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Abstract. Second-order vibronic reduction factors are derived for strongly coupled orbitai
triplet systems coupled to t; tnodes of vibration using the recently derived symmetry-related
method, This involves the calculation of oscillator overlaps which are projected out of cubic
vibronic states. Details are presented for examples where the perturbations are both of E-
type symmetry, where they are both of To-type symmetry and where they are of mixed E-
and T'»-type symmetries. The symmetry properties of the results are discussed and compared
with those obtained previously for perturbations of T, symmetry, such as those for spin—
orbit coupling. The new calculations are appropriate when a description of second-order
uniaxial stresses for strongly coupled systems is required—such as in the study of deep-fevel
impurities in semiconductors.

1. Introduction

For many impurity ion systems, particularly those in semiconductors, the electrons are
strongly coupled to the vibrations of their surroundings. The concept of reduction factors
is then introduced within such a vibronic system to enable us to describe an electronic
perturbation V in terms of a purely electronic Hamiltonian after reduction factors (RFs)
are inserted within it. First-order RFs are used when V occurs once and second-order RFs
are used when V occurs twice (Ham 1965). It is well known that the second-order terms
can become particularly important in many cases of strong coupling, especially in the
case of orbital triplets (described by the isomorphic orbital angular momentum operator
I = 1) as their effects can dominate those of the first-order terms particularly when the
latter go to zero (Ham 1965). The general principles are discussed in the books by
Perlin and Wagner {1984) and Bersuker and Polinger (1989}, which also give numerous
references to other work.

Polinger eral (1991) and Bates et al (1991a) have recently described a general method
for the derivation of such second-order vibronic or Jahn-Teller (JT) rRF5. The analysis
was based entirely on symmetry grounds. It was shown that the reduction factors could
be deduced from the evaluation of the sums of various oscillator overlaps and explicit
expressions were derived. Applications of the method, using spin-orbit coupling A - §
as an example, have been given for T & t, T systems by Polinger et 2 (1991) and Dunn
et al (1990). The results were shown to be in agreement with the numerical work of
O’Brien (1990) for the same system. The agreement of the two was improved by the
incorporation of anisotropy-type corrections in the analytical work (Bates et af 1991a).
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The T ®t, IT system is known to apply to several magnetic impurity ion centres in
semiconductors where the site symmetry is Ty—particularly for orbital states of T,
symmetry. In this paper we extend the method to the case where the two Vs appearing
in the perturbation expression are: firstly, both of E symmetry; secondly, both of T,
symmetry; and, thirdly, one of E symmetry and the other of T, symmetry. Some
preliminary results of this work were given in Bates ef af (1991b). The discussion here
will be limited again to T & t, IT systems but equivalent results have also been derived
for spin—orbit coupling for orthorhombic T ® (e + t,) JTsystems (Hallam et a/ 1992a, b).

Examples of perturbations that have E and T, symmetry arise in the case of uniaxial
stress. Thus a second aim of this paper is to derive effective Hamiltonians that describe
second-order JT terms for uniaxial streses applied along the directions [001], [111] and
[110] for an ion at a Ty site.

The paper begins with a summary of the mathematical background of the method
given originally in Polinger et af (1991). Section 3 contains the details of the calculation
for the perturbations E® E, T, ® T; and E @ T, for an orbital T, triplet at a T site and
gives the resuits of the calcuiation for the RFs for ali three cases. Expressions for the rRFs
in the strong-coupling limit are derived in section 4 while the effective Hamiltonian for
describing the uniaxial stress for the particular directions of [001], {111] and [110] is
derived in section 5. A brief discussion of the results obtained and applications for
impurities in I11-V semiconductors is given in section 6.

2. Mathematical background for orbital triplets

We consider an isolated orbital triplet that is strongly coupled to the vibrations of its
surroundings. The electronic orbital states may be written in the form lPl—,,(r) |Ty);
the elgenstates of the system are vibronic states which are written in the form
‘I’ = |NTy). The labels T'y give the irreducible representation (IR) and the component
of the state while N labels the repeated Ir of the vibronic state such that the energies
E increase with increasing N. The vibronic elgenstates are each written as a sum of
products of electronic and vibrational states by using a Clebsch-Gordan convolution
form:
INTy) = 20 |Z0)|NIDAAKEAL L) (2.1)
a

‘where (£0AA|Ty) are the Clebsch-Gordan coefficients and [N(T)AA} = xN(r’ (Q) are
functions of the nuclear coordinates ¢J and thus represent the phonon states.

A perturbation V can cause asplitting of the ground vibronicstate |0T'y) in first order.
In second order, the additional splitting can be described by the effective Hamiltonian:

5@ | NZoXNZo|
Hee = %%V ED —ED 4 (2.2)

where # & depends on the nuclear and space coordinates. E 59’ and & (ZN) are the energies
of the ground state |0T") and excited states | NZ). (In the following, the brackets sur-
rounding 0 and N in the superscripts attached to the energies will be dropped.) The
general expression for the second-order reduction factors is given by

(D[] , r, M
[k o M]E( 1)“\1[,«][F . A]RA @.3)
r T F

where T, and I are the symmetries of the two Vs (and thus (F, ® I'}) denotes the

W, ®T)=
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symmetry of the perturbation), [I'] is the dimensionality of the representation, j(A) is
the fictitious angular momentum operator having values 0, 1, 2, 3 or 4 depending on
whether the representation I' is of A, A;, E, T, or T, symmetry and the [ ] are the 6I"
symbols (or Wigner coeificients). R, is given by the expression

~ SN(FkAF)SN(F,AF))
Ra=2 ( EL - EX ¢4
with the overlaps defined by
s rr =z
sv@AQ) =S -yermp@elvae ] @9

where {0(Q)® | N(A)®} are the reduced matrix elements giving the oscillator overlaps.
Thus the reduction factor K% (I', @ T')) can be calculated from a weighted sum of the

products of various oscillator overlaps.
A form for the second-order effective Hamiltonian that is more explicit than (2.2) is

(Bates et af 1991b)
%8N = 2‘, VKT, ®THLE.0%, (2.6)
where L2, and O, are the second-order orbit and other operators respectively, which

transform as My, and the V{2 are constants. (Q%F), could describe the quadratic dis-
placements caused by uniaxial stresses, for example.)

3. Calcunlation of the second-order reduction factors for 2 T, orbital state

For simplicity, we consider in detail an orbital triplet of T, symmetry, so that T = T, in
the above expressions. (Results for a T; orbital triplet have an equivalent form with
appropriate changes in symmetry labels.)

3.1. Both perturbations of E symmetry

In this case, we have I', =I';= E. Substituting into (2.5), we obtain the following
expressions for the overlap integrals:

Sy(EAT}) =0

Sv(EA;T)) =0
Sy(EET,)=0 3.1)
SHETT,) = HO(T;)A, ||N(T,)A,} + HO(T,)E| N(T,)E}
— HO(T))T, [N(T ()T} — H{O(T, )T, | M(T,)T,}
SMET,Ty) = (1/2V3)O(T, )T, | N(T,)T1} + (1/2V3HO(T, )T, |N(T) T,
These then give
Ry =Rs,=Rg=0
Rr, = 2 (B}, — B)HOT)AINT)AL} + HOT)EIN(T)E) 6.2

= ${0(T )T, [[N(T1 )T} = HO(T, )T, [ M(T, )T,}}?



4948 S Jamila et al

2
R, = 2 (B}, ~ E4)" |55 TOTIMTT} + 35 0TI T

Thus the second-order reduction factors are given by the following expressions:

KD (E®E) = %(Rr, + Rr,) KPESE) =0
KO (E®E)=0 KPESQE) =0. (3.3)
Kg’(E@E)=9(RTI _RTz) .

Only two of these reduction factors are non-zero and of these K f}, (E®E) is of little
importance as it multiplies a constant term. In order to evaluate the overlaps contained
in these expressions, it is necessary to have expressions for the ground and all the excited
states in symmetry-adapted form, so that the appropriate phonon parts can be projected
out. At this stage in the calculation it is necessary to emphasize that we are considering
in detail the example of a T, ion at a T, site and that we consider the T @ t; IT system
only. For this system, some simplification occurs as |0(T,)E} = |0(T)T,} = 0; so, from
the above, we need expressions for | N(T )A1}, | N(T )T} and | N(T;)T,} only. This can
be achieved from the states derived by us previously in a series of papers that describe
the transformation energy minimization procedure (Bates et af 1987, Dunn 1988, Bates
and Dunn 1989, Dunn and Bates 1989a, b, Dunn 1989). Some details of the procedures
are given in the Appendix. After some algebra, we obtain

Rr =%(g +g:+4g:+g,+4g) Ry, =ig (3.4)

where

SZAT0) g = 2 XTOmm)  gy= 3 XT.(O0m0)

% L = m=-1 = =
b= 2 X XT (m0)  gs= 2 2 XTyOmn)  gy= 2 2 XTy(im0)
) (3.5)
with
X=-%8§ZN2 Y=%(K+/h 2
8 STN% ¥ (Ky/hwg) (3.6)

T,(Imn) = N}(Imn) Y™+ [[min\(E; ~ Ex)].

In the above, [, m, n are integers, the Ns are various normalizing factors for the vibronic
states, Stis the overlap of the oscillator ground states localized in différent wells and K¢
is the coupling constant. (See Dunn (1988) for details of these definitions.) The results
of the calculations for the two non-zero reduction factors are plotted as a function of K¢
in figure 1 in units of Awr. Both reduction factors are negative with K (52) >K (:l ,and have
their minimum values when Kr/fiwor = 0.75. It is possible, therefore, that for K greater
than unity, the second-order terms dominate those of the equwalent first-order RF
(namely K'(E)) depending on the size of Awr.
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g @ Figure 1. Second-order reduction factors (in units of
] Ky, fiewy) for the T & t, 37 system plotted as a function of
& 0.4 Kyf#iarg for perturbations of the form E ® E.

3.2. Both perturbations of T, symmetry

In this case, the perturbations are of T, @ T symmetry, soI', = I'; = T,. As before, the
R, may be obtained directly by squaring the expressions for the overlap integrals and
inserting the appropriate energy denominator. Here, the overlap integrals are

SW(TLAT)=0
SH(T2A:T,) = HOT)T: | N(A)T:)
SMT:ET,) = (1/2V3O(T )T [NEIT.} ~ HOT)T, INE)T:)
Sn(T>T,Ty) = HO(TA, | N(T; A, } — HO(T,)E||N(T, )E} 3.7
— #{0(T )T, ||N(T1)Tn} + #{O(T )T, | N(T )T, }
Sn(ToToTy) = (1/2V3){0(T )E[|N(T,)E} - é{O(Tl)T.I [ N(T5)T,}
+ HO(T, )T || M(T2)T,}-
Thus the second-order reduction factors are given by
KD (T, ®T,)= =3(—R,, - 2Rg — 3Ry, - 3Rr,)
K (T, ®T,)=0
K2(T, ®T,) = ~3(2R4, + 4Rz — 3Ry, — 3Rz,) (3.8)
K2(T, ®T,) = =3(2Ra, - 2R — 3Ry, + 3R1,)
KT, ®T,) = —3(=2R,, + 2Re — 3Ry, + 3Ry,).

Asin the case of E ® E perturbations, we need expressions for only some of the excited
phonon states to evaluate these reduction factors. In detail, we require expressions for
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[N(A5)T,} and | N(E)T,} in addition to the three we needed for the E ® E case. Details
of the method are described in the Appendix. This gives

Ra, =gy +4g¢ + 4g10) Rr =4(gs+g7) (3.9)
Re =¥(g2 + g4 +485) Ry, =lgy
where the gs here are given by
g2= 2 XTyy(Omm) g;= 2 XTyo(mm0) g4= ; XT),(100)
m=i m=] =]
gs=2 XT,(100)  ge= 2 XTy(00n) gy =2 2 XT,(im0)
i=1 n=| j=0m=1
o 3 = {=-1 7 x f-1
gy = 2 X XTy(im0) go= 2 X XT(tm0) gy = .'E 2 XTp(Imo0).
I=0m=1 f=2m=1 =2m=1
(3.10)

Two of the gs here {namely g, and g;) are the same as two of the gs obtained in
the previous sub-section (namely g, and g, respectively), but otherwise the result is
completely different.

There are four non-zero RFs in this case. It is easily seen that they are similarly
unrelated to those for the case of the two E-type perturbations. This is emphasized in
the plots given in figure 2, which show that two of the RFs are positive and two are
negative. They peak for Ky/fwy between 0.6 and 0.7.

3.3. One perturbation of E symmetry and one of T, symmetry

In this third case we mix together an orbital operator of E symmetry with one of T,
symmetry. Thus we take I'), = T, and I, = E, with I" = T . Sobstituting the appropriate
symmetry labels into the expression (2.5) for the overlaps, we obtain, for overlaps of
type Sy(T,AT)), the results

Sp(T,A,T))=0

Sn(TA;T;) = HO(T,)T2 | N(A2)T,}

Sy(T2ET;) = (1/2VENO(T )T INE)T } — HO(T,) T, | N(EYT;}

Sy(TaT,Ty) = H{O(T )A, [N(T,)A,} - H{O(T,)E| N(T,)E} (3.11)
— #{O(T )T [N(T1)T,} + HO(T )T, | N(T )T}

Sa(T2T2T1) = (1/2V3)O(T DE[N(T,)E} — ${O(T )T, [ N(T,)T}
+ HO(T ) To|[N(T2) T, }

while for overlaps of the form Sy{EAT),) the results are

Sy(EA,T)) = Sy(EA,T,) = Sy(EET,) =0

SMET,T,) = H{O(T)A | N(T1)A} + HO(T,)E[N(T,)E}

(3.12)
~ #{O(T, )T, | N(T ()T} — HO(T )T, [N(T,)T,}
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Figure 2. As figure 1, but for perturbations of the
form T, ® T,.

SVET,T;) = (1/2V3)O(T )T, [|[N(T2)T1} + (1/2V3){0(T )T, | N(T;) T}

Thus, from (2.4), the R, are given by

RA1=RA2=RE=0

' - Kythug
3 1 i
; 0
» 12)
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é v
=
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Figure 3. As figure 1, but for perturbations of the

form E & Tz.

Ry, = % (ES, — E¥)7' [HO(T,)A, | N(T)A, } — HO(T DE|N(T,)E}

= HO(T )T, [ N(T1)Ty} + HO(T )T, | N(T1)T2})

X (T DA IN(T YA} + HO(T, )E| N(T,)E}
— HO(T,)T, | N(T)T,} — H{O(T )T, | N(T )T, }]

Ry, = % (E$, — EX,) "M (1/2V3)O(T,)EIN(T2)E} — ${0(T, )T, | N(T)T;}

+ HO(T )T, [ N(T)T3I(1/2VI)O(T )T, [ N(T)T,}

+ (1/2V3XO(T, )T, || N(T2)T2 1]

The second-order reduction factors are then given by

K2(T,®E)=0
KT, ®E) = 3(3Ry, — V3Ry,)

kQ(T,®E)=0

(2)
K+,

KT, @E)=0
(T, ®E) = Q(RT; + \@RTZJ-

(3.13)

(3.14)

Asin the case of the perturbation denoted by E ® E, only two reduction factors are non-
zero but, in this case, both are important. Following the same procedures as before and
using the ideas discussed in the Appendix, much simplification occurs. The results are

RA; =RA2=RE=0

Ry, = % (&%, — EF)TIHOTHANMTOAY ~ H0T)TMT)T,F]  (3.15)
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Figure 4. As figure 1, but for the spin-orbit coupling perturbations of the form T, ® T,.

Rp, = % (ES, — EX,) ' [(1/12V3)O(T, )T, | M(T,)T,F].

All the required phonon states have been obtained. After much algebra we obtain

Ry, = blg) + g2 + 2g5) Ry, = (1/3V3)g, (3.16)
where
g1 = 2 XT;({00) g2= 2 2 XT,(im0)
- o (3.17)
g = > XT,(0m0) 8¢ = 22X T, (Im0).
m=1 1=0m=1

It is interesting to note that g, g,, g; and g, are exactly the same as g, g4, £; and g
respectively for the E ® E problem (equations (3.5)) and the same as g5, g7,~and g;
respectively for the T, @ T, problem (equations (3.10)). The results are shown in figure
3. It is seen that both the non-zero reduction factors are negative such that K%, is

everywhere larger in magnitude than K%, with their minimum values once again for
KT/!ﬁwT =0.7.

3.4. Comparison with the results obtained for the perturbation T) @ T,

For comparison purposes, figure 4 shows the equivalent results for a perturbation of the
type T, ® T, appropriate to spin—orbit coupling for the T & t, JT system (Bates et af
1991b) plotted in the same way as the results shown here in figures 1-3, They all have
similar forms but the most interesting comparison is that between the perturbation
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T, ®T, and T, ® T, conveyed by the expressions for the reduction factors. From
Polinger et al (1991), we have

K2 (T ®T,) = —3(—Ra, ~ 2Rg = 3Ry, — 3Rx,)
KP(T,®T)) = —3(2Ra, + 4Rg — 3Ry, — 3R1,)

o (3.18)
K9(T,®T,) = —3(-2R,, + 2Rg — 3Ry, + 3Ry,

KP(T, ®T,) = —=3(2Ra, - 2Rz — 3Rr, +3Ry,).

On companng (3.18) with (3.8) we see that R,, has become R,, and that

?-2]5 (T, ®T,) then becomes K (“)(Tl ®T,); conversely, K\ Ts (Tl &T ) becomes

¥ (T, ®T,). The differences between the calculated results come entirely from the
values for the gs.

The number of reduction factors obtained with a given perturbation follow that given
in Polinger et al (1991). That is, for E @ E we have the labels A, and E on the Ks, for
T, ® T, we have the labels A, E, T, and T, while for T, ® E we have the labels T; and
T, only. However, it should be noted that not all the factors are always present; thusin
the last of the above three cases, there is no E label present.

To obtain more accurate analytical expressions for the reduction factors, anisotropy
corrections should be introduced. Bates et af (1991a) have included these corrections in
an approximate way for second-order spin—orbit coupling. In principle, such corrections
could also be introduced here but, because of the lack of experimental data and/or
numerical results with which our results could be compared, such improvements in the
model are not justified at the present time. Instead, we investigate the form of the

.reduction factors in the strong-coupling limit by analytical means.

4. The strong-coupling limit

In JT systems, it is often informative to consider the way in which the various reduction
factors approach their limiting values in the strong-coupling limit. To do this, we make
use of the following approximations. We use the well known relation (Ham 1965)

yPz9 B i (y + 2)”
raPtaply! I aln
and define
= zm
H(z,w)= Py P oy

which approximates to (Polinger 1992)

s _1lsg ' 1lwz”

H(z’w)=%m=1m!(m+1) hwz o m+1) fwz,-,m!
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The normalizing factors each become equal to 1/4a; (Dunn 1989) and the energies are
given by

E,(l,m,n) ~ Ex, = hw(l + m + n).
Also, it is easy to see that:
Ni =1} H(Y,w)e ¥ =0 (mH)2>0
and that
e"YH(2Y, w) = (1/hw)(1/2Y) e ¥ (e — 1 — 2) =(1/he)(1/2Y) = 8E T}

where the IT energy is given by Eq, = $K3%/hw. For the case of two E-type pertur-
bations, we find

g = 28— 1XH(Y, w) 84 =g~ WX (H(Y, w) + H(2Y, w}) .0
g:—0 gs— X QH(Y, w) + H(2Y, w)). '

Thus the two non-zero reduction factors become
K% =9(Ry, + Rr,) = ~9(MHQY, 0) + HHQY, 0)) e¥ = —§ HQY, w) e
KY = 9(Ry, = Ry,) = —9(BHQY, 0) ~ #HQY, w)) e ? = —$HQY, w)e 2

(4.2)

which give

KD = —83HQY,w)e )= —3E7} K = =2(3HQY, w)e ) = —4E7).
(4.3)

The calculations for the limiting values of the second-order reduction factors for the two
other cases proceed in a similar way. The final resuits are, for two T, perturbations,

KD = =33 HQY, w)) = ~1E7 K@ =kP=k% =0 (4.4)

and, for the case when one perturbation is of T, symmetry and the other of E symmetry,
the final result is

K9 =0 K = —4(3H(Q2Y, w)e7¥) = —4E. (4.5)

The above results should be used in conjunction with figures 1-3. They give us more
information on the relative importance of the various reduction factors in the case of
very strong coupling.

5. Application to uniaxial stresses

In uniaxial stress experiments, all ions in the crystal being stressed are displaced from
their equilibrium positions. This applies equally to the neighbours of a magnetic ion, so
the electrons associated with the ion see an altered electric potential. This causes a
perturbation on the zero-stress electronic eigenstates of the ion. We represent the static
displacement in the cluster by giving the Q, the value Q,. The effective Hamiltonian that
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Table L. Second-order symmetry-adapted orbital operators Lm in second-quantized form
such that £{ |0) = |x) etc. where |0) is the orbital vacuum state.

LB K+ D

L%, Hete + o5’ e — 2ei'cy)
L%‘; (‘ngz)(cfcl —cie)
L(ng (—V3/D)(ci e + citer)
L%c (—V3/2)eses + csten)
L(%)zu (-V3/2D(es'e, + cifes)

Table 2. Second-order symmetry-adapted displacements Q‘ﬂp in terms of the cluster
displacements Q,.

(001) (111) (110)
0%, 0+ G} 0+ 0+ 3% 0
0P, 01— 0% 0% + 9% - 203 0
ek} 20,0, -V3(Qi- 0% 0
0%, 0 0.0 00s
0%, 0 2:0. 0
0%, 0 2.0, 0

describes this perturbation generated by the uniaxial stress in first order is well known
and may be written in the general form

% s = 2 Vi KL L Q. (5.1)

 while, in second order, we use equation (2.6), namely:

(2) z V(Z) (2)(1-."c ® I‘,)Lm (23 (5.2)

In the above, V(I) and V(z) are the first- and second-order coupling constants respect-
ively, K ﬂ,’ and K ﬁ) are the first- and second-order RFs and L‘Z’ are orbital operators
having the symmetry indicated. The orbital operators are given exphc1t1y in table 1 in
second-quantized form. The first-order cluster displacements are the (; defined above
while the symmetry-adapted second-order displacements are given in table 2. The
magnitudes of the O, determine the size and direction of the applied uniaxial stress felt
by the magnetic ion in the crystal.
More explicitly, the first-order effective Hamiltonian may be written in the form

1 — - — — —
Hness = Va, 0ul(l + 1) + Ve(Q4Eg + 0.Ee)
+ 17r'r(Q-a.Tyz + 05T, + 04Tyy) (5.3)
while the second-order effective Hamiltonian is
2 7,2 2) A (2) @), 2) (2 2 (2
Hames = [VRK R T ®TILL Q1) + VE KT T ®THLEQE, + LEQE)

2 2 2 2 2 2 2
() ()(1";‘®F,)(L(} () Sr;;Q() '(T) (2) )] (54)
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where m equatlon (5.3) we have used the simplification that L = Eg4 etc and that
Vu=VPKY

Further sxmpﬁﬁcation occurs for the three main stress directions namely [001], [111]
and [110] as many of the Q, are zero. Thus we rewrite (5.3) in the form

1 T RS "7 7
3“‘)gtr)c:;s =P’VEQE.EB + q VTQTTxy +r VTQT(Tyz + sz) (55)
where the label 8 on 0 is replaced by the label E while the labels 4, 5, 6 on the G are all
replaced by T. Thus we have: for a [001] stress, p" = 1, ¢’ = #' = 0; for a [111] stress,
p'=0,q¢ =r =1;andfora110]stress,p’' = %,q9" =4,r' =0,
The equivalent second-order expression is more complicated as I'y and I'y are of E,

T, or mixed symmetries. For the same three stress directions, equation (5.4) simplifies
to

%, = KL T BT HVE I+ DOL, +p"KE (T, ®TIVE E L5,
+ KT ®TYVET, Q‘é{
+ PR ®TY)VENT,. 00, + T.0%) (5.6)
where for stress along [001], we haves”" =4, p" =4, ¢" =" =0,
O =T=E VY =vP=viana 0f = 0 = §%;

((u) forstres.c, along[llzl] we have s” =4, p"=—4q"=r =~V =0=Ty
) =V® =viand Q¥ = o7, = 0k (fora = £, £, n); and

”(111) for stress along [110], we have s"=p"=r"=0, ¢"= -5 I, =E, I'1 =Ty,
Vi, = VeVqand QTZE = Qe Q1.

The final step is to write the displacements Qg and QT; in terms of the pressure P
and the relevant compliance tensors S;. Equations (5.5) and (5.6) can then be used to
model experimental data, such as those showing the effects of stress on the zero-phonon
line arising from, for example, deep-level impurities in I1I-V semiconductors.

Work is currently in progress to model the effects of upiaxial stress on the optical
absorption zerg-phonon line observed in the GaP: Ti** system where departures from
a linear stress relation are apparent (Al-Shaikh er af 1992}. It is thought that part of this
non-linearity is due to the omission of second-order JT terms, particularly in the high-
stress regions as this system is known to be strongly coupled, although the nature of the
type of JT coupling is not yet clear. The importance of second-order JT terms has been
clearly demonstrated, but with the spin—orbit coupling terms, in the excited *T state of
the V3* jon in I1I-V materials (Bates et al 1990) to account for its fine structure. Thus
we suppose that the details presented above will help in the detailed understanding of
the effects of uniaxial stress, which is used increasingly as an additional technique in
optical and other experiments.

(2)

6. Conclusions and discussion

The main aim of this paper has been to derive expressions for the remaining second-
order reduction factors for strongly coupled T & t, IT system which do not appear to
have been calculated before for this or any other system, except the simplecase of T® e
(Ham 1965). The details of the calculations are appropriate to a T ion as they are much
more likely to involve stronger coupling of t; modes than to e modes. As in the case of



Reduction factors for strongly coupled T ® ¢, systems 4957

our previous work for the second-order factors associated with spin—orbit coupling, the
results are expressed as sums of various oscillator overlaps. They display very clearly
the symmetry properties of the system. Thus results for other systems could be obtained
directly by appropriate changes of the relevant symmetry labels. In general, second-
order terms can be particularly important if they produce terms in the effective Ham-
iltonian different from those appearing in first order. On the other hand, so-called third-
order (and even higher-order) terms will not introduce any new terms in the effective
Hamiltonian and thus, at best, they could slightly alter the size of the coefficient in a
minority of cases.

The results derived here could be particularly important for the spectroscopic study
of deep-level impurities in semiconductors under uniaxial stress. For strongly coupled
systems, departures from a linear dependence on stress could be important in 2 more
complete understanding of the system.
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Appendix

Inorder to use this method, it is necessary to have expressions for the ground and excited
vibronic states in symmetry-adapted form. Such sets of states have been obtained from
aunitary transformation method followed by an energy minimization procedure (Bates
ef al 1987, Dunn 1988, 1989, Dunn and Bates 1989a, b). Thus the z-component of the
ground T, vibronic triplet is written in the form

IT 0= Np(=[a’;0) +[b";0) +[c’; 0y — [d; 0)) (AD)
while the inversion level of A, symmetry at a relative energy of & is written in the form
|Asty = Na(la’; 00 +07;0) + [¢'3 0) + |d'; 0)). (A2)

In the above, |a’; 0) = U,|a; 0) etc, where a labels the trigonal well and simultaneously
gives the associated orbital state such that:

a=Vik+y-z) b=VEx-y+z)
c=Vi(—x+y +2) d=Vi(-x~y —2).

Also, 0 denotes that there are no excitations in any of the t, oscillators with respect to
the transformed picture and U, is the value of the unitary transformation U (given in
Bates ef al 1987) evaluated at the a-minimum etc. U, is used to transform the states back
to the original basis (Polinger et a/ 1991, Bates ef al 1991a). The other members of the
ground triplet | Ty.t), | T},t) are obtained by cyclic permutations of the labelsx, y, z and
also of a, &, c. The Ns are normalizing factors.

(A3)
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The excited vibronic states are much more complicated. A convenient formis (Dunn
1989)

W, {l,m,n)=N,{l,m, ), m,n) (Ad)

where the {, m, n give the number of t, oscillator excitations of symmetry yz, zx, xy
respectively and N, are normalizing factors. The label / runs from 1 to 19; expressions
for the ¢; are given in table 2 of Dunn (1989).

In order to extract the required oscillator parts of the vibronic states, it is necessary
to use the expansion formula given by (2.1) using Clebsch-Gordan coefficients (see,
e.g., Griffith 1962, Sugano et al 1970, Koster et al 1963) appropriate to the T, group.
Thus | T, t}, | At} and | NT'y) must be expanded in terms of the orbital states | x), |y) and
| z) and the oscillator states obtained from a combination of the U,, U,, U, and Uy, acting
on |0, 0, 0} for the ground states and on |4'5"6"} for the excited states. On comparing
these expressions with those obtained from the expansion formula and equating the
coefficients of the equivalent orbital states, the resulting simultaneous equations are
easily solved and give the states required in section 3.
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