £,% ¢,%, £,°. The ground state is given by

two electrons in #° and an unpaired electron in the threefold de-
generate excited state with basis functions £,°, 1,°, £.° (T3).
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F16. 3. The electronic structure of V=, V°, and V* in the mole-
cular model. For ¥~ [Fig. 3(a)] and V° [Fig. 3(b)] the energy
levels are given in the following way: (1) in I, Coulson and
Kearsley’s results with Slater functions; (2) in II, Coulson and
Kearsley’s results, without or with configuration interaction in
their modified semiempirical model [in the V~ case, Fig. 3(a),.
we give, in I and II, the values which we have recalculated, includ-
ing the correction of the 2E level]; (3) in III, Yamaguchi’s results.
For v+ [Fig. 3(c)] Slater functions have been used.

is an unpaired electron in the threefold degenerate
state (7). To obtain ¥° and ¥~ we add one or two
electrons in T's. Now, we can apply those considerations
to the case of the Hartree-Fock approximation.

B. Hartree-Fock Approximation

The many-electron wave functions are Slater de-
terminants built from °, .0 £, ¢ in the following

Way:
PDa(l) #(1BA) L2(Da(l)
(00a0) = e P2a(2) *(2BQ) L22)a@)| ©6)
T 0B)aB) #EBE) tL3)a(d)
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in the V+ case. Here 1° means the orbital with « spin
and 2" B spin.

Inside a (@)7(£)*»? configuration (where p=0, 1,

-+, n) we build linear combinations of Slater deter-
minants transforming like basis functions for irreducible
representations of the tetrahedral symmetry group Tp.
Then we allow these configurations to interact with
each other inside a given irreducible representation
with given spin. In this way the maximum matrix to
be diagonalized is a 3)X3 one.

In a first step Coulson and Kearsley used Slater 2s
and 2 atomic functions, but they obtained no allowed
transitions which could account for the GR 1 band of
Clark et al. (about 1.7 €V). Assuming that the inac-
curacy of Slater functions is the chief cause of the
discrepancy, they modified in a semiempirical way the
values of some integrals according to the experimental
data of optical spectra. They found the VO'E—1T,
allowed transition to be responsible of the GR 1 band.

Yamaguchi studied a similar model for vacancies and
determined his integrals in order to get the minimum
value for the binding energy of the whole crystal. He
used his integrals as parameters and calculated the
level structure in several cases.

In Figs. 3(a), 3(b), and 3(c), we compare Yama-
guchi’s results to ours using Coulson and Kearsley’s
model. We note that the two lower levels are always
the same in the different models. For V*+ and V° the
ground state is degenerate, a situation which allows a
Jahn-Teller distortion to occur. For V= we can get
distortion only for the excited states. We can notice
that Stoneham?® obtained similar results for V° by using
the point-ion approximation for the vacancy molecule.

II. RIGID LCAO MODEL

We first detail the basic approximations and then
we give the formal results. Finally we develop the
cases of the Hartree and Hartree-Fock approximations.

When the nuclei move from their perfect lattice
positions their Cartesian coordinates U, V', Wal
(a=A, B, C, D) become Uq, Va, W, with

Urx= Ua0+Xa )
Va=VI+Ya, (6)
W(x: Wa0+sz,

where Xa, V4, Za are the Cartesian displacements. The
electronic Hamiltonian can still be written

1
H= Z (THV)+3: 2 —, (7)

Uath et

where V; is identical to the potential V,°, where we
replace UL, V!, Wl by Ua, Vay Wa.

Let us now assume that the sp* hybrid orbital
named a remains centered on the corresponding nucleus

5 A. M. Stoneham, Proc. Phys. Soc. (London), 88, 135 (1966).
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when the nucleus is displaced, and that it keeps the
same form. That is equivalent to saying that the
orbitals follow the atomic displacements rigidly. We
then can write that ® (centered on the perfect-crystal
position) becomes a (identical orbital centered on the
displaced position).

Two basis functions ¢;° and ¢,° of a degenerate elec-
tronic level are combinations of the o’. We make the
assumption that, when the nuclei are displaced, they
transform into y; and y; which have the same form but
where we replace o by a. The secular problem then is
in terms of the matrix elements

Hi=Ws|H Y5, ®)

which could give the electronic levels as functions of
the nuclei positions.

A. Method of Calculation

Let us first define normal displacements Q, (Fig. 4)
which are basis functions for irreducible representations
of T'p. They are linear combinations of the Cartesian
displacements X,, Ya, Z, and their symmetry proper-
ties will allow us to simplify the calculations. The
matrix elements H;; [Eq. (8)] are functions of the
new nuclear coordinates, i.e., of the Q.. If we assume
the atomic displacements to be small, then in order to
simplify the secular problem, we can use the expansions
to first order:

s Gg:)’gn ©)

Hefrg S oH
N s <6Q >0Qa.

8

In the matrix element H;;, we replace @ and H by
their approximated forms (9). In this way we obtain
for H;; an explicit function of the Q, in which we only
keep the terms up to first order in the Q,. In both the
Hartree and the Hartree-Fock approximations, it is
equivalent to write

J
Hi=§0 | H[y)+ ;Qa< (%lHWj)) . (10)

GION

The first term is a diagonal one and gives the energy
I? before distortion. To know the new electronic energy
values we merely have to diagonalize the matrix whose

general term is
]

90,

If we denote by €,(Qs) the eigenvalues of this matrix,
the new electronic energy values after deformation
become

2 Qa( (\bilHI'Pj))o- (11)

E, (QS)ZEn0+ €n (Qs) . (12)

JAHN-TELLER
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Q (Ty) Qg (Ty)

F16. 4. Geometrical representation of the normal displace-
ments: Q1 and Qs transform like 24%—32—2? and V3 (y*—2?) (E),
Qs like 2?+324-22(41) ; Qs, Qs, and Qg like #, 9, and 5 (72).

The potential energy for the motion of the nuclei is
obtained in the simple form

Wa(Qa)= En(QS)'*’%M 2 wsQs, (13)

where the second term gives, in the harmonic approxi-
mation, the interaction between 4, B, C, D and the
remaining part of the lattice. The frequencies w, have
to be determined from the force constants of the
perfect crystal. In practice we shall be concerned only
with ws (symmetrical mode), wg (twofold degenerate
mode), and wr (threefold degenerate mode of symmetry
To).

The equilibrium configurations then will be obtained
by resolving the set of simultaneous equations

OW/8Qs=0E./0Qs+Mw2Q:=0, (14)

which are valid only within the Born-Oppenheimer
approximation.

From (14) we first calculate all the Q, and then the
splitting in energy due to the distortion. It is thus
possible to determine the symmetries of the new stable
configurations of the defect. We now consider the cases
of twofold and threefold degenerate electronic levels.

B. Symmetry Considerations

Each energy level belongs to a given irreducible
representation which is at most threefold degenerate.
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TABLE I. Solutions for the threefold degenerate state. We have simplified our notations by putting
er=(I2)*/2M (wg)?, es= (Is)*/2M (1), =1I+/M (05)?*, gs=Is/M (wr)?.
Tetragonal case Intermediate case Trigonal case
28 @ Q1 et 2] @ Q1 @ qQ
o - = = _— = = = T 0 0 0 0
6 6 3 12 12 12 12 6 6
Q1 43 Q1 Q1 Q1 Q1
0 e —_— —— = = 0 0 0 0 0 0
23 V3 43 43 N3 43

Os 0 0 0 0 0 0 0 —a ¢ —4as 340 36 —ia

0s 0 0 0 0 0 —g 0 o0 —3 35 —3as 3

Qs 0 0 0 —gs o 0 0 0 o —%6 —is i 3o

Energy €1 e1

lowering -— —  —ef —fes
9 36
We will consider only £ and T levels because non- we obtain® for the matrix (11)
degenerate levels like 4; and 4, cannot give rise to
distortions. The only term which does not vanish in =101 1,Q» 18)
this case is the totally symmetrical displacement. This ) (
. d . I,Q:  IQ:

displacement Qj also arises in the case of degenerate
levels, but as the term E,(Qs) in Eq. (13) is linear in  If we introduce p and 8 given by
the Q, in the first order approximation, the problem .
can be separated and the value of the other Q; does not Qr=pcosf, Qp=psind, (19)

depend on Q3. We will then restrict ourselves to the
case where Q3 vanishes in order to simplify the calcula-
tions. We will further give the value of the additional
term due to Q3 in a particular case (ground state of
Vo).

We notice that the quantities

ad
—W| H | 15
) (13
have the same symmetry properties as the terms
oH
wil(==) v, (16)
aQs 0

which we should find in the usual perturbation treat-
ment of the Jahn-Teller effect. We then find similar
results (see Appendix B).

1. E Level

For this twofold degenerate energy level, the basis
functions ¥1° and ¢2° transform like (22— y*—2?) and
V3 (y*—2%). By putting

we find by using (14), (18), and (19) that the equi-
librium configurations correspond to

p= || /Mog?, W,=E+£I2/2Mog. (20)

From these equations we cannot get the values of Q;
and Q. explicitly. To determine ¢ it is necessary to
make a formal calculation up to second order. As a
standard result we find

0=jr/3, (21)

where j is an integer. We then obtain three equivalent
tetragonal configurations which have (100), (010), and
(001) symmetry axes.

2. T level

We treat both T; and T, levels which lead to the
same results. The three basis functions ¥,°, ¥°, and ¢
transform like #, v, 2 (T'2) or y3, zx, sy (Ty). If we define

d
12=v3[55«¢21Hw»—(walﬂwa»] ,

(22)
IF(:%:(%IHIM))O, 2

0
zl=(—<¢llH|¢2>), (17) , , ,
9Q2 0 we are concerned with the more complicated matrix
(I2/3)Q1 T30 I35
[ IQs  — (I2/6)01+ (I2/2V3)Qs 1504 J . (23)
505 I5Q4 — (13/6)Q1— (I2/2V3)Q2

6 U. Opik and M. H. L. Pryce, Proc. Roy. Soc. (London) A238, 425 (1957).



164

To solve the set of Egs. (14), we use the method of
Opik and Pryce.® We obtain similar results (Table I).
There are three possible solutions for the lowering in
energy, i.e., a tetragonal, a trigonal, and an intermediate
case. The last one gives a lowering in energy midway
between the other two and has no practical interest.
The choice between tetragonal and trigonal distortions
only depends on the numerical values of I, and I;. As
for the E level, there are three equivalent tetragonal
configurations with symmetry axes (100), (010), and
(001). On the other hand, there are four equivalent
trigonal configurations with symmetry axes in the four
equivalent (111) directions.

C. Application of the Method

We detail here the application to the Hartree and
the Hartree-Fock approximations.

Hartree A pproximation

Let us consider the case of ¥+ in the Hartree ap-
proximation. We choose this case only because it is
the simplest one and because it is the most important
one in Watkin’s* EPR study on silicon. This center has
one unpaired electron in a threefold degenerate state
with basis functions ¢, ¢,°, and £°. From the above
considerations the problem is reduced to the deter-
mination of the following integrals (H; is the part of
the total Hamiltonian involving the coordinates of
electron 1):

I,=V3| 8 b Hqlt Hqlt
= [@«yl )~ Hl ’»l’ .

I;= <B%:(tylﬂllt,)> .

0

As t,, t,, 1, are linear combinations (4) of @, the two
integrals (29) break down into a series of

(az,<“'H"“>>o
(agfalHllB)O,

B being an sp? tetrahedral hybrid different from «. The
term (26) involves only two- and three-center integrals
while the first one [Eq. (29)] can be broken down in
the following way into

(25)

and

(26)

@%p}m@ﬁz@mm@.m

BFa N 0

The first part of (27) is a one-center integral which
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does not depend on the nuclear position, so that

(afgf“[ ——2-+ Valla)>0=0. (28)

The second term in (27) is a sum of two-center
integrals. We then have shown that there is no con-
tribution of the one-center integrals in the “rigid LCAO
model,” while in the perturbation treatment (Appendix
B) we can see that those integrals lead to very large
values of the energy lowering in trigonal distortions.

Hartree-Fock Approximation

Let us now discuss the application of the model to
the Hartree-Fock approximation for the general case.
In the matrix element (15), the wave functions ¥; and
¥, are now linear combinations of Slater determinants
and the Hamiltonian is built with one- and two-
electron operators. The one-electron operators have
matrix elements similar to those obtained in the
Hartree problem. We still have to investigate the
matrix elements of 1/7;,

(i@kl% z_iwo)o, (29)

aQ, 25 1y

which break down into integrals of the type

(66(2, / a(1)5(2)i7(1)6(2)d71dr2>0, (30)

712

with o, B, v, 6=a, b, ¢, or d. The one-center integrals
vanish as in (28).

In the Hartree-Fock case we see another fundamental
difference between the present model and the perturba-
tion treatment. In the latter case, the electron inter-
action gives no contribution to the Jahn-Teller effect
because 1/7;; does not depend on the nuclear coordi-
nates, while we now have some matrix elements (30)
which can play an important role. More details on
the calculations are given in the Appendix A.

III. NUMERICAL RESULTS AND DISCUSSION

We first give the numerical results for diamond in
the “rigid LCAO model” with Slater atomic wave
functions. We then review the main experimental re-
sults and discuss in some detail the identification of the
defects.

A. Numerical Results in the LCAO Model

It is first necessary to find the order of magnitude of
the frequencies wg and wr.

We can assume that both frequencies are of the
order of the maximum optical value of the phonon
spectrum,

2.5% 10" rad/sec. (31)
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F16. 5. The first energy levels of V*, V9, and V—
before and after distortion.

However, as Lidiard and Stoneham? have pointed
out, in a simple model where we keep all the atoms
fixed except 4, B, C, D, we can show that

we=V2wr. (32)

However, for wy we will keep the value (31) which
is not very different from

wp=2.24X10" rad/sec

deduced by Lidiard and Stoneham? by using the force
constants of Swalin. The numerical values of Iy, I,
I3 were computed from the tables of Kotani, Amemiya,
and Simose? and of Von Hermann and Kopineck.®
Some details are reported in Appendix A.

The numerical results and the corresponding distor-
tion are given in Table IT and Figs. 5 and 6 for the low-
lying states of V+, V9 and ¥~ in the Hartree-Fock
approximation and for V+ in the Hartree one. Let us
summarize these fesults in the following way:

(a) Energy lowering: In Fig. 5 we give the con-
sidered levels before and after distortion and in Table
IT we give the numerical results for the energy lower-
ing in each case.

For V+ in the Hartree-Fock approximation the
ground state 2T is 4 eV deeper than the first excited
state *T';. So we have studied only the former which
gives rise to tetragonal configurations. In the Hartree
treatment of ¥+ we obtain similar results.

7 A. B. Lidiard and A. M. Stoneham, in International Industrial
Diamond Conference, Oxford, 1966 (unpublished).

8 Kotani, Amemiya, and Simose, Proc. Phys. Math. Soc.
Japan 20, Extra 1 (1938).
(19;/'0(;n Hermann and Josef Kopineck, Z. Naturforsch 5a, 420

950).
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For V0 the ground state 'E is 0.5 ¢V lower than the
first excited state 3T';. We have determined the energy
lowering for both levels. The numerical values are
about 0.1 eV for !E in a tetragonal configuration and
0.4 eV for 3T, in a trigonal one. We then see (Fig. 5)
that both levels give almost the same energy, 37 being
about 0.17 eV above 1E.

The %4, ground state of V= is not degenerate and so
gives no distortion terms. The first excited state 274
favors a trigonal distortion.

(b) Distortion amplitude: In Table II, we indicate
the distortion amplitudes for the equilibrium configura-
tions in each case.

For a tetragonal distortion we have three equivalent
configurations with symmetry axes along the (100),
{010), and (001) directions, from which we choose the
first. In this case, Q2=0, and only Q; does not vanish.
We see [Fig. 6(a)] that the increases of the inter-
atomic distances AR4p and AR,p are sufficient to
determine the configuration. Their numerical values are
given in Table II, except for an E level where we give
only their absolute value because we cannot determine
the sign of Q; to first order (20).

In the trigonal case we have four equivalent con-
figurations (Table I): We choose the one which corre-
sponds to Q4=Qs=(Qe. Then the three atoms 4, B, C
form an equilateral triangle [Fig. 6(b)] and D is on
its symmetry axis. Once more we determine the new
configuration by the numerical value of AR4p and
AR4p.

(¢) The symmetrical term Qs: Up to now we have
not considered this term in detail though it exists for
each electronic level. From symmetry considerations
the linear term in Q3 can be written

(8iQ3<% |H| gl/,~>>0=l dis (33)

both for E and T levels, and from Eq. (14) we obtain

a
—(GFMw4?Q+10:)=0, (34)
aQ

3

where w4 is the frequency of this symmetrical mode.

Tasre II. Numerical results in the ‘“rigid LCAO model.”
For a T level we give AR4p and AR4p only for the most stable
configuration.

AE AE
Approxi- Electronic tetragonal trigonal .
mation Center  level (eV) (eV) AR, A
Hartree v+ T2 0.33 0.18 AR4B=—0.05
AR4p =0.025
Hartree-Fock v+ 2Ty 0.09 0.05 AR4B = —0,028
AR4p=0.014
0.09 AR4B=0.028
ARAD=0.014
Ve 3Tt 0.005 0.42 AR4B=0.084
Rap=—0.084
V- 2T 0.014 0.06 AR4B= —0.033
AR4p=0.033
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From (34) it follows that

Q3=_I/M°~’A27 (35)
and the lowering in energy is given by
P/2Mw4?. (36)

The whole problem lies in the determination of I and
wa. We have attempted to calculate this term only in
the case of the 'E ground state of V° The integral I
can be put in the form

I=<5‘é~3<¢ilﬂ|¢,~>)ﬂ+[ai@< b} wl,

where Fqs represents the repulsion between nuclei a
and B. We give some details of the calculation in
Appendix A. We notice that such a term does not
appear in the calculation of Iy, I,, I's because it vanishes
by symmetry. For w4 we have taken the value

wa=2.5X10" rad/sec.

(37)

(38)

For the 'E level of V° we obtain a lowering in energy
of about 1.2 eV and a symmetrical contraction of the
vacancy molecule with amplitude 0.2 A. From this
estimate we can conclude that we obtain the right
sign (contraction) and a reasonable order of magnitude
despite the crudeness of the model (which is probably
better for distortion terms than for Q3).

From Table IT and the values of this symmetrical
contraction we conclude that we have obtained a
reasonable set of results, while in the perturbation
theory, the energy lowering in the case of trigonal
distortions is about 5 to 10 eV (Appendix B). Finally,
we notice that all this study concerns the static Jahn-
Teller effect. A complete discussion of the static and
dynamic cases would require the calculation of second
order terms which can possibly alter some of the above
theoretical conclusions.

B. Review of Experimental Results

In 1957, Mitchell® suggested that the GR 1 absorp-
tion band of Clark et al.! centered about 2 €V could
be due to electronic transitions in single vacancies. We
have seen that Coulson and Kearsley found this value
for the allowed transition 'E— 1T, of V°, But V° has
also been proposed for other centers. We first examine
the important B spectrum (or ‘‘c”” system) observed in
EPR (Harris, Owen, and Windsor'?). The correspond-
ing center has spin S=1 and a (100) symmetry axis.
The study of its intensity'® versus temperature leads
to the conclusion that it corresponds to an excited

L E. W. J. Mitchell, Brit. J. Appl. Phys. 8, 179 (1957).

11 C, D. Clark, R. W. Ditchburn, and H. E. Dyer, Proc. Roy.
Soc. (London) A234, 363 (1956); A237, 75 (1956).

2 E, A. Harris, J. Owen, and C. Windsor, Bull. Am. Phys. Soc.
8, 252 (1963).

B J. Owen, in Physical Properites of Diamond, edited by R.
Berman (Oxford University Press, London, 1965), p. 274.
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FiG. 6. Stable configurations of
the vacancy: (a) tetragonal case;
(b) trigonal case.

(b)

state about 300 cm™ higher than the ground state
which is not seen by resonance. The last point is con-
sistent with the electronic structure determined theo-
retically for V° and C°"? but room for doubt remains.
More recently, by studying the correlation between
the GR 1 band and the “¢” system, Clark ef alt
strengthened the idea that the former was produced
by V. They attributed this correlation to the formation
of interstitial-vacancy pairs by irradiation. The vacan-
cies would be responsible for the GR 1 band and the
interstitial for the ‘¢’ system. However, we notice
that Owen does not rule out the hypothesis of V° for
the latter. The C spectrum (“b” system) with spin
S=1 observed by Faulkner and Lomer!® could also
be attributed to V°. As to the 4 spectrum (“d” system)
whose spin is §=3%, Yamaguchi® suggested that V— is
responsible for most of it. The centers associated with
C and 4 spectra have a symmetry axis close to the
(322) and (311) directions. Another 4 spectrum has
been observed by Baldwin'® who has interpreted it in
terms of V+ in a tetragonal configuration, but those
results have not yet been confirmed.

Let us now summarize Watkin’s EPR study? in
silicon. He was able to identify a great number of EPR
spectra in irradiated silicon. In particular, he attributed
the spectra G; and Gy, respectively, to V+ and V. The
case of Gy seems to be the most important one in this
study. The corresponding defect has tetragonal sym-
metry and Watkins? has interpreted the whole G, spec-
trum by a simple Hartree model for V+ (Fig. 2). He
estimated the potential barrier between two tetragonal
configurations to be of the order of 0.02 eV. It is possible
that this value corresponds to the difference in energy
between tetragonal and trigonal distortions.

4 C. D. Clark, I. Duncan, J. N. Lomer, and P. W. Whippey,

Proc. Brit. Ceram. Soc. 1, 85 (1964).
15 E. A. Faulkner and J. N. Lomer, Phil. Mag. 7, 1995 (1962).
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C. Discussion of the Results

We first consider the case of V° which has a 1E ground
state and a 37} level about 0.3 €V above it. V° can be
responsible for the ““c”” system if the 37 level favors a
tetragonal stable distortion. Actually, we find that the
new stable configurations are trigonal and since experi-
mental results give no evidence of such distortions it
is possible that the dynamic effect is important enough
to prevent the static one. Nevertheless, the logical
interpretation is that the neutral interstitial can account
for the ““¢” system and V° for the GR 1 band of Clark
et al.* This conclusion could then give some support
to Coulson and Kearsley’s calculation for the 'E— 1T,
transition in ¥ which appears to be of the same order
of magnitude as the GR 1 band (2 eV). However, a
more confident conclusion would require some knowl-
edge about the Jahn-Teller effect on the first excited
state 37 of C° (predicted by Yamaguchi).!é

We now can give some interesting conclusions for
V+. In this case the predicted configurations have
tetragonal symmetry. Unfortunately, the theoretical
studies of the electronic structure lead to the con-
clusion that, in irradiated diamonds, ¥+ is much less
stable than ¥V and V—. However, as the 2T, ground
state is very low compared to the first excited state
(*Ty about 4 eV above) we can expect this level still
to be the fundamental one in silicon. If we assume
that the integrals involved in the distortion problem
do not vary too much we can extrapolate our results
to the case of silicon. With this hypothesis we find, in
agreement with Watkins, that V+ has symmetry axes
along the <100> directions. In Table IT we see that
in the Hartree-Fock approximation the difference in
energy between tetragonal configurations is about 0.04
eV. We can assume that the height of the potential
barrier of reorientation between tetragonal distortions
is smaller or at most equal to this value. We then
find good agreement with the value deduced by Watkins
from experimental measurements (0.02 eV).

The ground state of ¥~ is nondegenerate (‘4s) so
there is no distortion for this level. However, as we
have mentioned before, in a more accurate model
where the whole crystal is taken into account such a
level with high-spin multiplicity is probably less stabi-
lized than in the molecular model of Coulson and
Kearsley. If we then study the first excited state T
(about 1 eV higher in the molecular model) we find
that it favors a trigonal distortion but we have no
experimental data to check this calculation.

CONCLUSION

To analyze the Jahn-Teller effect for a single vacancy
in diamond we started from a molecular model pro-
posed by Coulson and Kearsley to determine its elec-
tronic structure. In their study the 3, 4, or 5 electrons

16 T, Yamaguchi, J. Phys. Soc. Japan 18, 368 (1963).
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of the vacancy are in states built from sp® hybrid
orbitals centered on the four nearest neighbors of the
missing atom.

To treat the Jahn-Teller distortions we have proposed
a “rigid LCAO model” in which the atomic orbitals
rigidly follow the nuclei in the deformation; the formal
calculations required by this study are similar to those
we should use in the first-order perturbation treatment.
We have found that there was no contribution of the
one-center integrals so that we obtain reasonable re-
sults when compared to experimental data.

However, it would be necessary to find a more
elaborate model of the electronic structure for the
vacancy and to see its influence on the results of the
Jahn-Teller effect calculated in this model. Actually
the numerical values can be greatly affected when we
take better account of the crystal. It would be worth
trying another method and applying the Green’s func-
tion method to the study of the electronic structure
and the Jahn-Teller effect for vacancies in diamondlike
covalent solids.

We also notice that it would be interesting to apply
the present study to the case of other systems whose
electronic structure has been determined from LCAO
wave functions and to compare the results with those
of the perturbation method and with the experimental
data.

APPENDIX A

Let us give the essential steps of the calculation in
the “rigid LCAO model” where we are concerned with

integrals such as
(el Vo)
—a| Vil
aQa 0 ’

(Ba(alﬂll@)o,

(EZ“ f a(l)ﬁcz)f—v(1)a<2>dndrz)e;

8 712

(A1)

and

the last will be denoted (8/8Q«(aB|v6))o. All these
integrals are ome-, two-, three-, and four-center inte-
grals. By using Mulliken’s approximation’ we can
reduce them into two-center integrals. This circum-
stance allows us to simplify the calculations. The
integrals Iy, I5, I's can be expressed in the general form

1=[ (2 o)

’
aQs B 0

(A2)

17 In this approximation we write, for instance,
Bl Var| ) =AB|Var |8+ (| Var| 1]
(0B | v8) =N[{oe| yy)-+{ac| 88)+(BB | vv)+(88183)],
A=8.2797X1072,

wit
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where f,s depends only on the distance between atoms
a and B since the integrals considered in the problem
involve two atoms « and 3. The only coordinates which
are of interest to us are

1
Q2=_(— YA+ YB+ YC'_ YD—ZA+ZB_ZC+ZD) )
2V2

(A3)
Q= %'Q(YA_‘ Ypt+Ye—Yp—Za+Zpt+Ze—Zp).
For these two coordinates we obtain
[, o | =4fac fan'= o'+ o0,
(A4)

[—(Z faﬂ)J — (= fan'+ fo).

0Q4 axp

In these relations f,.g is a function of the internuclear
distance R,s. We are concerned with the derivatives

[rustrs |
af\Lflaf )
dRas Rog=Rag®

R,g" being the internuclear distance for the nuclei in
their perfect crystal positions. As we have

(AS)

Ro"=R=2.544,

we can write (AS) in the simplified form

d
d_R[f «s(R)]= fas'- (A0)

The only task to do now is to determine the different
functions f.s in each case. As we noted at the end of
the Sec. II, we must consider matrix elements of 1/7;;
in the Hartree-Fock case. We then separate the Hartree
problem from the Hartree-Fock one.

1. Hartree Case

As in the perturbation treatment [see (B11)], the
matrix elements of one-electron operators to be calcu-

lated are
(a 22< III ll Y, .

(aifoy | H,| t:))o )

(;Z:(vlﬂllt,>)o.

(A7)
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We introduce the quantities 8,5 and T, defined by

up={a| —A/24+Vu+Vpl|B),

Tag=(B|Va1|B). (A8)

In order to simplify the calculations we have determined

=045"+0¢p’
and (A9)

I'=T4s'+Tcp .

All the quantities 6,4’ being equal, we have from (A4)
and (4)

(gg_z(tymﬂ ty>>o=%(—o’+4>\1") :

a3
(gmlﬂllm) _1(—04T), (A1)

<—a—g—4(v| H,y| t,)>0=%(—0’—1") :

¢’ and I' are two-center integrals and to calculate them
it is necessary to use spheroidal coordinates centered
on the two atoms in question. We also need the detailed
form of the potential energy which turns out to be

4
Vo= — (%5372—}—4627—}- 66—|——>
7.

><6xp(_25r)—/ [a(Z)]dTg. (A11)
712

In this expression 7 is the distance between electron 1
and the atom « and 7y the distance between electrons
1 and 2. Another interesting form for Ve, is

2(r) _

Val=f1 "“Zez)

fs(r)

r

(A12)

(—xyere,+x.6,6.— yzeg€,) ,

where 72= (22+32+3?). In (A12), e, ¢, € take the
values =1 and are determined from
=% (st et 60yt eaa.) (A13)

where oy, az, oy, o, are the Slater’s 2s and 2p atomic
orbitals defined by

as= (6°/3m)12 exp(— 87 )7 a,

az= (85/7)2 exp(—br4s) %, (A14)

and ¢ is the effective nuclear charge. The values of fj,



1066 FRIEDEL,

fa fs are easily deduced from (A11):
3 1
Si=— (63r2+362r+%6+—> exp(—26r)——,
. r
1 &2

——| —(—+30r+30 >
f \/3_|: ( r+3 +2r—|—461'2

5
><exp<—2ar>+——], (A15)
4672
5 9 9 9
fs=( 562+ 36+—-1 )
2 2r 2672 4627'3

9
Xexp(— 257)————
xp P

To determine IV we have used the form (A11) of Va
which is more interesting in this case. For 6’ we have
performed the calculations by analytical methods with
the form (A12) and we have expressed all the results in
terms of integrals like

I, (f,8)

/ / A u>n+1f(1::) (1::)

Xexp(—2vA—wu)d\du, (A16)

]m,n(fng)

+ 14w\ /1—Au
/ [ okwmo—imy( (=)
A=1J p=r1 N1 —u

X exp(— r\)dNdu,
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(vo] yy)a=13 742,
(vy|vy)e=24 473,
(vy|xz)s=—3815,
(xx] yy)2= 6178,

(yy|y9)2=19 920,
(xz| 22)= 655,

These terms add to those determined in the Hartree
case.

In the case of ¥+, ¥, and V— and for each considered
electronic level we have to calculate matrix elements of
Slater determinants. We have used Léwdin’s method$—2¢
in the case of orthonormal determinantal wave func-
tions. The decomposition is in terms of the integrals
(A19).

The numerical calculations will not be detailed here.
The decomposition of the terms (A19) into integrals

18P, Q. Lowdin, Phys. Rev. 97, 1474, 1490 (1955).

¥ J. C. Slater, Quamum Theory oj Molecules and Solids (McGraw-
Hill Book Company, Inc., New York, 1963).

20 M. Lannoo, These de 33me Cycle Orsay, 1966 (unpublished).

(w|vx)s=43 240,
(w|yz)s=—216,
(vx| 2x)4=29 408,
(v |yy)a=1924,

(vy|vz)s=12 622,
(vy|xy)s=—5706.
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where »=4R. By derivation with respect to R we
obtain

d d
E-'R;Im,n=6;]m,n=6(_%Im+1,n+]m,n+1) 5

(A17)
d d 0
““]m,nza-fm,nz _'“(Jm{-l.n"l"]m,n+l) .
dv 2

d

We have tabulated all the integrals of this kind by
using the tables of Kotani, Amemiya and Simose.® We
finally obtain the numerical values

a3
(—(z,, | H, ;,,>) — 47 502X 10-%?,
Qs 0

1¢]
<-—(t,,|H1lt,)> = 24868X10-%, (Al8)
Q4 0

9
(—(le 1 ;,)) =—92 552X 102,
004 0

2. Hartree-Fock Case

We now have to deal with terms like (8/30(a8]v8))o
defined in (A1). As we can reduce them by Mulliken’s
approximation in two-center integrals the general cal-
culation of (A2)-(A4) still holds for them. The whole
problem involves the following integrals in units of
10%5%:

{wx| yzya=—3631,
(yy]yz)s=8724,

(xy|xz)s="T414, (A19)
like
(eslom) (a20)
d Qc Y 0

is straightforward but lengthy. After that we obtain
only three types of integrals:

(ac|8B); (aBlof), (oalaB)’,

where we use the same notation as in (A4). Let us give
briefly the method of calculation for each one.

The terms like {aa|B88)’ have been calculated by using
the Dag,s of Kotani, Amemiya, and Simose® and of
Von Hermann and Kopineck.? A similar method holds

(A21)
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for {aB8]aB) in terms of the Cqg,s for which we had to
extrapolate the values from y=7 to »=7.6. Finally for
{ac|aB)’ we have used the integrals I, and Ju,»
defined in (A16).

The symmetrical term Qj: Let us now detail the
calculation of (37). We have defined F o4 as the repulsion
energy between atoms « and B, i.e., the sum of four
terms:

(i) The exact repulsion between « and 8, which is
16/Rag;

(ii) an attractive term between atom « and the three
electrons engaged in the three sp; orbitals centered on
nucleus 8 and pointing outside the cube of Fig. 1;

(iii) the same term between atom B and the three
electrons around «;

(iv) the repulsion between those electrons.

We can easily show that such terms do not appear
in the calculation of the distortion. Actually we have

1
Qs=—(Xa—YVua+Z4+Xp+Vp—2Zp
2V3

—Xe+Yet+Ze—Xp—Yp—2Zp), (A22)

and as we have for I the form (A2) we obtain for the
F s a contribution of the form

(Fup'+Fac’+Fap'+Fpd’+Fpp'+Fep'). (A23)
As the T'g’ have the same form, this reduces to
6F 45'. (A24)

However, in the distortion terms we obtain (A4)
instead of (A23) and these expressions identically
vanish.

We now can notice an important fact in the frequency
determination. Up to now we considered only terms
like

IMwlQ?, (A25)

where w, would be deduced from the force constants.
However, there are second-order terms in Q,® which
can give an important contribution to this crystal
elastic term. For this reason we have taken the value

WA=WE
instead of
[OF Tl wg/z 5

which we obtain by using the same model as in (32).

This remark remains valid for wg and wr and as we
expect a positive contribution of the second-order
terms, the energy lowerings we have found in Sec. II
would be reduced. But, to be consistent, in such a
model it would be necessary to study all the second-
order terms like Q,Q)..

APPENDIX B

We recall here the essential steps of the determina-
tion of the Jahn-Teller effect when using the perturba-
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tion theory. As in (9) the electronic Hamiltonian can
be expanded in a series of the Q,:

i ((9 ) 0. (B1)

&

The second term in (B1) can be studied by perturba-
tion theory. For a degenerate electronic level with
basis functions ¢, and ¢,° the matrix elements of the

perturbation are given by
oH
> v,
6@3 0

while in the “rigid LCAO model” we had to study (11):

% ol (82)

(B3)

Lo wlnw).

The symmetry properties of these two terms being
identical the formalism is the same. To transpose the
results it is sufficient to take new definitions for the
integrals I, I, I; [Egs. (17) and (22)7]:

11=<¢10|(63£)0|¢2°>,
N Q) -l Q) ], o
zs=<¢2°r(§§)owgo>.

With these expressions all the conclusions of Sec. II
are valid.
Let us now detail the perturbation. We can write

oH v
G2 Go).
aQs 0 i aQS 0
2_: Vi being the potential energy defined in Sec. I. By

putting
aV;
Gis=< > )
aQs 0

the perturbation term [Egs. (B1) and (BS)] can be

written
Z "ISQs .
8

(BS)

me= X Ga, (B6)

(B7)

The problem requires the determination of integrals
such as

WL s . (B8)

As the 5, are sums of one-electron operators, the inte-
grals (B8) break down, both in the Hartree and
Hartree-Fock approximation, into one-electron inte-
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grals such as

O MGu|(1)), °(1)|Gultd(1),
EMD)]Gult*A); i==,9,2. (BI)

1. Simplification of the Integrals (B9)

By definition the wave vectors 2% ¢.0, £,% ¢.° do form
bases for the irreducible representations of Tp. From
(B6) it is¥also easy to show that the quantities Gi,
transform in the same manner as do the Q,. We can
conclude from Fig. 4 that

Gu, G2 belong to E,

G4, G5, Gig belong to T, (B10)

Thus it is easy to show by symmetry considerations
that Iy, I», I; can be reduced to the following terms
only:

(t°|Gr2|t,%) moted (yy),

{t,°|Gra|t®) noted {(yz), (B11)
(@°|Gus|t®) noted (vx).
To determine the Gy, we write
Vv, 0V10Xe 9V10Y, 9V10Z4
= ] ! (B12)

90, & aX. 00, Ve dQs 0Zs 30,

As the transformation between the Q, and the X, is

orthogonal,

aXa/aQs=aQa/aXa~ (B13)

We also have

Vi= 3 Va, a=4,B,C,D.

Thus we obtain with (B12) and (B13)
Qs

OVad\ 005 /3Vai
Gls"_‘Z[( ) “IF< >
7 [ \ox./,0x, \oV./,oV.
OVai\ 00,
+< 1) Q] (B14)
0Z4/007.4

As 9, 1.0, 1,° are linear combinations of a° &, ¢ d° the
integrals (B11) break down into

= Z Glsa-

(®| G1s4|0?) one-center,
(B Grsel 8% and {(a°|GrsalB’) two-center,
(8| G1sa|7®) three-center.

(B15)

We use Mulliken’s approximation! for three-center
integrals and write

(BGrsa| VY =N(B"| Grsa| B+ (1" Grsa|¥?) , (B16)
with A=8,2797X10~2, Thus we can write formally for
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the integrals (B11)
) =r+y)et-(ya)s, (B17)

the same decomposition holding for (yz) and (vx). In
(B17) we define the terms in the following way:

—{yy)1 is built from integrals like (a?|G1sa|®,

—(yy)2 from (8°|G1el|B%,
—(y)s from (| Grsal 8.

These terms are calculated by different methods.

2. Summary of the Calculations

We now can determine the one-center integrals. As
Gise and [a(1)? are functions of the coordinates of
electron 1 related to the atom « we take spherical
coordinates 74, 04, ¢, around this atom. By integrating
first over angles we eliminate a large number of terms.
To do this we choose the form (A12) for the potential
Va1 and calculate the quantities Giso as combinations
of partial derivatives of V.. In this case we obtain
analytical results.

The two-center integrals like {8°(1)| G1s«|8°(1)) need
more elaborate methods. We only give here the essen-
tial features of the calculation. We can write

Qs 9
@ lGul=]
X

30, 9
ol
EYAR)

@1Vl |

o Xa=0

a

@1Vl

Ya=0

QL 8
+~——[—~—<ﬁ°lvallﬁ°>] . (B18)
OZ 07, Za=0

These terms involve the quantities
Tap(Rap) = (8| Var| 87,

where R,g is the distance between atoms « and 8. If
we denote by R.g this distance when a and 8 are in
their perfect-crystal positions with

Rugt=[(Xas) (Vs (Zag 2= R,

we can finally write in a more interesting way

(B19)

(B20)

Q. Qs
OGaa 0) = Xa0+ Yao
(8] G1ea| 8% (aX“ At
[ON

1 4
zaﬁo)——raﬁae). (B21)
0Z o R dR

The only quantities we must know are the I'.s(R)
which were determined in Appendix A. The calculations
which follow are too extensive to present here, and we
only mention that we have used analytical forms for
the integrals proposed by Von Hermann and Kopineck.?
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The other two-center integrals of the form {(a®| G1se| 8%
are much more complicated. To determine Gis. from
(A12), we must use spheroidal coordinates centered on
nuclei & and 8 and express all the integrals in terms of
elementary ones which we have tabulated. Throughout
the whole calculation we have followed the methods of
Kotani, Amemiya, and Simose® to determine the aux-
iliary functions. Few of them have been extrapolated
from the parameter 6R=7 to 7.6 which is the value for
diamond.

3. Numerical Results
We obtain the following values:
{yyy=—17.739X107%2,

(y2)=197 355X 10532,
(o) = —267 231X 10-58°.

(B22)

We notice that (yz) and (vx) have much higher values
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TaBLE III. Energy lowering in the perturbatign model. We
can see that the energy lowering for a trigonal distortion takes
on values which are too large in each case.

AE AE
Electronic tetragonal trigonal
Center level eV eV
vt 2Ty 4.1073 11.5
Vo B 4.1073
T 3.1073 9.4
V- Ty 7.10 1.5

than (yy). This comes from the fact that for the one-
center integrals we have

(yz)1= — () =~10{yy)1, (B23)

while two-center integrals are of the same order of
magnitude in each case. We give (Table III) the energy
lowering in each case, in the Hartree-Fock approxima-
tion with wg=cwr=2.5X10" rad/sec, maximum optical
value of the phonon spectrum.

PHYSICAL REVIEW

VOLUME 164,

NUMBER 3 15 DECEMBER 1967

Electronic Structure and Optical Properties of Hexagonal
CdSe, CdS, and ZnSt

T. K. BERGSTRESSER* AND MArvVIN L. CoHEN]
Department of Physics, University of California, Berkeley, California
(Received 26 June 1967)

Pseudopotential form factors and band structures are determined for CdSe, CdS, and ZnS. These band
structures are then used to analyze the optical data for these crystals. The calculation confirms some earlier
identifications of the optical structure in some cases, and causes new interpretations in other cases. In
addition, some previously unidentified structure is explained. A calculation of the imaginary part of the
dielectric function is given for hexagonal CdSe and ZnS.

I. INTRODUCTION

HE empirical pseudopotential method! (EPM) and
related methods have been shown to yield ac-
curate’band structures for semiconductors,? insulators,?
semimetals,* and metals.> With this method, the po-
tential used in the secular equation to find the one-
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electron energy levels and wave functions is determined
by a small number of parameters, the pseudopotential
form factors. These parameters are obtained from
experimental optical data: In the present work, re-
flectivity taken over a wide range of energy. The po-
tential is appropriate for the states of interest, the
valence and conduction band states, and the core states
are not solutions of the secular equation.® The present
work is a straightforward extension of the work of CB
to the hexagonal, wurtzite structure semiconductors
ZnS, CdS, and CdSe. The pseudopotential form factors
obtained for cubic ZnS (zinc blende) in CB are taken
over and are used for the calculation of the band struc-
ture of hexagonal ZnS (wurtzite). The knowledge gained
in the ZnS calculation aids in the calculation of the
band structures of hexagonal CdS and CdSe, using the
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