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In a previous paper [R. Baumert, I. Broser, J. Gutowski, and A. Hoffman, Phys. Rev. B 27, 6263
(1983)] it has been shown that high-density, high-resolution excitation spectroscopy gives new infor-
mation on the electronic and vibronic excited states of the acceptor—bound-exciton complex (A4°%X ,)
with two holes from the A4 valence band in CdS. We now report on corresponding results for the
(A4°%X3) configuration which includes one hole from the second B valence band. This complex is
unstable for a very fast B— 4 hole conversion, and therefore gives rise to a set of excitation reso-
nances of the I, luminescence arising from the (4°%X,) recombination. A detailed theoretical
analysis of the energetic structure of the (4°Xj3) complex including the dependence on the excita-
tion intensity and on an applied magnetic field allows the correct assignment of the excitation reso-
nances to the (4% Xp) fine-structure levels originating from the interparticle-exchange interactions.
It is shown that the magnetic field is a suitable means of distinguishing the different (4°Xj5)
ground-state levels. The magnetic field also creates allowed transitions which are dipole forbidden
in the zero-field case. A self-contained model of the (4% X3) complex thus can be developed, includ-
ing all symmetry states and yielding adequate values for the exchange energies within the complex.
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I. INTRODUCTION

High-density tunable light sources offer extensive possi-
bilities to observe a manifold of excitation and recombina-
tion mechanisms of free and bound excitons not known
before. In our preceding work! we reported on electronic
and vibronic excited states of the  neutral-
acceptor—exciton complex (A%X,) with two holes from
the upper A4 valence band in CdS. They can be observed
as excitation resonances of the I; luminescence which
corresponds to the (A% X ) recombination from the elec-
tronic ground state of the complex. Transitions into the
excited states are mostly dipole forbidden but visible
under dipole-selection-rule breaking conditions  as high-
density,! symmetry disturbance, or phonon participation,
e.g., n-LO-phonon Raman processes, where # is the num-
ber of the phonons involved.?

The occurrence of dipole-forbidden transitions is also
known from the donor-bound exciton (D%X) in CdS.>*
Some excitation resonances of the I, luminescence due to
the (D%X) recombination also observed as absorption
lines’ have been identified as representing quadrupole
transitions to excited (D% X) states.

Although many luminescence and excitation phenome-
na in the bound-exciton region of CdS and of other semi-
conductor compounds have been interpreted as transitions
from and into exchange-split ground and excited states of
these complexes,">%~12 up to now there existed consider-
able problems in the theoretical description of these states
and the interactions involved. Mostly, the exciton bound
to a neutral impurity, which is a four-particle system, was
treated as an analog to the simple diatomic mole-
cules,”*~18 je., H, or other compounds with one outer
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shell electron per atom.

These diatomic molecules consist of two heavy and two
light particles, i.e., two nuclei and two electrons. There-
fore, the calculation can be simplified by a separation of
the electronic contribution and the vibronic or rotational
contributions as motions of the nuclei. This is not possi-
ble in the case of bound excitons’!3 because the effective
masses of the electrons and holes involved are of the same
order of magnitude.

In order to compare experimental results and theoreti-
cal considerations on bound excitons the observation of
systems which show manifold respective transitions is
most useful. The acceptor-exciton complex (A4°%X) in
CdS fulfills this demand. In 1962 Thomas and Hopfield!?
already described absorption lines due to the two configu-
rations of this complex. One of these configurations is
the (A%X,) complex already mentioned above. The
second configuration is called (4%Xy) and has one hole
from the second B valence band lying 16 meV below the
A band. The build-up of (4%Xjz) complexes corresponds
to the absorption lines I,z and I 1B (Ref. 13) and the I,
excitation resonances I} and Il (Ref. 1). These struc-
tures represent the splitting of the electronic ground state
of the (A% Xp) complex by hole-hole and electron-hole ex-
change interactions between the 4 and B hole and the
electron. Transitions into these split states are observable
as excitation resonances of the I, luminescence as a rapid
B—>A hole conversion immediately transforms the
(A°%Xg) into an (4% X ) complex.

Although some of the excitation resonances I}7 and
I3 are known already,””? a correct description of the
(A°%Xp) fine-structure levels could not be given up to
now. Mainly this has to be attributed to the lack of high-
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resolution measurements with a set of varied parameters.
In the following we present experimental results of inten-
sity, polarization, and magnetic-field-dependent measure-
ments at a number of different crystals done in order to
get adequate information about the bound-exciton transi-
tions. The results show evidently that the previous assign-
ment of the (A4%Xj) states to some transitions observed
earlier'® has to be modified. We have been able to im-
prove the theory given in our preceding paper' based on
Ref. 13 with regard to the new results. For the first time
we could calculate the g values of a completed set of
(A° X5) states.

II. EXPERIMENTAL TECHNIQUES

The samples used for the measurements were high-
quality platelets grown by the Frerich-Warminsky vapor-
phase method with a thickness of 30 to 600 um. The ex-
citation spectra were taken in forward, backward, and

right-angle configurations. Tunable dye lasers pumped by

an excimer or a N, laser served as light sources. The
spectral half-width was below 0.02 meV. The spectra
were recorded with a double-grating spectrometer (0.75
m). Either a photomultiplier or an optical multichannel
analyzer (OMA) were used for the detection. The OMA
system is very helpful to divide between luminescence and
scattering phenomena and to identify misleading indirect
excitation phenomena. The measurements in a magnetic
field were performed with a 10-T superconducting split-
coil magnet.

III. EXPERIMENTAL RESULTS

A hlgh resolution analysis of the I; luminescence due
to the (A4°%X,) recombination shows that all investigated
undoped crystals exhibit a doublet and sometimes a triplet
I, line structure. It is known that doping of CdS with
several chemical elements (mostly alkali metals and halo-
gens) produces additional I; luminescence lines or
strengthens those of the virgin crystals.!>?° Some of these
lines are separated only by a few hundredths of a nanome-
ter. A spectral analysis is difficult especially if the lines
show markedly different intensities. Excitation spectros-
copy of the I, transitions has to be done with regard to
these nearby lines but offers a good possibility to observe
even weak I; lines lying close to stronger ones, making
use of the excitation maxima of the weak lines. In our
virgin crystals one always observes two I; lines at
2.53561 eV and 2.53543 eV, called I and 111’ in the fol-
lowing. Due to strong interactions between these nearby
transitions excitation resonances of one of them also yield
weak resonances of the other and vice versa.

Figure 1 shows a transmission spectrum taken with a
high-pressure Hg lamp. The energy region of interest is
that of the known!® absorption lines I;5 and I, due to
the build-up of an (4% Xy) complex in two different mo-
menta combinations. However, high resolution yields not
only this pair of lines but more structures analogous to
the I, line doublets or multiplets. In the flgure, two
sharp absorption lines occur called I}z and I35, on thelr
high-energy side followed by a broader absorption & B
An absorption line I 15’ corresponding to the I; excitation
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FIG. 1. Transmission spectrum of the free- and bound-
exciton energy regime in CdS. Besides the free-exciton absorp-
tions Ap,A;, three absorption lines I}B, I%B, and I3 are ob-
servable which represent transitions into the (A4%Xjp) ground
state split off by the interparticle exchange interactions.

resonance of the same name seems to be unobservable in
the absorption spectrum. However, the superposition of
the absorption edge of the crystal on the bound-exciton
structures can smear a weak line. This is indicated by the
fact that I? 18’ exhibits a larger linewidth as in the I, exci-
tation spectra (see below). Addxtlonally, it is known that
the occurrence of a strong I! 18 line in absorption as well
as in I, excnatlon spectra is not necessarily connected
w1th a strong Iig line. The same holds for the structures
I 1B and I 1B’-

Further lines in the absorption spectrum are due to the
known?! free-exciton transitions A and 4 1 denoting the
triplet and longitudinal free- A-exciton creation. The ener-
gies of the absorption lines in comparison with those of
the excitation resonances described below are given in
Table 1.

Figure 2 shows the excitation spectrum of the I
luminescence (2.53561 eV) taken with laser light [polar-
ized in E||c direction. Four resonances I1;? and Iy are
clearly resolved. The intensity ratio between I1, and I3,
changes significantly from crystal to crystal. Thus, these
four resonances cannot necessarily be interpreted as tran-
sitions into dlfferent fine-structure levels of the ground
state of the same (4% Xy ) complex, as done in Ref. 1. All
spectra show the sharp resonance Ay and the broader
maximum A4; in agreement with the respective absorption
lines.

Generally no structures are observed in the I3 spectral
region in excitation spectra carefully polarized ELc. The
result reported on in Ref. 4, where two resonances were
observed in Elc slightly shifted against those which ap-
peared for E] |c, could not be confirmed. This shift being
interpreted in Ref. 4 as the electron-hole-exchange split-
ting within the (4%Xjp) ground state may be due to the
superposition of a resonant electronic Raman effect at the
(A°%Xp) complex, which can hardly be separated from the



31 _ ELECTRONIC AND VIBRONIC STATESOF THE ... . IL. ... 3613
TABLE 1. Energies and wavelengths of the absorption lines o 1
and excitation resonances due to the creation of an (A4°%Xjy) "é
complex in one of its states. S
_9—' o
Excitation resonance o
Absorption energy (meV) energy (meV) N
Line [wavelength (nm)] [wavelength (nm)] .>__ ] CdS
I 2.54791 2.54780 2 Eillc 1
[486.614] [486.636] W —o— Iig
I 2.54853 2.54855 i et 13
[486.496] [486.492] - —u— 12
Iy 2.54935 — e 18
[486.340] 10 2030 50 100 200
Iy 2.54996 2.55002 EXCITATION DENSITY (kWcm?)
[486.223] [486.212]

I, excitation resonances if a multiplier is the only means
of detection. For details see our description of the Raman
effect given in paper III of this series (Ref. 22) and anoth-
er following paper due to the excitation spectroscopy of
the I;—TA-phonon sideband of the I, luminescence.?*

The intensity of all four excitation resonances I}? and
Il shows a linear increase with the laser light intensity
(Fig. 3). A saturation behavior is observed for excitation
densities higher than 50 kW cm™2. This is in agreement
with the usual intensity dependence of bound-exciton ab-
sorption and luminescence in CdS. This is a further hint
that all these excitation resonances have to be correlated
with transitions into (A4%X) bound-exciton states. The
saturation effect is explained by the limited number of im-
purities which are able to bind excitons.!»?*

Performing excitation spectroscopy with a magnetic
field applied, one has to attend to the shift of the lumines-
cence line under observation. This shift does not influ-
ence the energy position of the excitation resonances but
may alter the intensities recorded. Since the characteris-
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FIG. 2. Excitation spectrum of the I{ luminescence taken
with incident light polarized E||c. The excitation resonances
correspond to the absorption lines shown in Fig. 1.

FIG. 3. The I, luminescence intensity as a function of the
excitation density recorded for the laser energies corresponding
to the excitation resonances I g, I%5, and I3p.

tics of the I; excitation spectra are not influenced by the
choice of the I, component to be used to record the spec-
tra in a magnetic field, we could follow the component
which allowed to observe the most intense excitation
structures.

The behavior of the excitation resonances I} and I
in a magnetic field parallel and perpendicular to the ¢ axis
is shown in Fig. 4. Obviously 7 { pand I %B show the same
splitting, and so do I lpoand I %B'- However, in Hlc the
high-energy component of I}z which should be weak
analogous to that of I 2., is not detectable.

In a field oriented Hlc, I3 show a threefold splitting.
In both cases the middle component being nearly un-
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FIG. 4. Splitting of the excitation resonances of the I,
luminescence as a function of the magnetic field oriented H||c
and Hlc. The excitation resonance A corresponds to the free
Ap triplet exciton.
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changed in energy is the most intense one. The outer two
components are nearly equal in intensity. The g value of
these outer lines is g =3.42 for I?; and seems to be
slightly smaller for I3 although in this case observation
was more difficult due to the relatively weak intensities of
the outer structures.

For H||c, I}z and I} show exactly the same twofold
splitting with g =2.96 and with a low-energy component
being much stronger than the high-energy one (the
behavior of I{y was easier to observe in other crystals
which presented a more favorable intensity ratio between
these two resonances). Additionally, two structures occur
between the split components of I{z at about 6 T. Their
g value is about 1.0, the lower line being the stronger one.

The analysis of the splitting of I}z and I3 is compli-
cated by their larger linewidths (0.5 meV) and lower inten-
sities, which especially is true for Ilp. Nevertheless,
some results have clearly been obtained. Contrary to I1}?
both lines exhibit distinct diamagnetic shifts in both mag-
netic field configurations. For Hlc, I %B' splits into a
doublet equal in intensity. The g value amounts to
g =2.05. Obviously the splitting is superimposed by a
nonlinear shift which can be attributed to a diamagnetic
shift with §=3.8 ueVT~2 We suppose that there also
exists a high-energy component of Il which is not
distinctly resolvable because the low-energy line of %
dominates this spectral region. Some spectra exhibit a
slight low-energy shoulder at the lower I35 component,
but an exact determination of its position was not possi-
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ble. Thus energy values due to this shoulder are not in-
cluded in Fig. 4. For Hl||c both lines I}z and I35 show
only one component shifted to higher energies. For both
lines, the course of this shift again suggests a superposi-
tion of a linear Zeeman effect and a diamagnetic part.
The shift with H? amounts to 8~1.5 ueV T2, whereas a
linear portion with AE =0.47 meV T~ ! has to be added.
The assumption of a very weak and therefore not observ-
able low-energy component fits to respective results in ab-
sorption® and to the theory (Sec. IV). A g value of 1.6 to
1.9 would follow from the suggestion of a twofold split-
ting, assuming the observable line to be the high-energy
component. ,

In agreement with known results,>! 4y shows no split-
ting in Hlc, which has to be expected for this state with
I's symmetry. For Hf|c a twofold splitting occurs con-
nected with an energy shift. Additionally, in some spectra
a new structure between Ay and / %B' appears, showing no
split off but a distinct diamagnetic shift.

The g values, diamagnetic shifts, and line intensities are
given in summary in Table II.

IV. THEORY AND DISCUSSION

A. Group-theoretical results

The electronic ground state of the (4% Xp) complex in-
volves, apart from the acceptor ion, one hole from the B
valence band, one hold from the A4 valence band, and one

TABLE II. Splitting, g values, diamagnetic shifts, and intensities of the I; excitation resonances.

Line Hlc

Hj|c

Iip Threefold splitting
g=3.2
Middle line strong,

outer lines equal in strength

I3 Threefold splitting
g=3.42
Middle line strong,
outer lines equal

Iip Twofold (?) splitting

Only low-energy component

Probably like %

& Twofold splitting
g=2.05

both lines equal in strength

5=3.8 ueV T2

Af No splitting
§=3.25 peV T2

New structure

Twofold splitting
g=2.96

Low-energy line strong
8=1.6 uevT?

Twofold splitting
g=2.96

Low-energy line strong
8=1.6 uevT™?
More than 5 T:
g~=1.0
Low-energy line strong

two inner components

Twofold (?) splitting

Only high-energy component
g=~1.9

8=1.5 uev T2

Twofold (?) splitting

Only high-energy component
g=1.9

8~1.5 peVT2

Twofold splitting
g=1.46
8=7.6 uevT?

No splitting
8=2.76 uevT™?
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electron from the conduction band. This four-particle
system underlies hole-hole and electron-hole exchange in-
teractions. Therefore the electronic ground state is split
off into four terms with different exchange energies due
to the different spin and angular momenta adjustments of

. the particles. This was discussed in detail in our preced-
ing paper (Ref. 1), so only the results are given here.

As Thomas and Hopfield!* pointed out in the case of
weakly bound states at an impurity and for energy bands
near k=0 it is not necessary to describe the states as be-
longing to the point group of the impurity. They also can
be treated as states within the point group of the crystal.
Thus the particles have the symmetry representations of
the bands they stem from. In the (A4°%Xjz) complex in
CdS with the point group C¢,, the 4 hole is characterized
by the representation I'g of the A valence band, while the
B hole and the electron have the representation I';, similar
to the B valence band and the conduction band. There-
fore, the (A4%Xy) states are determined by the group-
theoretical product of the representations of the particles:

F7X(F7XF9)=F7+F3+2F9. (1)

The group-theoretical notations and equations are used
following Koster et al.?® If both holes have their spins
parallel, the coupling of the electron to the two holes will
result in two states T'g(J, =3 ) and Ty(J, =3 ). In the case
of antiparallel hole spins one finds I';(J,=+) and
[o(J,=%). The transition to the impurity point group
C%, in CdS does not affect the following results. For that
reason the ( 4% .X}) states also may be treated in C%,. The
representatlons I'; and T’y in Cg, are compatible w1th r,
in C%,, and T'y with T's@ s, which is a degenerate Kra-
mers doublet. A magnetlc field oriented Hlc reduces the
symmetry from C7, (C6,, into Cs. A field Hf|c results
in a reduction from C3%, (Cg,) into C§ (C¢). Figure 5
shows the splitting and the representations of the states in
a magnetic field Hlc and H||c. (The term sequence and
the energy distances cannot be determined by group
theory. This has to be done using additional information
given by the analysis of the interparticle interactions and
of the perturbation of the system caused by a magnetic
field. This will be treated in Sec. IVB.) The starting
point is the impurity point group C%,. In parenthesis the
representatlons are given for the group C¢,. The neutral
acceptor A° with the representation I's@ ' (I'y) is the fi-
nal state of all transitions from bound-exciton levels. To
decide which transitions are dipole allowed for a polariza-
tion Elc or E||c one has to determine the group-
theoretical products of ‘the transitions. Table III is a com-
patibility table for the representations of interest. The
electric dipole operator for the case E||c in C%, (C§,) has

3615
= —
Hil ¢ H1l¢
lg (1)
T~ [eels(ro) el
el -~
) I3
e — \\\ IZ(G) ///
_ l5(g) .-~ s~ L
O
(AXs) _um B
LA (1 R
) -~ s
()
~ Tsefglrg) Gel,
el -~
fs(fy)
A ~Gelslls)  Rel
Gl -~
C3(Ce)kHIz) C3,(Cg,) CgHIx)orHly)

FIG. 5. Term scheme of the ( 4% X5) complex’s ground state
split off by hole-hole and electron-hole exchange interaction.
The scheme is given for a zero-field H=0, for H||c, and for
Hlc. Below, the point-symmetry group is indicated for the
zero-field case as well as for the case of the different magnetic
fields applied, which reduce the crystal symmetry in a charac-
teristic manner (see text). The representations noticed for each
electronic state of the (4%Xj) complex belong to the respective
symmetry group given below. To present an easily surveyed pic-
ture the term sequence has been drawn without regard to the
real energy distances determined by the experimental results.
As shown in Secs. IVB and IV C, the upper T’y and I's@ I
states exhibit a very small energy distance (<40 peV), and so do
the lower I'y and I's& 4 states, while the distance between these
two couples of states amounts to 1.3 meV. Thus the magnetic
field produces level crossings between those components which
originate from two nearby states (see Sec. IV C).

the representation I'j, for Elc I'y (F5). While I'; remains
the representation valid for C3 (C¢) and Cj, that of the
operator Elc is transferred into I'y+ '3 (I's+T) in CT
(C¢) and into T+, in Cs.

A transition is dipole allowed if the product I'; XTop
includes I'f, with T'; as representation of the lmtlal state,
Iy, as that of the dlpole operator, and Iy as that of the fi-
nal state. Table IV gives a survey of the transitions al-
lowed without a magnetic field and with a magnetic field

TABLE III. Compatibility table for the representations of interest in the different point groups.

E”C Elc Cg:, F7 Cz;, Fg C]‘ﬁ, Fg
H=0: Ca, Fl Fs F7 Fg Fg
H=0: CE;.;, . Fl Fg F4 F4 r5$ FG
H(z): CT (CY) r,{@Ty I+ T3 (Fs+-T) C4+Ts (T7+Tg) 4+Ts (Ty+Typ) s+ (T +T12)
H(x): Cs T, '+, I's+Ty s+, 4+,
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TABLE IV. Allowed dipole transitions between the (A4° X;) and the A4° states with H=0, H||c [H(z)], and Hlc [H(x)]. The
first column gives the representations of the I'; spin state of the (4% X}y) for the three cases H =0, H||c, Hlc, the second column
those of the I's spin state and the third column those of the two I'y spin states. The first line has to be read as the dipole-allowed
transitions in the case H=0, the second line presents those under H||c and the third line those under Hlc.

(A°%Xp) H=0 Ci, (C}) Iy (Iy) T4 (Ty) I's@ g ()
A° I, H(z) CT (CE) T4 (I';), Ts (Ty) Iy (Fy), T's (Tyo) I's (T'1y), T (Ty3)
I, H(x) Cs s Iy T3, Ty s Ty
H=0 Ci%, (C%): I'seT (Ty) Elc Elc El|c
H(z) C_3+' (CZ ): Te+T6 (I +Tn) Elc Elc EHC
H(x) Cs: I, Ty El|c and Elc E||c and Elc E||lc and Elc

applied parallel and perpendicular to the ¢ axis. A field
H||c does not change the situation compared to the zero-
field case. Only transitions polarized Elc are possible be-
tween the A4° final state and those terms which originate
from the two I'y (I';) and Ty (I'g) configurations of the
(A% Xg) complex. Transitions between the terms arisen
from the two I's® ' (I'y) levels and the 4° remain possi-
ble only for E||c.

In contrast, a magnetic field Hlc drastically reduces
the symmetry to Cg. Transitions between all states of the
(A%Xp) complex and the A4° final state become possible
in both polarizations.

B. Energies of the ( 4% X3) states in a magnetic field

While group-theoretical considerations enable one to
describe the symmetry states of the (4% Xy) complex and
the possible lifting of their degeneracy by additional
fields, nothing can be said about the term sequence and
energy distances without and with a magnetic field ap-
plied. So one has to use some theoretical results which
describe the influence of the magnetic field on the spin
and angular momenta configurations of the (A4°%Xp) lev-
els.

. First of all, Thomas and Hopfield13 tried to calculate
the energy distance between the four (4% X3) levels under
zero-field conditions. According to their model, the ex-
change interaction between the 4 and B valence-band
holes yields two states I's and I'¢ with a distance of
0.4P(0) eV. P(0) is the probability that the two holes in
a bound state lie in the same unit cell. Thomas and Hop-
field!® interpreted the distance between the observed ab-
sorption lines I 5 and I,p as being the energy difference
between these two hole states. Thus the experimentally
determined energy distance between the states amounts to
1.3 1073 eV. This yields a P(0) of about 3 10~3. The
exchange interaction between the holes and the additional
electron gives rise to a further twofold split off of the I's
as well as of the I'¢ level. This coincides with the finding
of the four states I';+ Iy and I's+T'y using the group
theory (Sec. IV A). The energy distances between I'; and
I'y on the one hand and I'y and I'g on the other hand were
estimated to be 0.04P’(0) eV.!* P’(0) is the possibility
that the electron and the hole lie in the same unit cell.
However, there has been no experimental evidence of the
electron-hole exchange interaction. Thomas and Hop-
field'® observed a weak absorption structure in Elc polar-

ized spectra shifted by 0.27 meV against I,5. The inter-
pretation of this line to be the transition into the I'y state
as the second level created from I'¢ by the additional
electron-hole exchange interaction led to the assumption
of P'(0)=10"2. This not only contradicts the fact that in
case of an electron bound to a hydrogenic donor P’(0)
does not exceed 103 but also the knowledge that the elec-
tron is the lightest particle in the (A4%Xyz) complex with
the greatest distance to the center.?%?” Therefore the as-
sumption by Thomas and Hopfield does not seem to be
realistic. P’(0) should be smaller than 10~3, which results
in a value of at most 40 peV for the electron-
hole—exchange split off..

Now, on the basis of these considerations, the influence
of a magnetic field has to be treated. The four-particle
system (4% X5) can be looked upon as an analog to a dia-
tomic molecule. The application of a magnetic field re-
sults in a diamagnetic shift of the terms proportional to
H? and in a linear Zeeman split off, provided that the
terms do not strongly mix.?® The diamagnetic shift of ex-
citonic complexes is proportional to (e2?/2uc?)A? with
VX A=H and p as the reduced mass of the exciton.
Since u is small compared to m, in CdS, the diamagnetic
shift is expected to be clearly noticeable. However, the di-
amagnetic shift is not -very helpful for the identification
of transitions, and therefore shall not be discussed here in
detail. The Zeeman effect can be treated as-a perturbation
of the zero-field case. From the wave functions and the
Clebsch-Gordan coefficients (Koster et al.?®) of the states
Iy (T4), Ty (Tg), and T's@ T (I'y) in CE, (the change over
to C3, yields corresponding relations) and the operator of
the magnetic field H =gugH (£ +25) the following Zee-
man matrices result:

1—i

cosf sinf@
(H(T))=(H(T)) =(gupH’ | | ;
sinf —cos@
2
(2)
~ , [cos6 O
(H(Do))=(gusH’ | ( __ 0| - 3)

A magnetic field Hlc mixes the states 'y and T'y as well
as I'g and I'y. This is described by the matrix
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cos@ —! in6 0
~ ~ 2| 140 . 1—i .
(H(T'eTy))=(H(Tg@Ty)) =(gugH) 5 sinf 0 5 sinf | . (4)
0 1 ;_l sin@ —cosé

Up to now the anisotropy of the g value has not been included. To insert the anisotropic g values the matrices have to be

changed in the following manner:

1—i

g1, cos0 gy, sinf

(H(Tg)Yan=upH)?
81,1

1—i sind —gy  cos@

(5)

where the subscript an marks the anisotropic case. The eigenvalues are

E(Tg)=tpupH (g} cos’0+g1 , sin0)>=ppHg, 4 ,

(6)

where the expression in parenthesis is defined as gy .¢. For (H(T 7)) and E(T';) one has to insert g1, and gi,;. In the
case of the I'y states only a “parallel” g value enters into the equation:

. 82, cost 0
(H(T9))um=(upH)’ 0 —igycosd | °
This results in the eigenvalues

E(T9)=ppHg,  coso .

The matrix (4) for Hlc has to be changed as follows:

i.
sin@

&3, cos 83,1

831 12—1 sin@ 0

(H(T@®To)) pn=(upH)?

1+
2

0 83,1 sinf

From (9), three eigenvalues are calculated:
E(I'g@ly)=0, 29)172

(10)

+upH (g3 cos’0+g3 sin

=0, *upgHgs.ir,

where the expression in parentheses is defined as g; ..
Within the eigenvalues E(I';®T) there occur g} and
g5,) and therefore g3 .¢r in Egs. (9) and (10).

The conclusions drawn from these results are as fol-
lows.

(i) A magnetic field H.lc is not able to lift the degenera-
cy of the T'y (I's® ) states of CZ, (C3,). The represen-
tations I';+ T4 (see Fig. 5) in Cg remain a Kramers doub-
let.

(ii) The degeneracy of I'g (I'y) and I'; (I',) is lifted by a
field Hlc.

(iii) Due to the mixing of the states in the case Hlc,
one has to expect a threefold splitting following Eq. (10).

(iv) In the case H||c the degeneracy of all (A4°%Xjy)
states is lifted. This results in a twofold splitting of all
lines.

Figure 5 shows the results with regard to the group-

g3,1

(7

0

1‘2‘i sind | . )

—83,) cosf

theoretical considerations as well as to the matrix calcula-
tions given above. The dipole transitions within this term
scheme are given by the use of Table IV. To determine
the theoretical values of the g; ), and g;, one has to make
use of the molecular analogy. In the case of parallel hole
spins and antiparallel electron spin (i.e., the lower Ty
state), with regard to Ref. 28 one obtains a g, which is
(in accordance with Ref. 13)

82,1 =8ha +8nB||—8e - (11)

8n4 is the g value of the A4 valence-band hole. Here the
sign || is dispensable because the perpendicular com-
ponent plays no role due to the complete anisotropy of the
A hole splitting.!3 8np) is the parallel part of the B hole g
value, g, the isotropic electron g value. gz, does not ap-
pear because of the cos@ factor of the I'y state. The con- -
figuration which corresponds to antiparallel hole spins
and the electron spin being parallel to that of the B hole is
described by

8%, =8ha —8hB||—8&e - (12)
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C. Application to the I,z transitions

As pointed out at the beginning of Sec. III all investi-
gated crystals show at least two I, emission structures
with intensity ratios varying from crystal to crystal. Each
of the lines exhibit distinct excitation resonances which
make possible a clear distinction between the nearby
luminescence transitions. The observed - luminescence
lines called I¢ and [ 11’ have the energies 2.53561 eV
(488.975 nm) and 2.53543 eV (489.010 nm). The line I§
coincides with those discussed in literature as due to an
acceptor built by a Cd-vacancy—Al complex!®
(Veg?~Alegt)™ or by Licg™.2° The 1% line is identical in
energy to an emission line 1dent1f1ed to include a
(Vea? Cls+) acceptor 19 Although all four excitation
resonances I}; 13 and I} 15 appear in the excitation spectra
of both I, lines, it was pointed out in Sec. III that I 1B
and I} 1pr are identified as bemg resonances of the
2.53561-eV—I{ line whereas I%5 and 1%y belong to the

2.535 43-eV—I’1’ line. 113 as a sharp line and IlB as a
broad one resemble the known I,5/1,p absorption doub-
let,'® and so do Iu; as a sharp and I%B as a broad line. It
is known from absorption, emission,'* and excitation spec-
troscopy® that the creation of an (A%Xy) complex is fol-
lowed by a rapid conversion of the B hole into an A hole
and therefore by the transition of the whole complex into
an (A°X ) configuration which recombines producing the
I, lummescence Therefore we have to assume that I } B
and I} 1p are transitions into the upper and the lower Ty
level (Flg 5) of the (A2, Xg) complex Where A may be
“the (Veg? " Algg™)™ or Ligg™ acceptor. I%; and I3 then
belong to the 'y levels of the (Ab,X g) with an acceptor
Ab possibly being the ( Ve~ Clg? )™ acceptor.

The binding energies of the complexes show an interest-
ing behavior. While the (A2,X,) complex due to the I{
line has a binding energy of 18.09 meV for the exciton at
the acceptor [taking the energy of the free A exciton as
2. 5537 eV (Refs. 21 and 29)], the (A5,X,) complex due to
the I} 11s more strongly bound w1th 18.27 meV. In con-
trast to the (4°X 4) levels, the (A4%X, B) states show an in-
verted behavior of the bmdlng energies. The (A42,X5)
complex exhibits binding energles of 20.90 meV for the
lower T'y level due to the Iig transrtlon and 19.35 meV
for the upper I'y level due to the Ilp [taking the ene §y of
the free B exciton as 2.5687 eV (Ref. 21)]. Here (A4,,
is the complex which is more weakly bound by 20. 15 meV
for the lower Fg state (I%3) and by 18.68 meV for the
upper [y state (I%3)

The binding energy of an acceptor-exciton complex sen-
sitively depends on the interparticle distances, i.e., the
amount of the exchange interactions.!®!® Therefore, it is
concluded that in the (42, X,) complex the electron is
further away from the center than in the (A2, X4) com-
plex, whereas the oppos1te has to be assumed for the B
hole complexes (A2, Xp) and ( A4y, Xp). This phenomenon
is not explainable in the framework of the models used up
to now for the calculation of bound-exciton binding ener-
gies. The binding energy mainly depends on the mass ra-
tio o=m) /mj of the effective masses of the electrons
and holes involved. Moreover, it is known that the bind-
ing energy depends on the Rydberg energy of the impuri-
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ty.'6—1830 Therefore the impurity Bohr radii of chemi-
cally different acceptor atoms or acceptor complexes enter
into the calculations of the binding energy. But in theory
this influence is monotonous, i.e., the exciton binding en-
ergy increases and the interparticle distances decrease for
increasing impurity Rydberg values and decreasing im-
purity Bohr radii. This was assumed to be valid for all
values of oc=mJ} /mj.1® 30 However, this is not consistent
with our experlmental results which demand that the exci-
ton should be more weakly bound within an (4%x )
complex but more strongly bound within an (A% Xp)
complex if the acceptor A} is replaced by an A2 acceptor,
ie, a (Vg Clgt)™ acceptor is replaced by a
(Veg>~Alggt)™ or a Llcd+ acceptor provided these are
really the acceptors A and A2, respectively. The inter-
particle distances and the screening of the repulsive in-
teraction between the acceptor ion and the electron caused
by the two holes seem to depend not only on the Coulomb
and exchange interactions between these particles but also
on the nature of the acceptor, i.e., its spacial structure and
its inner electron shell.

The intensity dependence (Fig. 3) of all I}7 and Iz
resonances clearly shows that these resonances have to be
assigned to transitions into bound-exciton states. They
show the same behavior as the I, luminescence itself in-
cluding a high-density saturation effect due to the limited
number of acceptors.

Zeeman measurements of the absorption lines I,z and
1,5 only have been performed by Thomas and Hopfleld13
in 1962 and by Roussel from our institute in 1979.5 Tho-
mas and Hopfield did not observe enough lines and could
not use fields higher than 3.1 T. No consistent explana-
tion of the results has been given up to now. Our model,
however, is also able to explain the results of Ref. 5.

In the Zeeman measurements of the I excitation spec-
tra the resonances I} 1 and I? 8, show a nearly identical
splitting. The same holds for 1, p and I 1~ This under-
lines the mter;pretatlon of I} 1B and I! 1B’ as transitions
within the (A ,Xp) complex and I%p and I3 as those
within the (A2, X5) complex.

1. The transitions Iz and I?B

(a) Hlc. As indicated above, the absorption lines 7,5
and I,p up to now have been mterpreted as transttlons
into the two I’y levels of the (4°X3) complex!® (see Fig.
5). Transitions into the 'y and I'; levels were expected to
lie some tenth of a meV away from Iz and I;5. Except
for two lines observed under probably misleading condi-
tions*!3 and interpreted as one of these additional transi-
tions, no experimental evidence of these lines could be
given up to now. The Zeeman measurements of the exci-
tation resonances 1| 18 and I? ig clear up this situation. In a
field HLc both resonances show a threefold split-off.
This contradicts the assumption that these lines represent
transitions only into the lower I’y state of the (A%X35)
complex, a state which is not allowed to split in Hlc
(compare the term scheme in Fig. 5). Thus we state that
the threefold splitting of both resonances in a field Hlc is
due to the mixing of the two closely neighboring I'y and
s levels of the (A4%Xjp) complex as it is predicted by
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theory (see Sec. IV B).

Thus the T';® T, state originating from the lower Iy
level lies between I'; and T4 originating from the 'y level
and not below them as it has been suggested by Fig. 5. In
Hlc, all transitions to states which originate from these
two zero-field levels are allowed with a polarization E||c,
in agreement with the experimental observations.

The splitting between the two outer lines of each Zee-
man trlplet yields a g value which amounts to 3.2 and
3.42 for Il; and I3, respectively. Since the acceptor 4°
is a pure I'y state its splitting obeys Eq. (8) and is zero for
Hlc. Thus, the experimental g values are directly the
values g3, of the bound-exciton levels which occur in Eq
(10). Additionally, the excitation resonances I 18 and I? 1B
should not show any thermalization effect. In fact the
two outer components of both triplets are equal in
strength. The respective middle lines are stronger. This
can be explained by their larger transition probability due
to the strong contnbutlon of the T’y levels.

(b) H|c. 1! 1 and I? 1z show a twofold splitting both
with g=2.96 and the low-energy component being
stronger in intensity (see Table II). This indicates that the
A° state is also split, but the upper level, i.e., the
To(A°%Xp)-level splitting is larger. These results agree
with theory which predicts no mixing of states for the
case H||c and a twofold split of the I'y states. For reason

of the usual momenta selection rules only two transitions .

are allowed, one between the lower A° component to the
lower (A%Xjp) component and the other between the
respective upper components. Thus following Eq. (8) the
value g, of the lower I'y state in the (A%Xp) term
scheme can be determined from the Il split off in a field
H||c. From the experiment and with the known acceptor
g value g(4%=-2.7 (Ref. 13) there results a
g27|| = —5.66.

In fields of more than 5 T an additional twofold struc-
ture occurs between the I2; doublets. These lines can be
interpreted as the split-off components of the nearly
neighboring To(A%)>T4(A°Xp) transition which is di-
pole forbidden in the zero-field case as well as in a field
H||c, which has been shown by means of group theory
(Sec. IV A). But the high excitation densities used in our
measurements make possible a significant amount of
quadrupole transitions as is also observable in the case of
other dipole forbidden bound-exciton transitions.">* The
g value of the T'3(A4°%Xjp) state is calculated from the
splitting of these additional structures to be about
g L= 3._ 7.

2. The transitions IfB‘ and I?Bf

The 31tuatlon becomes more complicated for the llnes
I 1B’ and I} 5. Both lines are broader and weaker than I} B
and I?5 so that the overlap of the lines hinders the clear
observation especially of weak components.

(@) Hlc. The splitting of both lines should be
described by Eq. (10) with a value g3 ,. However, only
two components can be seen in the spectra bemg equal in
strength. %, exhibits a g3, =2.05. For I1p the high-
energy component seems to be totally superimposed by
the strong lines which originate from I35.
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(b) H||c. Both lines Ilp and I3p show only a high-
energy component. According to the theory these lines
should split into a doublet but should exhibit strong
thermalization effects so that a low-energy component is
hardly to be expected at 1.6 K. If the experimentally ob-
served lines are regarded as being the high-energy com-
ponents of both doublets it is possible to determine a g
value from their course, which is given in Table II. The
momenta selection rules are valid in the same sense as for
the case of Ilp and I3p. From that with regard to the
thermalization, a g2 jj=—0.8 is estimated for the upper
I levels of the (A4°Xp) complex.

3. g values of the particles

The calculated g values of the (4% Xp) levels are given
in Table V. From these data several g values of the parti-
cles involved can be calculated. The anisotropic g values
of the 4 and B holes enter into Egs. (11) and (12) which
describe the splitting of the I'y states in a field H||c.
With the experimental g values of these transitions and
with an isotropic electron g value of g,=—1.78 (Refs. 5
and 13), one yields a completely anisotropic g value of the
A hole, g, =—3.23. gyp, amounts to —4.22- within the
[y states.

The experimental values determined for the 'y level are
g, =—3.42 and g =3.7. This is consistent with theory
expecting a nearly isotropic behavior of the I's and I’y lev-
els of the (4% X5) complex.

The g value of the A4 hole g; 4= —3.23 supports the as-
sumption that the properties of the A hole are very sensi-
tive to its state of binding. Whereas the free 4 hole shows
a g value of —1.25,"32 it has a g = —1.8 in the (D%X)

complex,’ a g=—2.7 to —2.76 in the acceptor 4°,!>33
and the now determined g = —3.23 in the (4°X5) com-
plex.

In Sec. IV B it was pointed out that the zero-field split-
ting between the lower 'y and the I'y state on the one
hand and the upper T’y and the T'; state on the other hand
should be smaller than 40 peV. This supports the as-
sumption that the electron-hole exchange interaction is

‘too weak to allow a direct observation of the energy shift

caused by this interaction in the zero-field case. However,
the investigation in the magnetic field offers an excellent
possibility of resolving all (4%Xp) transitions by their
different splitting behavior.

In fact the experimental spectra in the zero-field case
H=0 show no resolvable doublet structures within the ex-
perimental resolution of 0.01 nm.

TABLE V. Calculated g values for the ( 4% X}) states.

State Hlc Hi|c
To(Lyp) —5.66
ry —342 ~37
r, Not seen
sz —2.05 —08
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V. SUMMARY AND CONCLUSIONS

By means of excitation spectroscopy of the I; lumines-
cence due to the (A4°%X,) recombination, we were able to
develop a self-contained model of the electronic ground
state of the (4% Xp) complex, including all fine-structure
effects due to the interparticle interactions involved. This
made possible the elucidation of a number of undigest ex-
perimental effects and of misinterpretations given before.
So the ratio between the hole-hole and the electron-hole
exchange interactions could be satisfactorily explained in
agreement with the experimental findings. It was shown
that the electron-hole exchange interaction only yields to
very small energy distances between the affected states.
Nevertheless, the investigation in a magnetic field gives an
excellent possibility of establishing the electronic and
symmetry properties of each of the states split off by the
electron-hole-exchange interaction. The results allow the
development of a complete term scheme of the (A% Xp)
complex and the assignment of all experimentally ob-
served transitions to the levels within the scheme. For the
states involved the g values could be determined. From
these results g values of the particles within the complex
are calculated. The influence of chemical effects on the
binding energies of (4°%X) complexes could be shown to
be more complicated than it has been assumed in theoreti-
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cal treatments up to now. Especially, the binding energy
does not depend monotonously on the effective mass ra-
tios of the particles involved as it has been predicted be-
fore. Thus the (A4°%X,) configuration is not affected in
the same way by a change of the acceptor center as it is
the (A°Xz) complex.

Our results should help to improve the treatment of
ground and excited states of bound excitons. The
knowledge of these states is important because transitions
into these levels give rise to high-density effects such as
forbidden transitions and electronic Raman scattering®
within bound excitons and interact with pure high-density
effects, like the biexciton creation and exciton-exciton
scattering processes. Thus they offer further knowledge
on the excitation and recombination mechanisms in the
exciton region of semiconductor compounds.
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