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Linear and quadratic Zeeman effect of excitons bound to neutral acceptors in GaSbt
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The linear and quadratic Zeeman efFect of four different excitonic recombination lines at 805.4, 803.4, 800.1,
and 796, 1 meV are investigated. The decay of excitons bound to neutral acceptors {A,X) is responsible for
these lines. The angular momentum J of the (A, X) ground state is in at least three cases 1/2 and not 3/2 or
5/2, The sixfold linear Zeeman splitting of the different lines is dominated by the same large value

g,ff
———8.95 ~0.15 of the initial state of the transition. It is shown that the average diamagnetic shift of a deep

(A, X) complex is described satisfactorily by Larsen's theory of a donor in a magnetic field. These findings

suggest that the (A, X) bound exciton may be described by a donorlike A+ center binding an electron, From
the splitting of the final states (neutral acceptors), the g values of the bound holes are determined to be
K =0.14-0,25 for the difFerent acceptors. A recently predicted diamagnetic splitting 5 of the acceptor states
having ~m] = if2 and 3f2 is observed.

I. INTRODUCTION

The analysis of the radiative recombination in
high magnetic fields of excitons bound to different
neutral acceptors of varying depth is a useful means
to investigate the electronic structure of the initial
state of the transition (A, X), as well as the final
state, the neutral acceptor A . ' Different basic
features of both states are still not very well un-
derstood.

Some of the open questions concern the form of
the potential of a deep impurity and the wave func-
tion of a charge carrier trapped in such a poten-
tial. ' Belated to this question is the attempt to
establish experimentally in different materials
which of the possible eigenstates of (A, X) (8= —,',
-'„or —', ) ha, s the lowest energy. The last question
gained some importance because for several deep
acceptors in' ~ QaAs ands QaSb, the experimentally
established angular momentum of the ground state
of an (Ae, X) complex was found to be J = —,'. A Z
= —,

' ground state is in contradiction to the theory of
atomic spectra which predicts the J'= —,

' or —,
' states

to have the lowest ground-state energy. '~ Only for
the most shallow (Ao, X) complexes in GaAs and
Inp a J=

~ ground state could be excluded experi-
mentally. 7

Until recently, no theory of the first- and sec-
ond-order Zeeman effect of acceptor states in
terms of band-structure parameters was given.
A first attempt to establish such a theory uses a
Coulomb potential as attractive potential for the
hole. This description might not be sufficient for
acceptors deeper than the effective-mass acceptor.
But at least some of the quabtative predictions
should hold also for deep centers. One of the most
important predictions is a diamagnetic splitting of

the lmzl = —,
' and —,

' acceptor states.
In this paper we investigate the influence of mag-

netic fields up to 10 T on the luminescence spectra
of four (A, X) complexes with very different bind-
ing energies. From the splitting of the lines in a
magnetic field, the angular momentum of the initial
(A, X) state is unambiguously identified and the g
values of the initial and final states are evaluated.
The magnetic properties of a deep (A', X) complex
is discussed in analogy to a neutral donor. The

g values of the acceptor holes and their experimen-
tally demonstrated diamagnetic splitting are com-
pared with the predictions of the above-mentioned
theory of acceptors in magnetic fields. Finally, the
validity of Haynes's rule for the system investigated
here is discussed. This rule predicts a proportionality
between the localization energy E~ of an exciton and the
ionization energy E„ofthe binding acceptor.

II. EXPERIMENTAL

The experiments were carried out partially on
epitaxial layers which were grown by liquid-phase
epitaxy (LPE) and partially on bulk crystals which
were solution grown. ' The surface of the epitaxial
layers had a (100) orientation. Table I compiles
some properties of typical crystals which were
used. All samples were not intentionally doped.

B. Measurement technique

The samples were either immersed in liquid
helium or mounted on a holder in an insert cryostat,
temperature controlled by helium-gas flow. The
magnetic field up to 10 T was produced by a super-
conducting split-coil magnet. Both Faraday- and

Voigt-configuration experiments were possible.
The r spectra were taken in Voigt configuration,
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TABLE I. Properties of some of tbe crystals used fox

the experiments reported here.

Crystal No. Growth pl ocess

LPE
LPE

solution grown (bulk}
solution grown (bulk}

n~-na (cm ~)

& 10'16

& 10i6
2 x ].0'7

2. 5~10"

In this section we present spectra of bound exci-
ton lines with and without applied magnetic field at

whereas the right-circularly-polarized (RCP) and
left-circularly-polarized (LCP) spectra were taken
in Faraday configuration. The luminescence was
excited by a krypton laser with 500-mW maximum
power. In order to avoid too strong interactions
between the photo-created carriers, only excita-
tion intensities of =5x10 W/cm were used. The
emitted light was dispersed by a 60-cm. Jobin- avon
spectrometer and detected by a cooled (190 K) PbS
cell. The linear polarizer was a HR-Polaroid foil,
and A/4 plates for the wavelength of the emitted
light were constructed by combining several plastic
retardation sheets. A more detailed description of
the setup can be found in Ref. 1.

III. RESULTS

various temperatures and in different crystals.
The data deduced from these spectra will be used
in Sec. IV for the identification of the lines dis-
cussed here and for the evaluation of the param-
eters of the linear and quadratic Zeeman effect.

Figure 1 shows the zero-field spectra of a solu-
tion-grown (W 15) and an epitaxial sample (Wk 32).
In order to avoid misunderstandings which may
arise from previous assignments of emission lines
we introduce a new nomenclature characterizing
each bound exciton line with BE and a number,
starting with BE& at the highest energy. Table II
presents the spectral positions of the different lines
discussed in this paper, together with the new and
some previous assignments.

The spectra of the LPE layers (Wk. .. ) and of the
solution-grown bulk crystals (W. . .) differ con-
siderably from each other. For i~stance, sample
%k 32 exhibits much more structure in the high-en-
ergy region: The shallower bound excitons BE,
and BE~ obviously dominate. This is in contrast to
the spectrum of the solution-grown crystal %' 15
where at zero field and low-excitation level, only
the bound exciton BE4 can be observed. A detailed
discussion of the zero-field behavior of the differ-
ent lines will be given elsewhere. '2

The spectra of sample %k 32 at a magnetic field
of 10 T are given in Fig. 2 for different polariza-

TABLE II. Energetic position. at H=O and T=4. 2 K, present and form-
er assignments of the lines reported in this paper, Local. ization energy of
the bound excitons Ez at H=O. Isotropic g values E for the different bound
holes for an orientation H II (100). Difference 6 in. the diamagnetic shift
(diamagnetic splitting) of the Im& I

= 2 and Im& I
=

& bole states given in meV
at the maximum field of 10 T. It must be pointed out that the two lines
labeled by an asterisk are not identical with the line BE2. Both lines P
and D were measured at higher temperatures and therefore are not due
to the decay of bound excitons: In some LPE samples, line BE) disap-
pears with increasing temperature and a new line at about the same ener-
gy appears. A more detailed discussion of these lines will be given in d.

Spectral Posltlotl
at H= 0 and

T=4.2 K in meV
805. 4
+0, 2

803, 4
+0.2

800, 1
+0.2

796, 1
+0.2

Assign. —

ment
accox'd-
1ng to
refer-

present

b

BE,
p

BE3 BE4
'y

BE

ence
Localization en-

ergy E~ of the ex-
citon. (&~=809.9

meV )
Z (H II (100))

4, 5+0. 2

0. 14+ 0. 03

6. 5+0.2

0.19+0.03

9.8 + 0.2 13.8 + 0, 2

0.25+ 0. 05
—0. 1

a(mev) at 10 T 0. 024+0. 015 0.08+0.04

See Ref. 18.
"See Ref. 11.
'C. Benoit a la Guillaume, P. Lavallard, Phys. Hev. B 5, 4900 (1972),
See Ref. 12.
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tions. In this sample a splitting into two compo-
nents can clearly be resolved for the lines BE, and

BE&. The same is true for line BE4 in sample %
15. Each of these components shows an additional
"triplet fine structure": The components shift
slightly in their energetic position when the polar-
ization is changed from E tt H (w) to RCP or LCP:
The dashed vertical lines in Fig. 2 represent the
energetic positions of the r components. It can be
seen that the HCP lines lie at somewhat higher and
the LCP lines at somewhat lower energy. The en-
ergy difference between a LCP and a HCP compo-
nent of the lines BE& and BF2 is more clearly de-
picted in Fig. 3 at a field of 10 T. So, in fact, a
splitting into six components for all three lines
BEj, BE3, and BE4 could be experimentally de-
tected. This is a very instructive example of how
useful it is to take spectra in Faraday as well as in
Poigt configuration. The higher-energy compo-
nents of line BE, are hidden by the lower-energy
components of BE& and BE~ at high magnetic fields.
However, at low magnetic fields (2 T), an identical
splitting as in the case of the other bound excitons,
can be observed for BE,. Furthermore, the varia-
tion of the BEST component at higher fieMs is anal-
ogous to that of the BE,&, BE,4, and BE,N compo-
nents, so that an identical decay mechanism for
all the four lines can be assumed. The symbols 0

and 4 label the spin-up and spin-down states of the
initial states of the transitions, as will be shown in
Sec. IV A. The rough features of the Zeeman spec-
tra are therefore about the same for all three dif-

Photon Energy [meVj

800 810 820

GaSb
Sample Ãk 32

4.2 K

H=10 T

t BEt
BE21

RC

LC

1.54 1.52
'IIIIavelength ( g rn]

FIG. 2. Spectra of the sample Wk 32 at a field of 10 T
and at different polarizations. The dashed vertical lines,
represent the energetic position of the lines in x polar-
ization. & and & indicate the orientation of the spin of the
initial state of the transition relative to the magnetic field.
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FIG. 1. Zero-field spectra of one solution-grown

sample (%15) and one epitaxial layer (%k 32) at 4. 2 K.

Energy
FIG. 3. Energy difference between the RCP& and I CPt

components of the lines BE& and BE&. The energy differ-
ence between the HCP and I.CP components is approxi-
mately equal to 2 K (see text), where K is the isotropic
hole-splitting parameter.
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Photon Energy [me&]

800

GaSb
Sample %72

H =5T

810

23K

yonents of the same line from these spectra be-
cause of the strong overlap of the different lines.

Besides the splitting the BE lines undergo due to
the linear Zeeman effect, they are shifted nonlin-
early by the magnetic field due to a diamagnetic
effect. The center of gravity is found to be shifted
in a different way for the three corresponding pairs
of components. Details of this unexpected behavior
will be discussed in Sec. IV C after an analysis of
the Zeeman pattern, which will be done in See. IVB.
Before we proceed to this point, we shall identify
unambiguously the BE lines due to the recombina-
tion of excitons bound to neutral acceptors.

13K

1,58
I

1,54

7K

Wavelength [ p, rn]
FIG. 4. Luminescence line BE4 of the solution-grown

sample W 7.2 in a field of H=5 T at three different tem-
peratures: T=7, l3, and 23 K. The intensity at 23 K is
multiplied by a factor of 2. The light was unpolarized.

ferent bound exciton lines BE„BE3, and BE~, and
probably also for line BES.

The relative intensity of the va, rious components
of the same line depends on magnetic field strength,
temperature, and polarization in the following way:

(a) By increasing the magnetic field, the low-en-
ergy components gain intensity.

(b) By decreasing the temperature, the low-ener-
gy components gain intensity too. This behavior is
demonstrated in Fig. 4 for line BE4 for tempera-
tures between 7 and 23 K at a magnetic field of 5 T.
Though the relative intensities of the two compo-
nents do not follow a Boltzmann law, obviously a
certain thermalization took place.

(c) From Fig. 3 it can be seen (for example, for
the case of line BE&) that the RCP component BEzb
is more intense than the LCP BE20 component. The
BE24 components behave in an opposite way: Here
the BCP component is weaker than the LCP. Un-
fortunately, it is not possible to determine very
precisely the intensity ratios of the different com-

IV. DISCUSSION

A. Identification of the initial and final states of the
transitions

Figure 4 shows a pronounced drop of the over-all
intensity of the line BE4 fxom 7 to 23 K. At tem-
peratures larger than 35 K, this line becomes un-
detectable. The other lines show qualitatively the
same drop of intensity at already lower tempera-
tures. The small ionization energies which can be
derived from this temperature dependence'3 rule
out a recombination of free electrons with holes
bound to neutral acceptors, (e, A ). (e, A ) transi-
tions can be detected separately at higher temyex'a, -
tures, as can be clearly seen from Fig. 2 of Ref. 13..

The temperature dependence of the BE lines holds
also as an argument against a donor-acceptor pair
transition: Such a transition should disappear at
about 30 K (Ref. 13) and convert into the corre-
sponding (e, A ) recombination at higher energy.
This is experimentally not observed for the BE
lines. Therefore, we can rule out (e, A )—as well
as (D,A )—recombinations to be responsible for
the lines BE,~. A discussion of the half-widths'3
of the lines, as well as the shift of their center of
gravity with magnetic field, confirm that they are
due to bound exciton decay.

Let us now raise the question concerning the
nature of the centex' binding the exciton. One pos-
sibility for the binding center is a neutral donor 8 .
This possibility is a priori very unlikely because
the localization enex'gies E~ of these excitons should
be much smaller for effective-mass donors in GaSb.
The energies E~ of BE,~ are given in Table II. The
splitting in this ease should give about the g factor
of the free electrons due to the splitting of the final
state, the neutral donor. But the experimental ob-
servation of the strong thermalization into the 4

components proves that the observed large splitting
is caused by the initial state. So the possibility of
(LP, X) decay can be excluded definitely. With simi-
lar arguments, ionized donors can be excluded as
binding centers. As possible binding centers, only
isoeleetronie impux'ities I and neutral aeceptors
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remain. It is known that the isoelectronic group-
III impurities cause no bound states in the usual
IH-7 compounds. From the large diamagnetic
shift (see Sec. IV C) of the bound excitons, one
can exclude that the more electronegative group-V
elements N, P, and As act as binding centers: In
this case, the diamagnetic shift should be smaller
than that of a donor, because the electron should
be more localized and the diamagnetic shift of the
hole is smaller too. Bi cannot absolutely be ex-
cluded by these arguments. But it is unknown

whether Bi can act at all as an isoelectronic cen-
ter in QaSb, because it has the same electronega-
tivity as Sb. Therefore, we believe it to be im-
probable that one of the BE lines is caused by (Bi,
X) decay. (A, X) complexes are the only remain-
ing possibility. For the deep acceptors Sn and Cu
in GaAs, it has been found that a J= —,

' state is the
lowest of the three possible initial states of (A',
X) with 8=—,', —'„and —,', achieved by j-j coupling of
two holes with j = —,

' and one electron with —'. ' The
state of lowest energy was found to have J =-, in the
case that a swallo~ acceptor is acting as an exciton
binding center in QaAs and InP. ' This level inver-
sion between shallow and deep binding centers can
be explained as follows": The coupling of the hole
angular momentum to the local Stark field surround-

ing an acceptor could, for deep acceptors, give rise
to a strong interaction between the J=0 two-hole
state and the m

&
= 0 component of the J= 2 two-hole

state. As a consequence, the total angular-mo-
mentum state with J=0 lies energetically below

J=2. Including electron spin, a J= —,
' state lies

lowest, a fact which does not agree with normal
theory of atomic spectra. " For a more detailed
discussion of this effect, we refer to Refs. 1 and 7.

Therefore, we have to investigate which of the

three possible states acts as an initial state for the
transition. For an initial state with J= —, (or J'= —', ),
we would expect four w and six o lines (or four w

and eight o lines) with splittings different from the

ones observed. ' For an initial state with J= —,', we

expect two m and four o lines, where the main split-
ting of each pair of lines is dominated by the large
electronic g, value. This latter prediction agrees
exactly with the observed splitting of all four BE
lines. We concluded, therefore, that the lines

BE, 4 are caused by the radiative recombination of
excitons bound to neutral acceptors with a J=-,'

state as the initial state. In addition, we remark
that the binding centers in all four cases (less es-
tablished for BE,) have lattice symmetry and are
not complexes with somewhat lower symmetry, in
which case we would expect a quite different split-
ting behavior and polarization pattern. " It would

be quite natural now to proceed in discussing the
acceptors acting as possible binding centers. We

postpone this discussion to Sec. IVD to include the

quantitative information about the different g values
and diamagnetic susceptibilities.

B. Linear Zeeman effect

&=Epa J ~ H + L pa(H„J „+H„J,+H, J,), (2)

where J is the total angular momentum and K and

I. are the isotropic and anisotropic g values of the
bound hole, respectively. Let us first assume that

anisotropy is negligible. We therefore use only the

isotropic part of Eq. (2). The polarizations of the

different transitions in Fig. 5 are indicated by ll,

which means E II H, RCP and LCP. The numbers
1-6 label the different transitions. From a com-
parison of Fig. 5 with our experimental pattern,
we derive directly the values of g,«and K accord-
ing to Eqs. (1) and (2). Neglecting L, we get

gPBH

-- p1/2

LCP RCP LCP RCP
1 3 4 6

+3/2

FIG, 5. Splitting pattern of the decay of a (4', X) com-

plex with I'6(J = 2) symmetry of the ground state. The

polarization of the different transitions is as indicated.
The observable oscillator-strength ratios of the different

components are I& .I2, I& =3:4:1and I4.I5.I6=1:4:3.

Figure 5 shows the group-theoretical splitting
pattern of a J= —,

' -J=
& transition in a magnetic

field. The initial state is a J =-,' state (or I ~ state
in Koster's notation), which was shown in Sec. Dt'A

to be the lowest-energy eigenstate of the bound

exciton. The spin Hamiltonian of this state is

+ =Zen 4a~ ' H i (I)

where S is the angular momentum and g,« the ef-
fective g value of the J=-,' state. If g,« is a mea-
sure for the spin splitting of the shallow bound elec-
tron, it is expected to be the same as the conduc-
tion-band value g, .

The final state of the transition is a J= ~ state
(or I'8 state), and it is caused by the bound hole.
The most general linear Zeeman Hamiltonian of
such a bound hole is
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Qs, —Qss = (2K+ s L)psH,

without neglecting L,. Combining a set of other
components, we get the following combination of
Kand I:

(5)

s (Qst —Qs4) = s[(Acus —&cut) + (Ilcus —kcu4)]

= (2K+s L) ltsH .
Substracting Eq. (5) from Eq. (6), we get

—,'(Qst Qs4) —(Qs, —Q,s) =3Lp~

(6)

which was found within the experimental error to
be zero for the BE„BE„andBE, lines (or at
least L should be smaller than 0.03). Therefore
the assumption I.=0 proved to be justified. As
example the variation of the energy difference with
magnetic field, a.s given in Eqs. (3) and (4), are
depicted in Fig. 6 for line BE2. The resulting K
value is K, =0.19+0.03. The different K values
we were able to determine are summarized in the
last row of Table II, together with the localization
energies E~ of the excitons to the neutral acceptors.

4

GaSb

Line BE2
x Wk32'

' hv6(RCP)-hv& (LCP)

Cg

o 3

C)

C
LU

5

Magnetic Flux Density [T]

FIG. 6 Energy differences between the high-energy
(BE2&) HCP and the low-energy (BE2&) LCP components
(crosses and circles) and between the two components in
E Il H polarization (triangles) of the line BE&. The most
exact values are those at the highest fields (8, 9, and 10
T): The straight lines are drawn considering only these
points. The difference 4E between the two lines in
2K@~ (see text).

Q., = I(»s-»t) I =(lz.«l +3IKI) i "
Q„= I(», -».) I =(lz.„l ~ IKI)i.H.

These energy differences were chosen because the
different shifts of the centers of gravity of the tm, I

= —,
' and Im& I = —,

' hole states are eliminated in this
case.

We now verify the assumption L = 0 made in Eqs.
(3) and (4). Subtracting Eq. (4) from Eq. (3) we
get for a magnetic field H ii [100]

They differ slightly from complex to complex: E
increases with increasing localization energy E~.
This relative effect is an unambiguous experimental
observation (K, is always &Ks &Kt), as is shown in
Fig. 3 for K, and K~. There the low-energy 0 com-
ponents are drawn in such a way that the RCP com-
ponents of BE, and BE~ are at the same energetic
position. The energy difference between the two
circularly polarized components of BE, and BE& in
this figure is equa, l to 2 K (neglecting L and n). It
can clearly be seen here, that 2 K (BEs) &2 K (BE,).
The errors given in Table II have only the meaning
of errors of the absolute values. The increase of
E with increasing E~ is an unexpected result, if we
assume that E~~ EJ, according to Haynes's rule:
the g factor should be reduced if the binding center
becomes deeper"; a possible explanation is given
in Sec. IVD.

The value for K4-—0.3+0.05 given in Ref. 6
agrees with our value only very roughly. The de-
termination of the K value in Ref. 6 is very indi-
rect: oscillator strengths (which are partially not
correct y) are used to extract from old published
absorption data' ' the K value. So the present
data are the first direct and reliable determination
of the E value of bound excitons in GaSb, although
the absolute error is still about 20%.

The bound electron g value is g,« = —8.95+ 0. 15
and is the same for the three complexes BE„BE„
and BE4. This g value agrees within the limit of
error exactly with the conduction-band g, value that
we recently determined to be g, = —9.1+0.2. ' It
should be mentioned that our tg, « I is larger than
the value determined recently by magnetopiezo-re-
flection ' (g, = —7.8+0. 8) and magnetophotoconduc-
tivity (g, = —8.4 + 0.8). This disagreement might
be due to the fact that excitonic effects for the lower
Landau levels and effects of the nonparabolicity of
the higher Landau levels were neglected in Refs.
20 and 21. The negative sign of g,«and the positive
sign of K could be unambiguously identified from
the sequence of the different polarized components,
as given in Fig. 5.

C. Diamagnetic effects

The problem of an exciton bound to a deep ac-
ceptor resembles in a first approximation that of a
neutral donor, concerning diamagnetic effects. In
this picture two holes are tightly bound to the ac-
ceptor and an electron is trapped by the Coulomb
field of the virtual "A' complex. " The binding of
the electron should not be very tight, due to the
small effective mass of the electron in GaSb [m,*
=0.0405 me (Ref. 13)]. This simple description is
supported by the results of the temperature depen-
dence of the intensity of different (Ae, X) lines in
GaSb and GaAs: The first ionization step of a deep
(A, K) complex is always approximately the donor
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FIG. 7. Energy shift of the center of gravity of the two
components & and & vs magnetic field. The crosses refer
to line BE4, the circles to line BE&. The solid line is a
fit to the crosses gine BE4) according to the theory of
Larsen (Ref. 23) and Cabib et al. (Ref. 24).

binding energy.
Larsen 3 calculated the variation of the binding

energy ED of a hydrogenic donor in a magnetic field.
His computation was further improved by Cabib et
al. ,

4 who presented variational calculations for
En(H) also for the intermediate field region, where
ED(H =0) ~ —,'II~, .

In Fig. 7 we show the magnetic field dependence
of the center of gravity of the various Zeeman com-
ponents of the deepest bound exciton BE4 and one
exciton with smaller localization energy (BE,).
This shift is quite different from that of a free elec-
tron to acceptor transition (for this transition see
Refs. 13 and 25). A fit was made for the BE4 line
with the theory of Cabib et al. 4 using po/mo as a
free parameter. The best fit was obtained with a
mass F0=0.040mo, a value which is, in fact, very
close to the free-electron value m,*=0.0405mo. ~3

The solid line in Fig. 7 was calculated with this
value. In the complex BE„ the exciton is some-
what weaker bound to the neutral acceptor. Thus
we expect a larger diamagnetic shift in this case,
due to the fact that the holes involved in the com-
plex are less tightly bound. This behavior is re-
flected by Fig. 7 exactly. These results confirm
the validity of the simple picture of an A+ complex
binding an electron and are in qualitative agreement
with some experimental results recently obtained

for deep (A, X) complexes in GaAs. 6 28 It must
be mentioned here that the experimental results in
Ref. 26 are misinterpreted: The theory advanced
there consists of separating the bound exciton into
the free-exciton problem and an effective binding
potential of the impurity. This separation ansatz is
Imt applicable for the case of deep lying (Ao, X)
complexes because the excitonic hole is stronger
bound to the acceptor than to the excitonic electron.
In our case the problem reduces to that of a donor
in a magnetic field, as stated above.

In Sec. IV C we already mentioned that a differ-
ent diamagnetic shift is found for different I I; I

components of the final state. More precisely, the
lines 1 and 6 or the lines 2, 3, 4, and 5 show the
same shift (see Fig. 5). This different shift of
these two groups of lines can be only due to a dif-
ferent diamagnetic shift of the i,m; I =-,' and & ac-
ceptor states. An analogous "diamagnetic splitting"
was recently reported for the first time for the
exciton bound to the deep acceptor tin in QaAs.
This splitting was predicted theoretically on the
basis of a perturbation calculation of an acceptor
in a magnetic field, taking into account the com-
plete Hamiltonian of the valence band. An analo-
gous diamagnetic splitting was recently predicted
for free excitons.

The diamagnetic splitting & is directly propor-
tional to ao,

n = (eH/c)'(a', /2 p,,) o',

ao is the radius of the ground-state wave function
of the acceptor, &2=0.61 for H II [100], and go=mo/
yI (yI is the Luttinger parameter). In the deriva-
tion of this expression, no other important assump-
tion was made than that of a spherical symmetry
of the binding Coulomb potential. Though the the-
ory' was derived for an effective-mass acceptor,
one can conclude that the (A, X) decay involving
the deeper acceptor should show a smaller diamag-
netic splitting. However, line BE, shows a smaller
diamagnetic splitting than line BE2.

D. Depth of the binding acceptors and Haynes's rule

Haynes's rule postulates an increase of E~ with
increasing binding energy of the acceptor. The in-
creasing binding energy E~ of the bound excitons
BE, to BE4 could be used in this connection for a
tentative assignment of the bound exciton to the ac-
ceptors reported in Refs. 11 and 25. But this ap-
proach immediately leads to two severe contradic-
tions: The isotropic g value K of a bound hole is
expected to become smaller with increasing bind-
ing energy. The diamagnetic splitting is propor-
tional to ao. In fact, we found K(BEI)&K(BE2)
&K(BE~) and h(BEI) & h(BE&) (see Table II). The
sequence of the K values agrees with the sequence



12 LINEAR AND QUADRATIC ZEEMAN EFFECT OF EXCITONS. . . 2389

of the 4 values. Both implicate that the acceptor
binding energy does not increase but decrease in
the sequence BE,. . .BE» which means that Haynes's
rule does not hold for these centers. On the other
hand this is not the first time that deviations from
this rule are demonstrated. For a series of ac-
ceptors in InP, 3' it was found that the binding en-
ergy of the acceptor does not increase with the
localization energy of the exciton. If we compare
the excitons bound to the neutral copper C acceptor'
and to neutral tin3'4 in GaAs, we find the same.
The exciton bound to the copper C acceptor has the
larger localization energy (18.5 meV relative to
8. 1 meV) although it is the shallower acceptor
(=158 meV relative to 170 meV). We propose the
BE, and BE~ bound excitons in GaSb to be new ex-
amples that Haynes's rule is violated.

Concluding this short discussion of Haynes's rule,
it should be pointed out that a violation of this rule
over the whole range of binding energy of all four
bound-exciton lines BE, 4 (an inverse relationship
from 4. 5 to 18.8 meV) would be much larger to
previously observed forms"' and reveals an en-
tirely new situation. Most of the deviations which
occur in QaP and Si were reasonably explained by
Dean with a modification of the original rule. His
explanation could also hold for the deviations in
GaAs and InP but not for BE, 4 in GaSb. An un-
ambiguous conclusion that the rule is violated for
all four bound excitons is, unfortunately, not pos-
sible, because we have no reliable values of & and
E for BE3 and of & for BE4, further, our evidence
is based on a relatively indirect argument but not
on the direct and independent knowledge of E~
and E~.

An effective assignment of the BE lines to ap-
propriate acceptors could be achieved by an inde-
pendent determination of the K values of the differ-
ent acceptors from free-electron to neutral-ac-
ceptor transitions.

V. SUMMARY

The linear and quadratic Zeeman effect of four
different recombination lines at 805. 4, 803.4,
800. 1, and 796. 1 meV in GaSb was investigated.
Excitons bound to neutral acceptors were found to
be responsible for at least three of the lines. An

energy state with J„,= —,
' is proved to be the lowest

of the four investigated (Ao, X) complexes.
From a numerical analysis of the Zeeman pattern

for the first time isotropic bound hole g values K
could be derived for different neutral acceptors in
GaSb. A verification of the very recent theoretical
prediction of a diamagnetic splitting of acceptor
states is presented. The diamagnetic shift of a
deep (Ao, X) state was successfully fitted by means
of Larsen's theory of a donor in a magnetic field,
under the assumption that there is an analogy be-
tween an acceptor binding two holes (A') and an
ionized donor (D').

One surprising result, however, is that both K
value and difference 4 between the diamagnetic
shifts of the Im~ I =-,' and Im,. l = 2 hole states in-
crease with increasing localization energy of the
exciton. Therefore Haynes's rule, which states
that the exciton binding energy is proportional to
the ionization energy of the neutral binding center,
might not be valid either in the case of the excitons
investigated here.
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