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Zero-field-splitting parameters of Cr + ion in GaAs
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The zero-Geld-splitting (ZFS) parameters D, a, and F for Cr + ions in GaAs are studied by a
molecular-orbital treatment. Viccaro, Sundaram, and Sharma's procedure is adopted in the study, tak-
ing into account all the excited spin triplets. The charge-transfer efFect is shown to be significant, and
the spin triplets are found to make an important contribution to ZFS. The results are compared with the
previous available calculations in this system. Suggestions for future improvements are indicated.

I. INTRODUCTION
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FIG. 1. Energy levels ( I, ) of 3d ions in the cubic and the
tetragonal crystal field.

Transition-metal impurities in semiconductors have
been the subject of many investigations, both experimen-
tal and theoretical. In particular, GaAs:Cr + is the most
frequently studied III-V semiconductor because of its im-
portant applications in high-speed electronic circuits,
photoconductors, microwave detectors, and other op-
toelectronic devices. It is well known' ' that the
GaAs:Cr + system undergoes a Jahn-Teller (JT) distor-
tion, effecting a change in symmetry from tetrahedral
(Td) to tetragonal (D2d) at the Cr site. The ground
state 'T2 for Td splits into 82 and E states correspond-
ing to D2d symmetry due to the JT effect, whereas the ex-
cited state E for Td splits into 3& and 8& of D2d sym-
metry (see Fig. 1). Values for the gyromagnetic parame-
ters gi and

g~~
and for the zero-field-splitting (ZFS) pa-

rameter D combined with a and I' were obtained from
conventional electron-paramagnetic resonance (EPR) by
Krebs and Stauss' and confirmed by far-infrared spec-
troscopic measurements made by Wagner and White.
The value of D was deduced from D —a ——', I' by taking I'
to be zero and quoted to +0.3%, whereas the error in a
was very large. ' From further EPR measurements,
Stauss et al. obtained a =+0.035+0.26 cm ', but I"
was still taken to be zero. By thermally detected EPR ex-
periments, Bates et al. obtained accurate values for the
ZFS parameters D = —1.895+0.005, a =0.035+0.002,

and F = —0.053+0.009 (cm ') in this system. However,
very few detailed attempts have been made to character-
ize theoretically the ZFS parameters in GaAs:Cr . A
successful treatment for the EPR parameters in
GaAs:Cr + was made by Viccaro, Sundaram, and Shar-
ma. " They employed a molecular-orbital theory to ex-
plain these parameters as well as the charge-transfer
effects in this system. The procedure of Viccaro, Sun-
daram, and Sharma in Ref. 11 is useful and will be adopt-
ed in the present paper. However, in their work there are
the following two insufficiencies: (i) They did not deal
with the parameter F (their calculated results for D and a
were compared with, of course, the experimental data
obtained by taking F to be zero at that time); (ii) they
considered the contribution of all the excited spin triplets
as that of an average energy and the obtained sign for the
spin-triplet contribution to D is opposite that for the
spin-quintet contribution, whereas the sign for the spin-
triplet contribution to a is the same as that for the spin-
quintet contribution. Their expressions for the spin-
triplet contributions are so rough (as shown below) that
the values of a calculated by using these formulas were an
order of magnitude lower than those from the experimen-
tal data. To our knowledge, a systematic study of the
ZFS parameters D, a, and F in GaAs:Cr has not ap-
peared in literature.

Over the past few decades, most theoretical studies of
the ZFS for 3d and 3d ions in crystals were based on
the D approximation, i.e., only the contributions of
high-spin state D of these ions to ZFS were considered
and the low-spin states L (L =P,D,F, G, H) were
neglected (see, e.g. , Refs. 12—27). Perturbation formulas
for the ZFS parameters of 3d and 3d ions at various
symmetry sites have been given up to different
perturbation-order terms in D approximation (see, e.g. ,
Refs. 15, 16, 20, 21, and 27). These formulas are avail-
able to estimate ZFS parameters for these ions in ionic
crystals, but they are not applicable to covalent crystals
when the contribution from the spin-orbit (SO) coupling
associated with the ligands is non-negligible. Vallin and
Watkins and Viccaro, Sundaram, and Sharma" sug-
gested a molecular-orbital treatment for Cr + (3d ) in
tetragonal symmetry; their theory is useful for covalent
crystals. However, the contribution of all the spin trip-
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lets was considered simply as that of an average energy in
their works, " and the obtained spin-triplet contribu-
tions to the ZFS are rather simple compared to the de-
tailed derivation appearing in the present paper. Recent-
ly, a series of theoretical studies for the ZFS of 3d
and 3d ions in crystals showed the important spin-triplet
contribution. However, all these treatments were made
by neglecting the ligand SO coupling contribution. For
covalent crystals such as GaAs:Cr +, it is necessary to
use a more accurate calculational method that should
consider the contributions to the ZFS arising not only
from the excited spin triplets of the central transition-
metal ions (Cr +

) but also from the SO interaction within
the outermost ligands (As).

II. THEORY

In the present paper, we employ a molecular-orbital
theory" that considers a molecular cluster Cr +-As4 sub-
ject to the cubic crystal field (CF) and JT distortion. Be-
cause of the JT efFect the Cr + experiences the tetragonal
symmetry instead of the tetrahedral symmetry, which is
present at the Ga site in the pure crystal. The molecular
orbitals are constructed as linear combinations of the d
orbitals of Cr + and the outermost s and p orbitals of the
As atoms. The molecular orbitals are given by"

O' =N (pd —&3A,d y ),
+P P(~dP ~d~+~P ~dr ~p B ~di +u P) '

where (in terms of the cubic-field representations
8, s, g, g, g) a stands for the symbols 8 and s, and P for g,
g, and g. The wave functions Pd and Pd& represent the d
orbitals of the transition-metal ion (Cr ), whereas y~

&, and y & are the appropriate symmetry com-

binations of the outermost s, p, and p orbitals of the
ligands (As). N and Np are the normalization constants
and A,d„A,d, and A,d are the admixture coefficients. In
a cubic CF, the cluster wave functions P&, P„, and P& are
the degenerate one-electron orbitals representing the
ground state T2 in cubic-Geld representation and the
cluster one-electron orbitals Ps and P, represent the de-
generate excited state E (see Fig. 1). The JT distortion
in GaAs:Cr + further separates the ground state T2 into
B2 and E and splits the excited state E into A1 and
8, (see Fig 1). .

The Hamiltonian for 3d and 3d ions in tetragonal
symmetry can be written as

Ho =H, (Dq)+H;(6, p)+H;(B, C),
H'=H, (5,p)+H, (B,C)+Hso(g)+Hss(p),

(4)

(5)

B02=1D, B04 —— +, B44
F a a

180 120 ' 24
(7)

for the conventional case. Following the perturbation
theory ' and using the molecular-orbital wave func-
tions (1) and (2) and the matrices of Hamiltonian (3)—(5),
a detailed derivation yields the formulas of the ZFS pa-
rameters Bg in Eq. (6) for the ground state 82. All the
excited spin-triplet states of 3d and 3d and the SO cou-
pling of ligands are considered. We separate these ex-
pressions of Bk into two parts: Bk(I) and Bk(II). Bk(I) is
just the contribution of D and Bk(II) is that from the
combination of the spin triplets L and spin quintet D.
Further we separate Bk (I) into Bk (I)(SO) and Bk (I)(SS),
which denote the pure SO and the pure SS plus the mix-
ing SS-SO contributions, respectively. The SS interaction
is considered only within the D state because of its weak-
ness. The formulas are given as

Bk =Bk(I)+Bk(II)

where H0 is the zeroth-order Hamiltonian, H' is the per-
turbation term, and H„H,', H,", H,', H,", Hso, and Hss,
are the cubic CF, the diagonal and the oA-diagona1
tetragonal CF, the diagonal and the ofT'-diagonal electro-
static Coulomb interaction, and the SO and the spin-spin
(SS) interaction terms, respectively. Dq is the cubic CF
parameters and 5 and p are the tetragonal splittings of

T2 and E states (see Fig. 1), respectively. 8 and C are
the Racah electrostatic parameters and g and p denote
the SO and SS coupling constants, respectively. If the in-
teractions Hso and Hss, in Eq. (5) are not considered, for
3d and 3d ions in tetragonal symmetry, there are four
spin-quintet (S =2) terms I, as mentioned above, and
33 spin-triplet (5 = 1) terms I (I = 2 i, A 2, 8 i, 82, and
E, the irreducible representations, for the tetragonal
point groups C4&, D4, and Dzd ).

For the orbital singlet ground-state case, with B2 be-
ing the lowest (see Fig. 1), provided the first excited state
lies high enough, the ZFS of the ground 5 =2 spin state
is given in terms of the extended Stevens operators
Ok(s„,s, s, ) (Refs. 41 and 42) as

HZFS B2O2+B4O4+B4O4

The conversion between the ZFS parameters Bg in Eq. (6)
and several other notations can be found in Rudowicz's
review; e.g. ,

H =H0+H',
with

(3)

with

=Bkq(I)(SO)+Bk(I)(SS)+Bk(II)(SO),

$2
8~(I)(SO)=

1263

g3

966
0i0z 430i 02

486163 5376~31 336
11 31

4h, A3

44
216 6 (9)
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8&(1)(SS)= —p—
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144633

+(2 — + +
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72629
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+g, — + +
3661516 1446,h, 9 54616633
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2165,9533 72532633 288&33

1

366,A, 2884,4, 7241~,8

+0ik —+ 1

54K 1 5Lekg9 276 16629 27K 16636

1 1 1

72517627 216617629 144517633

1

36618527
1 1

1086,8629 366,8632 366,9626

1 1

24626627 72626629

1
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1

24~z7~28

1 1 1

24~28~29 24628~32 72~29~32

1

12632635

1

36632636

+(,$~8 +— +
9~15~16 9~18~19 12~26 32

5 1 1

12627532 126 28533 12629633

1 1

6A 5 6A

2

27617k, 8

5

12626627

1 1 5 1 3

6~26~35 27 35 1 ~28~29 ~28~36 18~29 36

+$2C +
6627635 18kq9636

2g, 5+
2

+8 (II)(SO)' '

276,5A, 8

84(I)(SO)=-Pi

8960 2 31

3 16
25 5

8,'(I)(SS)= '~—
70

3pki
1 120 g2

2/2 16/~+
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r

B„(II )(SO)= + +
26 88061 ~7 ~13 ~16 ~33

0i0z 1 1 1 3 3 1

168061 3265 3256 1669 16610 8614

Pike 1 1 1

2246162 627 529 633

1 3 1 1

24617 2628 2629 636

1

12605163
1 1 3 9

2~18 8~26 8~z7

9
8628

1 9
8~29 8~35

1

4636

3

12605163 616 4619 8532

3

16633

1 1 1 3 3 1 3 9
126063 515 4617 618 4622 2523 16625 8626 8528

1

3263o

1

32631
1 9 + 3

966 34 4635 4636

0)02 1 1 3 + 3

1260~3 16 2~19 2~21 8~32
+B (II)(SO)(others) (14)

B~(I)(SO)=
5126 6

3p pCi 0) 02

262 32 2 21 2 162
(16)

Bq(II)(SO) =— di 1 1

768'',

2

1 2 27 29

1536~1 ~5
2

+B4
( II )( SO )

( others )

6 6

~1O ~14

(17)

where

g, =NT [gd —( v'2A, d A,„——,
'

A.d

—2ARAd, iLd )g I, (18)

(2=NT N~
1 1+ —A, d„ (19)

N =(1+3k.„—2&3K,„&Pds~y s& ),
NT —(1+Ad, +Ad +Ad —2Ad, &pd~~y, g&

—24, &0dglx, g&
—24, &Wdg~x, &»

(20)

(21)

(22)

In Eqs. (9)—(17), 6; (i =1—36) are energy gaps between
the excited and the ground states. The designations of
the states and the energies are given in Table I. The rela-
tionships of the representation notations in Table I be-
tween the cubic and tetragonal field can be found in

Table A. l 1 of Ref. 37. The symbols gd and g in Eqs.
(18) and (19) are the SO coupling constants associated
with the d electrons of the central transition-metal ion
(Cr +

) and p electrons of ligands (As), respectively. R in
Eq. (18) is the distance between the central ion (Cr +)
and the ligands (As). The matrix elements & & in Eqs.
(20) and (21), e.g., &(tdt)~y ()& in Eq. (20), are the two-

center overlap integrals between, e.g. , (I)d() and

Balll(SO)( ' in Eq. (11) is the fourth-order perturbation
terms of B2(II)(SO). There are about 1000 terms in
Bz(II)(SO)( '. The numerical calculations show that the
contribution of Bz(II)(SO)' ' is negligible and the expres-
sion for Boz(II)(SO)(~) has not been given. It should be
noted that, in the fourth-order perturbation loop" '

82-I;-I ~-I k- 82 for the rank-four ZFS parameters
Bz(II)(SO) and B&(II)(SO), one (e.g. , I, ), two (e.g. , I; and
I J ), and three ( I;,I"J, and I k ) states may be spin triplet,
corresponding to the one, two, and three gaps 6, (i ~ 4)
between the excited spin triplets and the ground 82 in
the denominator of this term, respectively. Equations
(14) and (17) give only the terms in which one of the I;,
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I ., and I & states is the spin triplet and the others are ex-
pressed as Bf(II)(SO)( '"'"'. There are about 1000 terms
for both Bo(II)(SO)(ethers) and 84(ll)(SO)( th rs) The nu-
merical calculations show that the terms given in Eqs.
(14) and (17) are the predominant contributions as com-
pared with B/(II)(SO)'"""' since the energies of spin trip-
lets are usually 1arger than those of spin quintets. The ex-
pressions of Bf(II)(SO)'""'") have not consequently been
given. In Eqs. (18) and (19), some terms for the two-
center SO matrix elements [e.g., ((t'd&~g(r)~y &), where

g(r) is the SO coupling operator] have been neglected be-
cause they are about two orders of magnitude lower than
the relevant one-center SO matrix elements gd(Cr +) and

g (As) (Refs. 11 and 39).
Formulas (8)—(17) can be used also to study the ZFS in

ionic crystals by neglecting the ligand So contribution,
i.e., taking g, =gz (or A,z, =A,

d~
=A,d =g =0 and

XE =Xr =1), the expressions of Bg(I) and Bz(II) can be

reduced to those appeared in Refs. 27 and 34, respective-

TABLE I. Definition of the states and the energies for 3d and 3d ions in tetragonal symmetry. The
representation notations appeared in Ref. 37.

5;=E;—Eo (i =1—36)

Eo(' Bz[tz e, ' Tzg ])=4Dq 2Ds+Dt ——218
E, {'E[tzze', 'Tz(g, q)] j =4Dq+Ds —4Dt —218
Ez('A, [tze, 'Eg]}=—6Dq+2Ds+6Dt —218
Ez('8 )[tze, 'Ee])= 6Dq 2—Ds+D—t —218
E4{ A ) [tz( E)e, 'A, ] j = 6Dq+ '—Dt —1—28+4C

A t [tz( Az)e, E0]}= —6Dq+2Ds+6Dt —138+4C
E6{zA, [tz( E)e, 'Eg] j = 6Dq+ 7D—t —108+4C
Ez('A, [tze, 'EO]) =4Dq 2Ds+Dt ——118+4C
E,( Az[tz, 'T, z])= —16Dq+2Ds+6Dt —158+5C
E9{'Az[tz( T, )e, 'T, z] j = 6Dq 2Ds+Dt——118—+4C
Eto{ Az[tz( Tz)e Ttz]}= —6Dq+2Ds+6Dt —38+6C
E» {'Azj tz('Tt)e'('A, ), 'T, z] j =4Dq 2Ds+D—t 8+6C-

{'A [t'('T )e'('E), 'T, z]}=4Dq 2Ds+Dt —98+—4C

E)3{ Az[tz( Tz)e ( Az)ty Ttz]j 4Dq 2Ds+Dt ——118+4C
Ets( Az[tze, T)z])= 14Dq —14Dt —168+5C
Ets( Bt [tze, 'Az]) = 6Dq+ ', Dt —88+4C-—
E)6( Bt [tze, Az]) =4Dq —

z
Dt —28+7C

Etz {'Bt[tz( Az)e, 'EE] j = 6Dq 2Ds+D—t —138+4C—
{'8 [t'('E)e, 'EE] j

= —6Dq+ ', Dt —108+4—C
E»('Bt [tze, 'EE])=4Dq+2Ds —", Dt —118+4—C
Ezo{ Bz[tz('T ) )e, 'T, g] }= —6Dq+2Ds+6Dt —98+4C
E» {'Bz[tz('T,}e,'Tzg] }= 6Dq —2Ds+—Dt —58+6C
Ezz { Bz[tz('Tt)e'('A, ), 'T, g] j =4Dq —2Ds+Dt —138+4C
Ezz{ Bz[tz( Tt)e ( E), Tzg]}=4Dq —2Ds+Dt —98+4(
Ez4('Bz[tze', 'Tz g])= 14Dq+4Ds 9Dt —88+5—C
Ezs{ E[tz, T, (x,y)]}= —16Dq Ds+11Dt ——158+5C
Ez6{'E(tz( Tt)e, 'Tt(x y)]j = —6Dq+Ds+ 'Dt —118+4—C
Ez, {'E[t',('Tz)e, 'T, (x,y)] }= —6Dq Ds+ 'Dt 38+—6C- —
E.s {'E[tz('Tt)e, 'Tz(4', n) ] j = —6Dq —»+-', Dt —98+4C
E29{ E[tz( Tz}e 'Tz(g n)]j = 6Dq+Ds+ ", Dt 58+—6C-—
E o{'E[t'('Tt }e'('A ), 'T (x,y)] j =4Dq+Ds 4Dt 8+6C- —
E31 { E[tz( Tt }e ( E) Tt(x y)] j 4Dq+Ds 4Dt 98+4C-—
E,z {'E[tz('Tz)e ('Az), 'T, (x,y)] j =4Dq+Ds —4Dt —118+4C
E» {'E[t',('T, ) ('eA ), 'Tz(g, qz)] j =4Dq+Ds 4Dt —138+4C-
E,s{ E[tz( Tt }e ('E), Tz(g', ~)]}=4Dq+Ds —4Dt —98+4C
Ess{ E[tze Tt(xy}]} 14Dq —"Dt—168+5C-
Es6{ E[tze' 'Tz(4 n)]}= 14Dq —2» —", Dt —88+5C-
5=h& =Ez —Eo =3Ds —5Dt, p=E4 —E3 4Ds 5Dt
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ly. These formulas are suitable for not only the fourfold
(e.g. , Dzd), but also the sixfold coordinated tetragonal
symmetry such as C4v, D4, and D4&, however, the molec-
ular orbitals (1) and (2), the SQ constants (18) and (19),
and the normalization coefficients (20) and (21) should be
changed in C4&, D4, and D4& symmetry (see, e.g. , Refs.
39 and 45).

A comparison between the present and previous"
formulas indicates the following differences. (i) The
present paper gives the perturbation formulas for
B4(F/180+a/120) and the expression of F is obtained
first. (ii) The expression of Bz(I), i.e., the spin-quintet
contribution to the ZFS parameter D, has shown some
improvement, e.g., Bz(I)(SO) is given up to fourth-order
rather than the second-order terms in the previous
works. " Also, Bz(I)(SS) includes the SO-SS interaction
contribution. (iii) In particular the detailed expressions
of Bg(II)(SO), i.e., the spin-triplet contributions to the
ZFS parameters D, a, and F, are given in the present pa-
per, which is very different from the previous case. " The
following numerical calculations will show these
differences in detail.

III. CALCULATIONS AND DISCUSSION

Expressions (8)—(22) are appropriate for tetragonal
symmetry. They express D, a, and f as a function of the
energy gaps b, ; (i =1—36), the SO parameters gd(Cr +)
and g (As), the overlap integrals such as & Pd&~y~ &&, and

the admixture parameters kd Avdp, and A, dp as well as A

and R. In the present paper the values of Racah parame-
ters B =800 and C=4B =3200 for Cr + ions and the
energy gaps 6,=4500, b,z=7300, and b,3=9700 (in
crn ') for GaAs:Cr + (Ref. 2) are adopted and the gaps
b. (j =4—36) can be obtained from Table I by using
these values. The values" of (d (Cr +

) =303 and
g~(As)=1256 cm ', and A =1.733 A ' and R =2.44 A

for GaAs:Cr + are also adopted. The overlap integrals
can be related to the basic integrals Sds Sdp and Sdp

means of the rotation-group elements, defined as"

where the axes systems (x'y'z') for Cr + and (x,y, z, ) for
As have been shown in Fig. 1 and Table 1 of Ref. 11. The
calculated values" of Sd, =0.06181, Sd = —0.08488,dp

and Sd =0.068 57 for CiaAs:Cr are used in this work.

The values of the admixture coefficients kd„A,d, and

remain unknown. Vicarro, Sundaram, and Sharma"
obtained Xd, =0.6, kdp 0 08 and A, dp

=0.8 by using

their perturbation formulas and fitting the experimental
EPR data. From the above data the ZFS parameters are
obtained, as listed in Table II, by using the previous" and
present formulas. In Table II the ZFS parameters B2,
B4, and B4 have been transformed to D, a, and I'. Com-
paring the results obtained by the two different formulas,
denoted by A and B in Table II, one can find that (i) there
is only small difference of D(I)(SS) between A and B,
which is due to the mixing SO-SS (pg) and the second-
order SS (p ) perturbation terms in the present formulas;
(ii) there are obvious differences of D(I)(SO) and a(I)(SQ)
between A and B, showing again the importance of con-
tributions of the third- and fourth-order perturbation ap-
proach to ZFS (Refs. 20, 21, 23, and 24) considered in the
present paper; (iii) in particular, the differences of
D(II)(SO) and a(II)(SO) between the previous" (A) and
present (B) formulas are very large [e.g. , the value of
a(II)(SO) for B is only —,

' of that for A; particularly, the
sign of D(II)(SO) for B is opposite that for A], showing, in

TABLE II. Zero-field-splitting parameters D, a, and F for GaAs:Cr + (in cm ', except r, which is di-
mensionless). (a) The values (Ref. 11) of A, d, =0.6, A, dp

=0.08, and kd~ =0.8 are used, (b) the values ofdp

kd, =0.5, Xdp =0.3, and A, dp
=0.855 are used. 3 denotes values calculated by the previous (Ref. 11)

perturbation formulas; B denotes values calculated by the present perturbation formulas. Experimental
values are from Ref. 9.

(a)

(b)

D(I)(SS)

—0.384
—0.381
—0.357

D(I)(SO)

—1.642
—2.182
—0.459

Calculated
D(II)(SO)

1.341
—1.105
—1.071

—0.82
0.50
2.33

—0.685
—3.668
—1.887

Experiment

—1.895+0.005

(a)

(b)

a(I)(SS)

—0.000 10
—0.000 10
—0.000 68

a(I)(SO)

0.000 14
0.000 20
0.023 02

a(II)(SO)

0.000 21
0.000 07
0.007 83

1.50
0.35
0.34

0.000 25
0.000 17
0.030 17

0.035+0.002

(a)

(b)

F(I)(SS)

0.000 08

—0.001 42

F(I)(SO)

—0.000 30
—0.01096

F(II)(SO)

0.002 58

—0.046 81

—8.60

4.27

0.002 36

—0.059 19

—0.053+0.003
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fact, the significance of the present perturbation formu-
las. It should be noted that although Vicarro, Sundaram,
and Sharma's above parameter data" are used in the
present calculations, the numerical results A of. D and a
are different from theirs" because some terms for the
two-center SO matrix elements in Eqs. (18) and (19) have
been neglected, as mentioned above. However, this does
not affect the comparison between the results A and B in
Table II obtained by using the two different formulas.

Comparing the calculated values of the ZFS parame-
ters D, a, and F with the experimental data, one can find
that the values of the admixture coefficients X A, dds ~ dp 'rr

fitted by the previous formulas are no longer suitable

for the present formulas. Following the procedure" of
determining them, we vary A,d„kd, and kd and obtain

correspondingly D, a, and F from Eqs. (8)—(22). Figure 2
illustrates the variation of the ZFS parameters D a and7 9

as a function of the Xd„k,d, and kd values. The dot-dp

ted lines in Fig. 2 have been drawn to mark the experi-
mental values. The curves marked 1, 2, and 3 correspond
to the values A, dp equal to 0.25, 0.3, and 0.35, respective-

ly. The set of values of A, that explain best the experimen-
tal data for D, a, and F are A dz 0 5 Xdp 0 3 and

=0.855, which correspond to the calculated ZFS pa-
rameters D = —1.887, a =0.030, and F= —0.059 as
compared with the experimental values D = —1.895
+0.005, a =0.035+0.002, and F= —0.053+0.009 (see
also Table II). Figure 2 shows clearly that by increasing

th e curves for D, a, and F move to the upward and
right direction. This means that the larger the A, th
lar

e d„e
arger the values of the ZFS parameters. Similarlimi ar y,

among the curves 1, 2, and 3 (corresponding to
=0.25, 0.3, and 0.35, respectively) for D, a, and F,

there is a movement to the right, i.e., the values of D, a,
and F increase with an increase of Xd . Also, on increas-

ing kd, the values of D and a decrease; however, F de-

creases and then increases. It should be pointed out that
the present qualitative results for the values of D altered
by the variations of Ader kdp and kdp are the same as

. 11
0

the previous case; ' however, the shapes of the present
curves for D and a are quite different from the previous

11case. These differences are due to the different pertur-
bation formulas (in particular the spin-triplet contribu-
tion terms), as mentioned above.

From Fig. 2, the values of the admixture coefficients
that correspond best to the experimental data of the ZFS
parameters lie close to A,d,

=0.5, A, d
=0.3, and

=0.855, as mentioned above. The present values of
A, z, and A, z~ are close to those (0.6 and 0.8) obtained by

Vicarro, Sundaram, and Sharma, " whereas kd is close
to that (0.51) from Hemstreet and Dimmock's work "
but is about 40 times that (0.008) obtained by Viccaro,
Sundaram, and Sharma. " This means that the contribu-
tions of the p orbitals of the ligands (As) in GaAs:Cr +

are important. In addition, the present calculation shows
again that the ligand s-state contributions should not be
ignored in this system. These values of A. may be used in
the erst-order approximation to deduce the charge-
transfer covalencies by means of the expressions

= 2
,—Sd, +yd, ,v' 3

h.„=0.4 A. ~,
——0.6

='~'s +dp 3 dp V dp

= 2
4p. = ~- ~op +rap

I I I
I

I I I I I I
I

I I I
I

I

f I I I

CU
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O

I I I
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I I I
I

I l I I I
I

I
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A. Q p

I
I
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f
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FIG. 2. Variation of the zero-field-splitting parameters D, a,
and F with the admixture coe%cients kq„kq~, and kq~ . The
dashed lines represent the experimental values (Ref. 9). The
curves marked 1, 2, and 3 correspond to values of AJp equal to
0.25, 0.3, and 0.35, respectively.

where Sd„Sdp, and Sdp are the overlap integrals defined

b E .y q. (23) and y are the corresponding charge-transfer
covalency parameters. The bonding orbitals are formed
by combining the central-atom d orbitals with the orbit-
als of the ligands by means of the charge-transfer co-
valency parameters. The calculated values of the
charge-transfer covalencies come out to be "',=0.42,ds

yd =0 24, and yd =0 95. The present work

shows again the significant charge-transfer effects in
GaAs:Cr

F hurthermore, one can estimate the contributions of the
ligand SQ coupling to the ZFS in G-aAs Cr + viewin
the covalency effects at a different angle. By taking

=gz =0 and NF =AT =1 as mentioned

above and using Eqs. (9)—(17), the values of D = —3. 149,
a =0.074, and F = —0. 116 (cm ') for the contributions
from the pure d orbitals of Cr in GaAs are obtained as
compared to those ( —1.887, 0.030, —0.059) from the
combination of d with s and p orbitals of ligands As. The
large difference between the two sets of D, a, and F shows
clearly the important contribution of the SO coupling as-
sociated with ligands (As) in this system. The role of the
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ligand SO contributions can be measured by the ratio be-
tween the s- and the p-orbital contribution and the pure d
one,

8 (Bg ) = [Bg(dsp) B—g(d) ]/Bf(d),
where d and dsp correspond to the contribution from
pure d orbitals and the combination of d with s and p or-
bitals, respectively. The ratios —0.40, 0.96, and —0.49
for D, a, and F are obtained, respectively. The negative
value of the ratio corresponds to the sign of the d-orbital
contribution being opposite that of the s and the p orbit-
a1. It is obvious that the larger the positive ratio or the
smaller the negative ratio, the larger the ligand SO con-
tributions. The large values of these ratios show the im-
portance of the ligand SO coupling contributions to the
ZFS and further reveal the strong covalency effects in
this system.

Similarly, to clearly showing the spin-triplet contribu-
tion to the ZFS, the ratios between the spin-triplet and
the spin-quintet contribution

r(Bg) =Bg(II)(SO)/Bf(I)(SO),

are listed in Table II. The different values of r obtained
by using the same parameter data but the present and
previous" formulas show the difference of these formulas
and reveal, in fact, the significance of the present pertur-
bation formulas. The large values of r(D), r (a), and r (F)
in Table II obtained by using the present formulas show
the important contributions of the spin triplets in
GaAs:Cr +. One may note from Table II that in this sys-
tem the spin-triplet contribution to the ZFS parameter F
is so large that neglecting this contribution one cannot
obtain reasonable values of F. Similarly, this contribu-
tion to D should not be ignored in this system. However,
this contribution to a is less than that to D. It has been
shown recently that in the tetragonal symmetry the
spin-triplet contributions to the rank-four ZFS parame-
ters Bf (q =0,4) are, in general, larger than those to the
rank-two ZFS parameter B2. Following this work close-
ly, it has been found that there exists the opposite case,
i.e., r (B4 ) & r (B2 ) for Fe + ions in the trigonal-
symmetric crystal GeFe2O4. This sample is for
r(B4) &r(B2) in the tetragonal symmetry.

The following two points should be noted. (i) the
present values of the admixture coeKcients A. are in the
best fit to the experimental data for the ZFS parameters
D, a, and F in GaAs:Cr +; these values of A, are expected
to be further justified by other studies, such as phonon
scattering, far-infrared measurements, and Zeeman spec-
troscopy measurements. We offer a few commonplace re-
marks by way of introduction so that others may come
up with valuable opinions. (ii) A, 's depend on the values
of the Racah parameters B and C (Cr + ), the SO parame-
ters g&(Cr ) and g (As), and the overlap integrals such
as (pq~~gz &) as well as A and R, as mentioned above.

of g„, g~, (P«~y~ &), A, and R for
GaAs:Cr +" are adopted in the present calculation.
However, the following values have been quoted in the
literature: B =830—680 and C =3660—3090 (in cm ')
for the Cr + ion. ' '4 ' The values 6 of B =800

and C=4B =3200 cm ' used in the above calculation
are the approximate average of above data and may be
rough for this system. Using various values of B and
C =4B we repeat the procedure" of fitting the experi-
mental ZFS data and obtain the corresponding values of
k's that are in a best fit to the experimental data for D, a,
and F, as listed in Table III. From this table one can see
that on increasing B, the values of A, & and A, & increase,

whereas A, &, decreases. However, the variation of k with
B is small and the various values of B do not change the
main results appearing in the present paper such as the
significant charge-transfer effects and the important
spin-triplet contributions in this system. With further
progress in theoretical treatment one expects the more
exact values of the Racah parameters B and C observed
in GaAs:Cr +.

In addition, it should be pointed out that the values of
the gaps 6&, h2, and 63 used in the present paper were
obtained by Krebs and Stauss, ' who deduced them from
uniaxial stress measurements. They estimated
b, , =3EJT( T2) by using their measured JT coefficient
Vz= —0.85 eV/A and obtained 62 and 6& by consider-
ing that the zero-phonon line at 6760 cm ' and the ab-
sorption peak at 7300 cm ' both arise from the T2 —'E
cubic-field transition of the Cr + center. After Krebs and
Stauss, various measurements (see, e.g., Refs. 5 and
49—51) obtained different values of the JT splittings that
make the values of 6& A2 and 63 different from Krebs
and Stauss's. As mentioned above, the ZFS parameters
relate to the values of A„A2, and 63 and different values
of 6 i A2 and A3 may yield different values of the admix-
ture coe%cients A, . Fortunately, this does not change the
present main results. With further progress in theoretical
treatment one expects the more exact data observed for
the JT splittings of the energy levels. It should also be
pointed out that the comprehensive set of EPR experi-
ments on Cr ions in GaAs obtained by Krebs and
Stauss' showed the tetragonal features arising from a
static JT effect; however, other works (see, e.g. , Refs.
6—10 and references therein) suggested that the JT effect
must be dynamic. Nahamani, Buisson, and Romestain
even named it the intermediate Jahn- Teller effect.
Abhvani, Bates, and Pooler demonstrated that the static
model is a good approximation to the dynamic model for
EPR and far-infrared measurements, but that the static
model cannot be used to describe the results from phonon
scattering and Zeeman spectroscopy experiments. The

830 0.49 0.31 0.86
800* 0.SO 0.30 0.855
750 0.51 0.29 0.85
700 O.S2 0.281 0.843

—1.924
—1.887
—1.882
—1.876

0.0308
0.0302
0.0294
0.0291

—0.0599
—0.0592
—0.0589
—0.0585

TABLE III. Variation of the admixture coeKcients A, with
Racah parameters 8 and C =48. The corresponding zero-
field-splitting parameters in the best fit to the experimental data
are also given (in cm, except A, , which is dimensionless). The
asterisk denotes a value quoted from Table I.

kgp
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studies of, for instance, the phonon scattering and Zee-
man and far-infrared spectroscopy in GaAs:Cr + are also
based on the D approximation (see, e.g. , Refs. 6—10 and
references therein). From the present calculation, the
more exact treatment for the phonon-scattering and Zee-
man spectroscopy results in this system should consider
the spin-triplet contributions. The important spin-triplet
contributions to the ZFS are due to the spin-triplet e@ect
on the fine-structure splitting of the ground state, and
this eAect must inhuence the other related data, e.g. ,
Mossbauer quadrupole splitting, magnetization, magnetic
susceptibility as well as phonon scattering, and Zeeman
spectroscopy (see, e.g., Refs. 33, 34, and 36—39).

IV. SUMMARY

used to study the zero-field splittings of these ions in not
only ionic but also covalent crystals and they are very
di6'erent from the previous case, especially for the spin-
triplet contribution terms. The present theoretical study
is significant for understanding the electronic structure of
the defect center Cr + in GaAs. The calculated results of
D, a, and F are in good agreement with the experimental
data. The present results show clearly the interesting
charge-transfer e6'ects in this system. In addition, the
spin-triplet contributions to the zero-field-splitting pa-
rameters are discussed in detail. The conclusion is that
these contributions are very important in GaAs:Cr + and
that by neglecting these contributions one cannot obtain
reasonable values of the zero-field-splitting parameters a
and, in particular, D and F.

In this paper, the perturbation formulas of the zero-
field-splitting parameters D, a, and F up to fourth-order
terms for the B2 ground state of 3d" and 3d ions in
tetragonal symmetry are derived by taking account of all
the spin-triplet states of these ions and the spin-orbit cou-
pling associated with ligands. These formulas can be
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