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Four sharp lines in very pure InP vapor-phase epitaxial layers are identified by absorption and
luminescence experiments to be due to excitons bound to a shallow neutral donor in the 1S;,, ground state.
The symmetries of the three lower exciton states are determined by Zeeman spectroscopy to be I'y (ground
state), I';, and T'; (excited states). A simple model is proposed in which the excited states consist of a
nonrigid rotation of light and heavy holes around the donor. In this- model the energy spacings between

excited and ground states are well understood.

I. INTRODUCTION

Hopfield® stated that neutral Coulomb-like im-
purities in semiconductors should always be able
to bind excitons. While Hopfield gave only a quali-
tative dependence of the exciton localization en-
ergy on the ratio of the effective masses of elec-
tron and hole, several other authors™® gave quan-
titative estimates of the localization energies as
a function of the effective-mass ratio.

Experiments show, that in the case of direct-gap
semiconductors with degenerate valence bands not
just one, but several different lines are observed
originating from the decay of excitons bound to
shallow acceptors (A°X) and donors (D°X) even if
only one specified impurity is present.””*! This
splitting into different lines under zero-external-
field conditions is well understood only in the case
of the neutral acceptor complex. ‘

It was explained, in particular through the work
of White et al.,'"*? by a j-j—coupling scheme for
the three particles involved. The two holes couple
together to a J=0 or J=2 Pauli-allowed state.
When the electron is added, the J=2 state splits
into a J= 3 and a J=3 state, while the J=0 state
leads to one J=3 state.l1"'3

Surprisingly, a splitting of the neutral-donor ex-
citon states has been observed for several direct
semiconductors, such as CdTe,® GaAs,” InP,”**
Cds,® and ZnSe.!° This was not expected on the
basis of the simple j-j—-coupling model. Since the
electron spins should be antiparallel, only one J
= state due to the hole of the exciton is expected
and therefore only one exciton line.!!

It has been proposed that the electron-electron
exchange in the D°X state should be negligible in
comparison to the electron-hole coupling.'*!*> One
reason for this statement was the similar magnetic
field splitting of two (D°X) lines and the two free-
exciton lines (J=1 and J=2) in CdTe.'* However,
the Zeeman splitting was measured without any

polarization'* and without quantitative evaluation,
and similarities in the splitting pattern might be
regarded as accidental. Indeed, Benoit 4 la Guil-
laume and Lavallard'® drew attention to the fact
that particularly the electron-electron exchange
in Hopfields hydrogen-molecule picture produces
the bound state, i.e., this exchange is not negligi-
ble at all. Therefore, they proposed a rigid-ro-
tator model to explain the occurrence of these dif~
ferent D°X lines at higher energies in CdTe.!® In
this model, the hole can be excited to a rotation
around the fixed donor, i.e., a strong analogy to
the rotation of diatomic molecules is assumed.
However, this model, already proposed by Mor-
gan,'” does not explain the measured energetic
distances between the different D°X lines: In the
case of InP and GaAs even no bound state is pre-
dicted for the 1=1 rotational level of a rigid rota-
tor, using the appropriate effective electron and
hole masses and a reasonable distance® between
the hole and the donor.

In genéral, Zeeman spectroscopy is a good
means to elucidate the origin of lines, i.e., the
symmetries of the initial and final states of the
transitions. A Zeeman analysis has been per-
formed in the case of the D°X in CdTe,®* InP !+18
and GaAs.'® However, the interpretation of the
data has not been conclusive. Until now neither
the symmetries of all the D°X states nor the tran-
sition schemes could be derived in an unambiguous
manner. _

In this paper we report for the first time a tran-
sition scheme for at least three of four observed
D°X lines in InP. This was possible after very
carefully carrying out high-resolution Zeeman ex-
periments in all possible polarizations (7, 0", 0";
i.e., Voigt and Faraday configurations). InP is
much more suitable for an experimental investiga-
tion of the D°X lines than, e.g., GaAs, because a
large zero-field splitting is observed. Extremely
pure InP samples with different crystal orienta-
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tions were used. It was necessary to perform
emission as well as absorption measurements in
order to overcome difficulties connected with
thermalization of the initial states at the low tem-
peratures used (7<2.1 K). In order not to loose
any of the magnetic-field-split components, the
field had to be increased in very small steps of

0.2 T. Knowing the symmetries of the different
D°X states, the difficulties in former experimental
works become understandable: As already indi-
cated in Ref. 11, these D°X states are extremely
anisotropic, and the quadratic Zeeman effect plays
an important role. The final state (in emission) is
determined to be in every case the I'y (J=3) level
of a neutral donor with a g value of g,=1.25.
Stress experiments confirm the symmetries de-
termined by the Zeeman spectroscopy.

In knowledge of these symmetries we propose a
simple modified rotational level scheme for the
different D°X states: Assuming a nonrigid rotator
and taking into account the degeneracy of the va-.
lence band (heavy and light holes) the experiment-
ally observed line distances and the appi'opriate
degeneracy of the D°X states can be well explained.
The InP case should be taken as an ideal repre-
sentative of the D°X problem, the situation in
CdTe, etc. should be similar.

II. EXPERIMENTAL

A. Samples

The best samples used were vapor-phase-epitax-
ial (VPE) layers grown on (100)-oriented sub-
strates.®® The carrier concentrations of the epi-
taxial layers were about 10*-10'* ¢cm™. Compari-
son of our VPE samples with high quality VPE
samples grown at the Royal Signals and Radar Es-
tablishment (RSRE), St. Andrews Road, Great Mal-
vern (dopinglevell.6x 10 cm=, u,,,=101000
V sec/cm?), gave identical luminescence spectra.
Different orientations[(110) and(111) surfaces]were
alsoused for Zeeman spectroscopy, althoughthese
VPE layers were inferior inquality for these investi-
gations.

For the absorption experiments, an optical win-
dow was etched into the sample by completely re-
moving the substrate. A special etching method®
was used to reduce the window thickness to about
10 um. The use of thin samples was necessary,
since absorption in the region of the D°X complex
in InP is very strong due to the beginning absorp-
tion of the free exciton.

B. Measurement techniques

1- and §-m grating spectrometers were used
for the spectroscopic measurements. The samples
were immersed in pumped liquid helium, also in
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the case of the temperature-dependent measure-
ments. For the absorption measurements, a
photomultiplier with S1 cathode (large dynamical
range) was used. For the luminescence experi-
ments a more sensitive GaAs cathode was taken.
Normal lock-in technique was used for the ampli-
fication of the signals.

The magnetic field was produced by a split-coil
superconducting magnet. Both Faraday and Voigt
measurements were possible. The linear polar-
izers were HN7 Kodak polarization sheets. To
distinguish right-circularly-polarized and left-
circularly-polarized light in Faraday configura-
tion a Fresnel rhomb in connection with a linear
polarizer was used.

III. RESULTS AND DISCUSSION
A. Zero-field spectra

The lower part of Fig. 1 shows the low tempera-
ture (2 K) near the band-edge luminescence spec-
trum of one of the best InP samples at low excita-
tion level (20 uW Ar* laser, focused to a spot of
about 500 um diam). Besides the free-exciton
emission (FE) a series of four prominent sharp
D°X lines is observed. We'label the lines 1-4 ac-
cording to their energetic position, with line (D°X),
lying at lowest energy. The energetic positions
and their differences are compiled in Table I. The

FE
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Luminescence
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1419 1420

1418
Energy L[eV]

FIG. 1. Absorption (upper part) and luminescence
spectra at the band edge of an InP epitaxial layer at low
temperature (T'=1.9 K). The thickness of the absorp-
tion layer was about 10 pm.
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' TABLE:L- Inthe first row the energetic positions of
the four DX lines and the transverse free exciton energy
(minimum of the free exciton reflection curve) are given.
(1'ev=1.2395133 x 10*/A A). The second column com-
piles the energetical distances to line (D’X); and the
third column gives the relative oscillator strengths as
determined from the absorption spectra.

Energetic
Energetic distance Oscillator
position to (D'X);line  strength
DX line (ev) (meV) ratio
1 1.41692 cee 1
2 1.41719 0.273 2
3 1.41740 0.483 0.77
4 1.41784 0.925 0.96
FE 1.41848 1.557 ce

half-widths of the lines are extremely small ("'0'. 04
meV).

The absorption of the same sample is shown in
the upper part of Fig. 1. For different samples
(n as well as p type) nearly the same intensity ra-
tios (see Table I, last column) are observed for
all four lines. This clearly demonstrates that
they belong together and to only one species of
binding center.

In emission, these intensity ratios are modified
by thermalization effects: Figure 2(a) shows the
intensity ratio of the four lines in emission plotted
versus 1/7T,,,, where Ty, is the helium bath tem-
perature.. Although the lines show increasing
thermalization effects in the sequence I,-1,, the
activation energies obtained from this plot (AE,,

=0.15 meV, AE; =0.21 meV, AE, =0.28 meV)
are too small and do not correspond to the optical-
ly determined line distances (compare Table I).

Especially, by extrapolating to 1/7~0 we did
not obtain the relative oscillator strength as de-
termined by the absorption experiments. The sit-
uation becomes clearer if we plot the intensity
ratio versus the reciprocal free-exciton tempera-
ture Tpy [Fig. 2(b)] instead of the reciprocal bath
temperature. Ty can be determined from the
high-energy Boltzmann tail of the free-exciton
emission (FE, Fig. 1). At a bath temperature of
1.96 K we obtain an exciton temperature of 3.14 K.
In this “exciton temperature” scale the following
activation energies are obtained:

AE, =0.25 meV,
AE, =0.43 meV,
AE, =0.91 meV.

These values are in reasonable agreement with
the optically determined ones (compare Table I).
We conclude that the bound excitons are at least
partially in thermal equilibrium with the free ex-
citon but not with the lattice which has the helium
bath temperature at low excitation powers. This
is not unreasonable since the lifetime of a D°X
state is extremely short (0.5 nsec).?? Therefore,
no complete exciton-lattice thermalization takes
place before recombination.

All our results, especially the absorption ex-
periments, demonstrate that the group of four
D°X lines belongs to one unique shallow donor-ex-
citon complex with the binding donor being in the
1S, ,, ground state. No differences in the chemical

FIG. 2. Temperature de-
pendence of the intensity
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FIG. 3. Magnetolumin-
escence of the DX lines
in InP with H||<100> in
Voigt (r spectra) and
Faraday (¢ and ¢~ spec-
tra) configuration. A
splitting of the ¢* and ¢~
components of the lines
(D"%), and (D)), is ob-
served at the following
magnetic field strengths:
D°X);: 0" (Amy =-1) at
5T; 0" (Am;=+1)at 2 T;
(D"X)y: ¢* at 2 T and ¢~
at H=1.5T. The T com-
ponents split already at
11, the upper compon-
ent of line (D°X), cross-
ing the lower component
of line (DX), between 2
n and 3 T. The splitting of
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nature of the donors cause the four different lines.
This is in agreement with the earlier conclusions
of White ef al.'* These authors already found that
the three lower D°X lines should belong to the
same binding center.

B. Zeeman spectroscopy

Figure 3 shows the field-dependent D°X lumines-
cence for H|l (100) in 7, ¢*, and ¢~ polarization;
Fig. 4, the corresponding spectra for absorption
Figure 5 gives a fan chart as determined from
both luminescence and absorption spectra in Figs.
3 and 4.

We observe that lines (D°X), —(D°X), show a split-
ting into two m components (for line 3 see absorp-
tion spectra). Lines (D°X), and (D°X), split into
two o* and two o~ components while line (D°X),
shows only one ¢* and one ¢~ component. An earli-
er splitting pattern has been already given by
White et al.'* We obtain a complete polarization,
which was not achieved under the experimental
conditions of Ref. 11 if the sample is exactly ori-
ented H (100). We suppose that stress effects
in their experiments might have mixed polariza-
tions. The final state in emission (initial state in
absorption) is the twofold-degenerate I'; (J= 3)
neutral-donor state. Therefore, one can conclude
from the observed Zeeman splitting (four ¢ com-
ponents) that the initial states (D°X), , for lines 1
and 2 are fourfold-degenerate I', states (J=3)
whereas for line 3 the initial state must be a two-
fold-degenerate I, state (J=3). The other possi-
bility, that the (D°X), state has the twofold Iy, sym-
metry can be excluded since a I'y to I'y optical

1417 148 1419

the lines (D%X)3,, cannot be
detected in luminescence.

transition is forbidden for H=0 and in magnetic
fields only o components should be observable for
H|l (100).

We prove these assumptions by drawing transi-
tion schemes in Zeeman nomograms. This help-
ful means to elucidate the level scheme of transi-
tions in Zeeman measurements was introduced by
White et al.?® Figure 6 gives an example at
H=5T. The (D%), , and D° states are drawnonthe

H=48T EJ
J\/ )A/J\/H=5'OT A—//JV%'E
: ///\/ H=387 W H=40T //\//H“m
= H=30T
H=3.2T H=34T
|~ HI75T
c H=2.2T /\N\/ H=28T JJ
£ — , H=14 T
g v //“’\M H=24T
2 H=1.8T|—= — H=09T
| /\/\/\/ H=2.0T
H=1.2T”—“W Hel ST*—/J\,/ H=07T
- Hilk & Hilk n,HLk
147 W 14m w147 1419

Energy [eV]

FIG. 4. Magnetoabsorption of the DX lines for
Voigt and Faraday configuration. The splitting of the
lines (DX) 1,2 corresponds to that one observed in
emission spectra. No splitting of line (D°X); in ¢* and
o~ polarization is observed (i.e., the (D°X)3 state must
be a twofold degenerate T state). The broadening of
line 4 in the ¢* and ¢~ spectra might indicate a split-
ting, i.e., a higher degeneracy than a twofold one.
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FIG. 5. Fan chart of the various Zeeman split components of the lower three (DOX)H, lines. For reasons of clear-
ness the 7 spectra are drawn on the left-hand side, the ¢ spectra on the right-hand side. The change in m ; (in emis-

sion) is indicated at each line.

upper and lower lines with doubled energy scale

in opposite directions. The position of the transi-
tion with the respective light polarization is
marked on the middle line in a single energy scale.
For characterizing the initial and final states we
used the |J,m ) labeling since for H|l (100).these
are still good quantum numbers.?* Transitions
with Am;=0 are 7 polarized, Am =11 gives ¢~

and o* polarization. The following important re-
sults can be seen from this nomogram:

(i) Indeed we obtain for all lines the identical D°
state with a g value of g,=1.25+0.05, which is in
excellent agreement with other experiments, 26
(ii) The I'y D°X states must have large anisot-
ropy: Please note that the g,,, and g;,, values
for the |m;|=% and |m;| =3 states are not only
different (AE,,,+3AE,,,) but have even opposite
signs for both (D°X), and (D°X),. (iii) Diamagnetic
effects especially the so-called diamagnetic split-
ting play an extremely important role: The cen-
ter of gravity of the m;= +3 and m 3= +5 states is
completely different: At H=5 T (see Fig. 6) the
latter lies 0.1 meV toward higher energies for
both (D°X)1,2.

We were able to draw such nomograms for all
magnetic fields measured, i.e., the identification

of a line with the transition in the transition
scheme is unambiguous. Furthermore, in o polar-
ization (Am = +1) the intensity of a m,= HStoam ;
=+3 transition is 1.8 times more intense than the
intensity of transitions from m = 5 tom 3= 3
states in both absorption and emission, after tak-
ing into account a proper thermalization. A theo-
retical ratio of 3:1 would be expected for these
transitions.

From the observed linear Zeeman splittings, the
isotropic (¥) and anisotropic (g) g values of the
bound hole states can be determined. Using the
formulas given in Ref. 24 we obtain for Hll (100)

k= %(;9g1/2+g3/2) ’
- 1
a=1(&/2 —ga/z) .

The g values are compiled in Table II. Note the
large anisotropy of the D°X states: The aniso-
tropic g value g is nearly as large as the isotropic
one k. This was already observed by White et al.*!
We want to demonstrate this anisotropy even more
directly by our experimental data:

In Fig. 7, Voigt spectra are shown with the k
vector of light perpendicular to the (100) surface
of the epitaxial layer. The sample is rotated in
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FIG. 6. Nomogram for the Zeeman splitting of the
lines (D°X)y,, at H=5 T with H||<100>. The splitting
of the (DOX)LZ states are drawn in the upper horizontal
line (doubled energy scale, increasing to the right), the
splitting of the D° state is drawn in the lower line
(doubled energy scale, increasing to the left side). On
the middle line the experimentally observed lines with
the respective polarization (for emission) are given
(single energy scale, increasing to the right). The lines
connecting the initial and final states intersect the
middle line at the experimentally observed energetic
positions. The excellent agreement between all the in-
tersecting points and the experimental points for the
case of the m; =+ states in 7 and ¢ polarization de-
monstrates that our transition scheme is correct.

TABLE II. g factors for the different D’X states. The
isotropic (X) and anisotropic (g) g values are calculated
from the observed splittings with H || (100); g°® and g}/,
are calculated from the splitting of the mcomponents of
the (D'X);,, lines with H|| (100}, where g3 is the g factor
of the T';(D'X); state and g/, is the g factor of the m;=3
states of line (D'X),.

iy 0.508 +0.03
@ 0.280 +0.03
Ky 0.0466+0.03
@ —0.066 +0.03
g3 -1.3  0.15
gt -3.75 0.3
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FIG. 7. Zeeman spectra at H=5 T in Voigt configura-
tion with Kyyg L (100)ggmy e Going from the lowest to
higher spectra the sample is rotated about the %2 vector.
So the magnetic field orientation changes from H || < 100>
to H||<110> by a rotation of 45°. The uppermost spec-
tra are once more with H|| <100 >, but polarization be-
tween the left and right spectrums is interchanged.

this plane so that we change magnetic field orien-
tation from H|l (100) to H|l (110) by a rotation with
an angle of 45°. We observe a strong mixture of
polarizations for intermediate positions. For

H|| (110) the o spectrum is very similar to the 7
spectrum in the case of H|| (100) as demonstrated
by the two uppermost spectra. The reason is, that
the J=13, ]m,| =3 state has changed the sign of the
£ value switching from H || (100) to H || (110).

The observed splitting with H|l (110) and addi-
tionally with H |l (111) offers a possibility to test
whether the linear splitting of the (D°X), , states
is really that of a I'; state: The group-theoretical
treatment by Bhattacharjee and Rodriguez® con-
nects the linear splitting of a I'; state for magnetic
fields parallel to the three different main crystal
directions, HI|l (100), HIl (110), and H|l (111). Di-
agonalizing the matrices given for the linear Zee-
man splitting with Hll (111) and HIl (110) in Ref. 27
we obtain the following numerical expressions for
the g values:
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HI(110) g,,,= -2% ~5.3887,
8sya= —2F ~4.1297

HI(111) g,,,= -2 -6.57
Z3)2= —2F - 3.9487,

where g,,, and g,,, are defined by AE, ,,=g,,,1H,
the splitting of the Im ,l =3 levels, and AE,,,
=3g,/,kpH, the splitting of the |m,| =3 levels.

Please note that the m, values are no longer good
quantum numbers: The magnetic field mixes dif-
ferent m, states for HIl (110) and H|| (111). There-
fore; a mixing of polarization occurs and new
transitions become allowed with increasing mag-
netic field.?* (See, e.g., the 7 spectrum for
HI[{110) at H=5 T in Fig. 7: Six lines are ob-
served instead of the four lines-observed for
HIl (100).) ‘

The g factors calculated with these formulas
and with % and g obtained from the splitting for
HI|l (100) are shown in the first and third row of
Table III. They must be compared with the ex-
perimentally determined values above them. The
agreement is fairly good considering the large ex-
perimental uncertainty of the measured g-factors.
This uncertainty is due to the following reasons:
(i) Only samples with (100) surfaces show well-
resolved spectra. (ii) Mixing of different m, states
with increasing magnetic fields produces more
lines in the spectra and hence the identification of
transitions is only possible at low magnetic fields
and is not unambiguous.

The agreement in Table III confirms that the
initial states of the lines (D°X), and (D°X), are
really I'; states. We note that on the other hand,
this is the first experimental proof that the group-
theoretical treatment of the linear splitting of I'y
states in magnetic fields by Bhattacharjee and Rod-
riguez? is still valid if these states are extremely
anisotropic. The anisotropy, i.e., the large dif-
ferences in the g,,,-and g;,, factors might origi-

TABLE III. g factors for the (D'X)y,, states for differ-
ent magnetic field orientations.. The calculated values
for H|| (110) and H|| {111) are calculated from the ob-
served splitting with H|| (100). The experimental values
for H|| (110) and H|| (111) are obtained from the 7 spec-
tra at low magnetic fields.

HI| (100) H|| (110) HI| (111)
gl expt  -0.876£0.05  +0.46+0.1  +0.65+0.1
calc +0.49 +0.80
gl expt  +0.245+0.05
gl expt  _0.06 +0.24 +0.34
calc +0.26 +0.27
g§/2 expt +0.206
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FIG. 8. Luminescence spectra with stress (lower) and
without stress (upper). A clear stress splitting of the
lines (D°X)y,, is observed. Line (D"X); does not split;
however, for line w°X)4 a stress splitting is indicated.

nate from the fact that the hole in the D°X complex
is bound very lightly, i.e., resembles a free hole.
Calculating the valence-band Landau splitting with
the newest valence-band parameters® it turns
out, that the splitting AE of the lowest m ,=% Lan-
dau states is comparable to that of the lowest m;,
=3 states. Therefore, £1/2%8372 (81727385, for
the lowest Landau levels. For (D°X),, g,,, is ap-
proximately equal to three times g;,,, i.e., the
splitting of (D°X), states resembles that one of the
lowest Landau levels. However, we still have no
quantitative understanding of the large anisotropy
of the D°X states.

We do not discuss the diamagnetic effects here,
since we leave the low-field limit already at low
magnetic fields. As well the diamagnetic shift as
the diamagnetic splitting becomes nearly linear
above 2.5 T. A phenomenological interpolation be-
tween the low- and high-field case—as proposed
in Refs. 18 and 19—may be possible, but does not,
however, provide new information.

Figure 8 demonstrates that the above assumed
symmetries of the different D°X states are sup-
ported by stress effects: Lines (D°X), , clearly
split into two components, i.e., the (D"X)h2 states
must be fourfold degenerate, whereas line (D°X),
does not split, i.e., the (D°X), state is only two-
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fold degenerate (Kramer’s degeneracy). More
carefully performed stress experiments?® show
identical results. :

The splitting of line (D°X), cannot be resolved
in all experiments (magnetic field and stress).
However, in Fig. 8, the slight indication of a split-
ting (rather a broadening) of line (D°X), is ob-
served which might demonstrate that the initial
state of this transition should be at least fourfold
degenerate. To summarize, the magnetic field
dependence of the four D°X lines demonstrates
that—in emission—the final state is always a neu-
tral donor. The initial (D°X), , states are highly
anisotropic, fourfold degenerate I'y states whereas
(D°X), is a twofold degenerate I', state. The
stress splitting confirms these results and indi-
cates that the initial state of line (D°X), is at least
fourfold degenerate.

C. Ground and excited states of the D’ X complex

A basic and sophisticated quantum-theoretical
treatment of the D°X ground and excited states has
been developed very recently by Herbert® but is so
far unpublished. He performed variational calcu-
lations on the energetic positions of the D°X com-
plex with the hole in the S;,, ground state and in
P,,,, Py, and Py, excited states. For the case
of GaAs it turned out that the S;,,, P,/,, and P;,,
states should lie close together in energy, where-
as the P, ,, state of the hole should not be bound.
Herbert’s theoretical treatment should apply also
to InP and yield basically similar results. Simul-
taneously, we have developed a more classical but
very simple model in a Born-Oppenheimer approx-
imation of an excitation of the hole into different,
nonrigid-rotational states. A rigid-rotational mod-
el was originally proposed by Benoit i la Guillaume
and Lavallard.'® In principle, these rotational
states (T=1) correspond to the p-like distributions
of the hole around the donor as proposed by Her-
bert.® After calculating the ground-state energy
of the D°X in the adiabatic approximation, as pro-
posed by Sharma and Rodriguez? and Munchy,® we
extend this approximation to the calculation of the
first excited rotational:level of the hole. In con-
trast to earlier estimates'® we take into account
the degeneracy of the valence band and that the
hole rotation is nonrigid.

1. Calculation of the ground-state energy

Table IV gives a compilation of the valence-band
effective masses of InP and GaAs. The table also
contains the localization energies of the D°X, de-
termined after the theories of Munchy® (M) and
Sharma and Rodriguez? (SR) using a mean hole
mass as calculated from the effective-mass ac-
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ceptor (EMA) (see Appendix). Finally, Table IV
contains the experimentally determined localiza-
tion energies: We took the energetical differences
between the lowest D°X line and the minimum of
the reflection curve of the free-exciton polariton,
which approximately corresponds to the transverse
exciton energy.?® The agreement between experi-
mental and theoretical values is fairly good con-
sidering the uncertainty of the valence-band pa-
rameters and, last but not least, the approxima-
tions made in the theories (adiabatic approxima-
tion, no degeneracy of the holes).

‘The good agreement encourages us to assume
that the adiabatic (Born-Oppenheimer) approxima-
tion, used in the calculations is not too bad, al-
though the electron-to-hole mass ratios are not
as small as one would require for such an approx-
imation.

Before we discuss the rotational levels of the
hole in this approximation, it should be mentioned

TABLE IV. Compilation of band parameters of InP
and GaAs [m*is the electron mass, m¥y, is the mean
hole mass (see Appendix), m¥, is the light hole, mf, is
the heavy-hole effective masses]. The next columns
give the localization energies determined experimentally
and calculated after the theory of Munchy (M), or Sharma
and Rodriguez (SR). The theoretical values for the rota-
tional energy are the energy differences between the first
excited (I=1) hole state calculated with heavy- and light-
hole mass, respectively, and the I=0 hole ground state
calculated with the mean hole mass m#y,. The experi-
mental values for the rotational energy are the energy
difference between the center of gravity of the (DOX)3,4
lines and line 1 and the difference between the (D’X), line
and the (D°X); line. ¢ is the dielectric constant used in
the calculations.

InP GaAs
€ 12.1% - 12.5°
mEva 0.495 0.299
mi, 0.505¢ 0.71¢
mfy 0.126° 0.081°¢
E1M)? (meV) 1.51 1.39
Eox(SR)? (meV) 1.66 1.27
Ejoxlexpt) (meV) 1.55 0.8
1 =1 rotational energy, heavy hole
theor 0.38 0.05
expt . 0.28 0.06
1=1 rotational energy, light hole
theor 1.00 0.77
expt 0.71 0.47

2p. J. Dean, A. M. White, E. W. Williams, and M. G.
Astles, Solid State Commun. 9, 1555 (1971); note Ref. 11
therein. -

bG. E. Stillman, C. M. Wolfe, and J. O. Dimmock,
Solid State Commun. 7, 521 (1969).

©See Ref. 26. -
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that vibrational levels can be left out: For a H,-
like Morse-potential the first vibrational level
already exceeds the localization energy, i.e., all
vibrational levels are not bound.

2. Calculation of the first nonrigid rotational level with 1 = 1

Since the solution for rotational levels in case
of a Morse potential is not easily calculated we
use for this estimate another, more convenient
form for an asymmetric attractive potential V()
as proposed by Kratzer®:

V(v)= -2D(a/7 —a?/27?) ,

where «a is the distance hole-donor at the mini-
mum potential energy D.

We are able to determine the quantities D and
a for InP and GaAs from the calculations of
Munchy.? No free parameter enters into the cal-
culation. We obtain for the rotational levels E
the following energies®:

—(2ma®/7%D?
{O 5+ [(1+0.5)%+ (2ma?®/n?)D]*/2}? ’

where [ is the rotational quantum number and m
the effective hole mass. This expression satisfac-
torily describes the situation for small quantum
numbers L.

The idea is now, first to calculate the =0 rota-
tional level with a mean effective hole mass (see
Appendix). In the case of the I=1 rotational level
no mean but separately the light- or heavy-hole
mass is used (and the corresponding values for
the equilibrium distance a). The reason for this
procedure is that for /=0, (angular momentum I
=0) no direction of quantization is given, i.e., an
isotropic mean-hole mass should be used. For
1=1(I=1), however, one has to distinguish be-
tween two cases: (i) The hole spin is oriented par-
allel or antiparallel to the quantizing axis of ro-
tational angular momentum whlch means that the
projection of the hole spin ] onTism 3= $ which
is the m, value for the light hole (perpendicular
to I) Therefore, the light-hole mass determines
rotational energy. For these cases the total an-
gular momentum is J =% (antiparallel) or J =3
(parallel). (ii) The hole spin forms a certain angle
to the 7=1 angular momentum which means that
the projection of the hole spinj onT is m;=3. In
this case the heavy-hole mass determines rota-
tional energy and the total angular momentum is
J=3%. This classification results in two rotational
states: one with the heavy-hole mass at lower en-
ergies (J=3) and another one with the light-hole
mass at higher energies (/=3 and J=3). The latter
is split by a spin-orbit interaction into two levels
with J=% and J=3.
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In terms of group theory for T, symmetry, the
couplmg between a I'; level (I 1) and the I'y hole
(j=3) results in one 1" (J=%), one I, (J= z) and
one I'y+ T, (J=3) state. To get a feehng whether
these ideas go'in the correct direction, we calcu-
lated the differences between the =1 rotational
level and the =0 ground state as indicated above.
For the two semiconductor materials InP and
GaAs we obtained the values for the energy differ-
ences given in Table IV. These values must be
compared with the experimentally measured dif-
ferences between line (D°X), (I'y state, heavy-hole
mass) and line (D°X), and the difference between
the center of gravity of lines (D°X), and (D°X), (T,
and I'y+ I'y states, light-hole mass) and the line
(D°X),. The agreement in both cases is nearly too
good with respect to the simple models used.

We emphasize that the experimentally determined
symmetry of (D°X),, the lowest excited state, is
indeed Iy, i.e. corresponds to a rotational level
of the heavy hole. The sequence of the energy
positions of the two predicted light hole levels with
I, (J=3) or I'y+ Iy (J=3) symmetry is not given
by our simple model. Experimentally it turns out
that the I'; level lies at lower energy. In the more
sophisticated theory of Herbert® the energetic se-
quence of the P,,, and P,,, levels does not agree
with our experimental observation. This discrep-
ancy is not understood at the moment.

Some comments should be made about some of
the conclusions arising from this paper: (i) Rota-
tional levels of the electron in case of the A°X
bound-exciton complex are difficult to observe for
the following reasons: In this case the two heavier
holes are localized at the acceptor and the light
electron is bound by the Coulomb-potential of this
A* state?: Rotation or better excitation into 2p
states of the electron enlarges the electron wave
function and hence reduces electron and hole over-
lap, i.e., the oscillator strength. (ii) The /=2 ro-
tational level of the D°X is expected to appear only
very weakly since the selection rules Al=+1 are
still valid to a certain extent. Some of the weak
lines observed at energies higher than that of
line (D°X), might belong to such states.

IV. CONCLUSIONS

For the first time the symmetries of the ground
(D°X), state and two excited (D°X), , states for a
direct-gap III-V compound with degenerate valence
band could be determined. We developed a simple
but very clearly understandable model for the ex-
cited states of the hole in a D°X complex:

A nonrigid rotation of the hole around the donor
is calculated within an adiabatic approximation.

If the degeneracy of light and heavy holes is as-
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sumed to be lifted in the first excited p-like state,
we get a good agreement between the experimental-
ly observed and theoretically calculated energy
spacings between the ground and the excited states.
A more general theoretical treatment of the prob-
lem will be published by Herbert.®
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APPENDIX:

“Mean” hole mass in the (D°X) ground state
Baldereschi and Lipari®? developed a spher-
ical model of the acceptor state in cubic semi-
conductors with degenerate valence band. It
turned out that not only the isotropic valence band
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mass (m=1/y,, where v, is the Luttinger pa-
rameter) determines the hole binding energy but
also the separation into light- and heavy-hole
masses (Luttinger parameter y,). With increas-
ing differences in light- and heavy-hole masses
the ionization energy increases strongly. The
heavier hole has more influence on the binding en-
ergy than the light hole. We assume in this paper,
that in the case of the D°X ground state the “mean”
effective-hole mass which determines the local-
ization energy should correspond to the mean hole
mass which determines the hole binding energy in
the case of an effective-mass acceptor (EMA).
This mass m¥,, is calculated from the acceptor
ionization energy Eg,,, assuming a hydrogenlike
formula,

m* = Epua
EMA ™ 13.6€2 % 10% meV ?

where ¢ is the static dielectric constant.

With the newest valence-band parameters for
GaAs and InP,%*%® and the theory of Baldereschi
and Lipari,* we obtain the following ionization
energies of the EMA:

for InP: E,, =46 meV,
for GaAs: E;,, =26 meV.

With these values and the formula above we obtain
the mean effective-hole masses given in Table IV.
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