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The binding centers of the indirect bound excitons in e-GaSe are identified from the magnetoluminescence up to IQ

T at 4.2 K and from the temperature dependence of the photoluminescence spectra in the temperature range from
4.2 to 25 K. The two different kinds of experiments lead to the same conclusion that six indirect bound-exciton lines

in the photon energy range of 2.0785 to 2,0992 eV at 4.2 K are due to the radiative recombination of ionized-donor
exciton complexes. The vaHey-orbit state of the donor is A, or A, in the site symmetry of C,„orD», respectively.
The observed photoluminescence lines are spin-triplet states of the bound exciton partially mixed with the singlet

component by the spin-orbit interaction. The effective g values of the hole and donor electron are

Ig I + gh 1 I
=. 3 65 ~0 1 and Ig i + gai I

= 3 23 ~015, where
II

or 1 indicates the magnetic field direction with respect
to the crystal e axis. These g values are identical throughout the six indirect bound-exciton lines studied here. The
temperature dependences of the photoluminescence spectra give estimation of the ionization energies of the donor as

40 to 55 meV, and the binding energy of the hole to a neutral donor as about 10 lo of these ionization energies.

I. INTRODUCTION

The photolutninescence (PL) spectrutn of layer
compound GaSe below about 10 K is characterized
by many sharp lines. ' There has been a consid-
erable degree of inconsistency in the assignments
of these PI lines in the literature because of the
spectral complexity. The three kinds of PL lines
have been identified in the PL spectra of &-GRSe
below 10 K (Hefs. 1 and 2): (1) the direct free
exciton (DFE) lines observed in the photon energy
range between 2.105 and 2.113 eV, where the
stRckillg fRult lllduces 'the 1111e split'tillg, (2)
direct bound-exciton (DBE) lines between 2.100
and 2.105 eV, and (3) indirect bound-exciton
(IBE) lines and their phonon replicas between
2.047 Rnd 2.0995 eV. Very fear of the reports in
the past, however, deal with the nature of binding
centers of these bound excitons. The coexistence
of DBE and IBE is due to the band structure
peculiar to &-Ga86; i.e., the direct and indirect
band gaps are almost equal" within the energy
difference of 10 meV ox' so.

In general, it is rathex unusual that the con-
ventional PI experiment can clarify the nature
of the binding center of bound excitons in detail.
Splittings of the bound states by an application
of external perturbation may give precise infor-
mation for the study of the bound states. Magnetic
field is one of the most useful perturbations for
the identification of the bound-exciton state.
Recent experiments of the magnetoluminescence
of GaSe suggest that the IBE states responsible
for PL at low temperatures are triplet. ~'

This paper reports the magnetoluminescence
spectrR up to 10 T Rnd the temperature depen-
dence of the PL spectra in GaSe in order to
identify the el.ectronic state of the binding center

of IBE. In Sec. II the band structure of GaSe is
explained, and the experimental procedures are
stated in Sec. III. Section IV describes the Zee-
man spectra of the IBE lines in the Faraday and
Volgt conf lgux'Rtlons Rnd the thermal quenching of
the IBE lines. The angular dependence of the
Zeeman splitting is Rl.so given. In Sec. V the
electronic state of the binding center responsible
for the IBE lines is deduced fxom the Zeeman
spectra and the thermal quenching data of the
IBE lines. The experimental x'esults of the
ZeenlRn spectx'R Rre compared with the theoretical
predlctlons foI' 10111zed- and neutral- 1111purlty
exciton complexes. Preliminary results of the
present study have been reported in Ref. 6.

Our analysis of the Zeeman data is based. on the
near-edge band structure as explained in the
following. The direct band gap of a-GRSe (Dss)
is located at the F point with its energy of 2.129
eV at 4.2 K." In the higher photon energy region
there have been several. reports regarding struc-
tures in reflectance, ' electoreflectance, "and
ellipsometr ic measurements. " The second-low-
est band edge in energy is observed at 3.38 eV
at 77 K (or 3.23 eV at 300 K), and it is allowed
for E&e but may be forbidden for E IIc,"where
E and c denote the electric fieM vector of light
and the crystal c axis, respectively. The type
of this critical point is assigned as Mp type Rnd
the interband reduced mass is estimated to be
Rbout 0 1w p %lth some anis otropy. '" The cr itical
point at 3.VO eV at 7V K has been assigned as the
spin-orbit split-off pair of the 3.38 eV critical
point from the analysis of the electroreflectance
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spectra. ""Following Schluter's calculation, ' "
the top of the valence and the bottom. of the con-
duction bands at the I' point have the symmetry
of +~ and F~ in 'the notation of Koster 8t Ql. ,
where the superscripts v and e denote the valence
and conduction bands, respectively. The selec-
tion rule deduced fxom the band structure and
the ellipsometric measurement suggests that the
structures at 3.38 and 3.70 eV are due to the
tx'ansitions to the F@ band from the I ~ band with
Se p„„-like character, which splits into I'~ and
1",by the spin-orbit interaction. Consequently,
these valence and conduction bands are not de-
generate at the band edges. Figure 1 shows the
band model of g-QaSe around 4.2 K with modifica-
tion in energy from the result of Schluter in order
to fit the experimental results of reflectance, '
electroreflectance, "and PL spectra. ' The band-
edge energies for 1"9-X4 and I'~-T~ are higher
in Fig. 1 by 0.03 eV than those in Bef. 10, taking
into account the binding energy of the exciton and
the shift of the band edge by temperature varia-
tlon.

The optical transition in the vicinity of the

direct edge is allowed in E](c, but the transition
probability for E ~ e is weaker by a factor of 10 '
than in E ](c. The Elc component is atttri-
buted to the intervalence-band mixing between
the I'~ and T'5" bands by the spin-orbit inter-
action. The ratio of the oscillator strength
for Eic and E[ic suggests that about 10'$ of the
1", component mixes with 1";. The degree of mixing
is x'easonable in the light of the quasicubic model
applied to GaSe,"where the 1", and I"; bands con-
sist of the p, and p„, orbit of Se, respectively.

The indirect absorption edge consists of a I",—

M; band pair. ' " Since the direct and indixect
edges are very close to each other, it has been
very difficult to determine the energy of the
indirect edge. Becently, the indirect exciton
energy for s-GaSe (2.100+ 0.002 eV) and y-GaSe
(2.089+0.002 eV) has been determined by the
extrapolation from GaSe, S„mixed crystals of
0.01&x&1 to x=0.' The binding energy of the
indirect exciton, =40 meV, has been deduced
from the gain coefficient curve analysis of the
stimulated emission in &-QaSe." The indirect-
gap energy of 2.140 eV is deduced from these
results for &-QaSe. It should be noted that the
indirect conduction-band edge is = 10 meV higher
than the di:rect one. Oux' model indicates that the
conduction-band xninimum is at the I' poi.nt but
the exciton gap shows a minimum at the M point.
Mercier, Mooser, and Voitchovsky~~ report, on

the other hand, that the indirect band gap is 2.103
eV, and Thanh and Depeursinge" indicate that the
exciton edge is 2.075 eV at 1.8 K. If, their band
scheme were correct, the luminescence lines
above 2.075 eV (equal to indirect exciton edge
of their band model) would have a very short
lifetime because the bound excitons responsibl. e
for' such luminescence lines can relax to the
indirect exciton rapidly. Experimentally, the
lifetimes of most of the PL lines below 2.100
eV are about 10-' sec, while they are shorter
than 10 ' sec for t;he lines above this energy. '
The structures, therefore, in the optical-absorp-
tion spectrum of QaSe below the direct exciton
reported by Thanh and Depeursinge may not be
due to the indirect exciton but to some kind of
impurihes or defects. The threshold in the life-
time of the luminescence lines at about 2.100 eV
(Ref. 2) agrees with the indirect exciton energy
of our model shown in Fig. 1.

~ ~ ~«Z. ~SOeV
(&-&) (z.iso)

2. t4 eV
(2.I 00)

FIG. 1. Electronic band model of c-Gase at 4.2 K
near the P and M points. The notations in the parenthe-
ses are the double-group representation. The energies
of the exciton ground states are given in the parentheses.

+III. EXPERIMENTAI. ARRANGEMENTS

The single crystals of QaSe were grown by the
Bridgman method with 99.999% Ga and Se as the
source materials and without doping. The crystals
were identified as E-GaSe by the x-ray analysis.
They wer e always found as p type with N„-ND
= 10"cm-' and N„+N~ = 10"cm ', where N„and

N~ were concentrations of acceptors and donors,
respectively. In the PL experiments, the freshly
cleaved surface was excited by the 488-nm line of
an Ar-ion laser (50 mW at maximum), and the
luminescence from the excited spot was focused on
the entrance slit of a 7.5-cm double-grating mono-
chromator (Nalumi VSOZ-1200). The light was
detected by a QaAs photocathode photomultiplier
(Hamamatsu R-636). A typical resolution in the
,present measurements was 0.3 meV.

The magnetoluminescence experiment was
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performed with the use of a 10-T split-type
superconducting magnet. The luminescence spec-
tra for an arbitrary angle, 8„, couM be taken
by the xotation of the sample, vghere 8~ was the
angle between the magnetic field 8 and the c axis.
The temperature dependence of the PL spectrum
was measured with the use of a helium-gas-cooled
cryostat, where the excitation power was less
than 3 m%'.

The typical PL spectrum of undoped &-QaSe is
shovgn in Fig. 2, vghere the assignment of the lines
is as follows: (1) DFE lines are the luminescence
from DFE triplet states, ' where the line splitting
is due to the stacking fault. (2) I, (i = 1 to. 5)
lines are due to the annihilation of IBE without
phonon assistance. " (3) I, -MC lines are the mo-
mentum-conserving phonon replica of the I,
lines. s ' (4) The other lines may be due to DBE
(Ref. 1) or transition of free carrier to an impuri-
ty bound state.
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FIG. 2. Photolumineseence spectrum of e-GaSe at 1.8
K measured for E&c.

A. Zeelnan spectra

Figure 3 shows the Zeeman spectra of the I,
line in the Faraday configuration with Htt c and
in the Voigt with H4c, where the monotonic back-
ground in the luminescence spectra has been
subtracted. In the Fax'aday conf iguration with
H t( c, the I, line split into two and they are cir-
cularly polarized. The line at the lower-energy
side is stronger than the at the higher side, and
the ratio of these line intensities increases with
the applied magnetic field due to the thermaliza-
tion bebveen the split states. The degree of cir-
cular polarization,

FIG. 3. Magnetoluminescence spectrum of the I~ line
for (a) the Faraday and Ib) Vojgt configurations obtained
at 4.2 K. The monotonous background has been subtract-
ed for simplicity. Similar results have been obtained
for all the I; lines and their phonon replicas.

of the line at the lower-energy side is about 0.8
for II&2 T, where I(+) or I(-) is the intensity for
the o, or 0 circular polarization, respectively.
In the Voigt configuration with H&c, on the other
hand& the I, line splits into three; one is polarized
for E&H (o' polarization), which shows no energy
shift, and the other two for E [) H (m polarization).
It may be noted here that E is always normal to
the c axis in the present experiments. The line
observed at higher-energy side in the m polariza-
tion is not resolved at 8 T due to the thermaliza-
tion among the split states. The degree of the
' inear polarization,

p, = [I(v) —I(o)]/[I(v)+ I(o)],

is estimated to be ~p, ~

= 0.5 for IIa 4 T, where
I(tt) o»(o) is the intensity for w or o polarization,
respectively. The Zeeman spectra of the other
I, lines and their phonon replicas are identical
to that of the I, line shown in Fig. 3, except for
the value of p„' i.e., p, = 0.5 for the other I; lines.

The peak positions of the Zeeman spectra fox the
I& lines are plotted in Figs. 4(a) and 4(c) as
functions of the magnetic field in H[)c and H&c,
respectively. The angular, 8~, dependence of
the peak positions is given in Fig. 4(b) for 8 =7 T.
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FIG. 4. (a) -and {c), Zeeman splittings of the I; lines
at 4.2 K plotted against the magnetic field, and (b} simi-
lax plot against, the angle e& between the external field
and the e axis. The component of the highest energy is
not resolved above some magnetic field due to the ther-
mal relaxation to the lower sublevels. The solid lines
show the Zeeman splitting of the triplet state of the
(O', X) bound exciton with the use of the g values in Eq.
(6) (see Sec. VA).

outer hvo lines change from 0 dominant to p
dominant as e~ increases from 0 to 90 . The solid
lines in Fig. 4{b) indicate the 8» dependence of the
energy positions of the lowest component at H = 7
T for the continuous change in the g value as

g = (g', cos'es+g~ sin'es)'~' . (1)

The central peak in H&c with o polarization dis-
appears as 8~ decreases from 90 to 0', while its
peak position does not change. The Zeeman spec-
tra of the momentum-conserving phonon replica of
the I& to I3 lines mere identical to the spectra of
their zero-phonon lines described above.

S. Temperature dependences

Figure 5 shows the temperature dependences of
the integrated intensity of the I, lines. The inten-
sity I(T) at temperature T is approximated by

I(T)= I(0)/tl+ C exp(- ~/kT)], (2)

where I(0) is the intensity at T =0, C a constant,~ the thermal activation energy, and k the
Boltzmann constant. Table I shows the energy
position, ~, and the optical binding energy
(Eos} of the I, lines for a number of samples,
where the optical binding energy is the energy
difference between the indirect exciton (2.100 eV)
and the I, line. The table a,iso summarizes the
ionization energy of the binding center as esti-
mated in Sec. 7 B.

V. DISCUSSIONS

There are five kinds of bound-exciton states
classified as follows according to the charged

20 I5 ~0

x

Figure 4 indicates that the I, lines split lin-
e»ly into two and three «r H llc and H&c, re-
spectively. 0 we express the energy separation
of the outer two peaks as g p,~II, where g is the
effective g value and p~ the Bohr magneton, the
value of g„(for H ]]c) or g~ (for H&c) is common
to all the I, lines with g„=3.65 +0.10 and g»= 3.23
+0,15, The Zeeman splittings sh, own by the solid
straight lines in Figs. 4(a) and 4(c) indicate that
the diamagnetic shift may be neglect. ed.

The 8~ dependence of the peak positions shown
in Fig. 4(b) indicates that the two components
observed in H ((c are connected smoothly to the
outer two lines in H&c, but the higher-energy
branch of the two components is much weaker
than the J.ower one due to the thermalization be-
tween the split states. The polar'. zations of the
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FIG. G. Temperature dependences of the integrated
luminescence intensity of the I; lines. The activation
energies deduced from the straight lines are also given
in the figure.
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TABLE I. The energy position, thermal activation en-
ergy g E), and optical binding energy (E~) of the I~
lines and the ionization energy of the binding center.

Line

I(

Is
I5

Energy
position

(meV)

2078.5 + 0.4
2083.2 + 0.4
2085.5 + 0.4
2099.2 + 0.4

Ez (meV) AE (meV)

21.5+2.4
16.8 + 2.4
14.5+2.4
0.8 +2.4

5.5 +1
4.1+1
4.5 + 0.5
3.3 + 0.2

Ionization b

energy

(meV)

56
54
50
38

With the use of the indirect exciton energy of 2.100
+ 0.002 eV.

"With the use of the indirect band-gap energy of 2.140
eV.

state of the binding center: (i) neutral donor
(D', X}, (ii) neutral acceptor (A', X), (iii) ionized
donor (D+, X}, (iv) ionized acceptor (A, X), and

(v) isoeiectronic impurity (I,X). One can distin-
guish the type of the binding center in the Zeeman
spectra corresponding to the spin state of the
binding center. The (D', X) state, for example,
consists of two electrons and one hole while
(D', X}consists of one electron and one hole. On
the other hand, the temperature dependence of
the luminescence intensity also gives the infor-
mation on the type of binding center because the
thermally released particle is an exciton for
(D', X} and (A', X), while it is a hole (or an elec-
tron) for (D', X) [or(A, X)], respectively. " One
can analyze the present results according to the
abave-mentioned principl. es.

A. Zeeman analyses

In the present section a qualitative argument is
given for identifying whether the binding center of
IBE is an acceptor or an M-point donor. %e also
consider whether the impurity center is ionized
or neutral. Since the separation between the
bottom of the M-point conduction band (M;) and
the second-lowest one (M;) is larger than the
ionization energies of the M -point shallow donors
by a factor of 10,' the shallow M-point donor
states may consist mainly of the M; wave function.
There are three eiluivalent M valleys (symmetry
C,„) in s-GaSe. 's Hence, the donor level may
show a valley-orbit splitting. The site symmetry
of substitutional impurity is C,„, and that of the
interstitial impurities is D» or C,„depending on
the position of the impurity atom. The valley-
orbit states of the M-point donors associated
with M;, therefore, are written as

A, +E (C„).
or

(D,X) I~
I l gh fLSH

I

I

I

I
I

I
I

D' r,
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FIG. 6. Zeeman splittings of the valley-orbit A. ~ state
of the bound excitons in-the C3„site symmetry and the
selection rule for the optical transition. The relative
luminescence line intensity is shown assuming (a)
lgali sf' » f» (&'») a d (h} l~g'l~vsff » «r &&'.»
complexes, where g~=g~+ g& Since E~»kT and

» llg llpsff, the effect of the spin singlet I't state is
negligible in (n+, X).

A'a+E" (D~) .
If the I, lines are related to the doubly degen-

erate E (or E ) donor state, each line splits into
eight or four in a magnetic field depending on
the relative magnitude of the exchange energy
of the electron and hole compared with the thermal
energy kT. Experimental results shown in Figs.
3 and 4, however, indicate that the I, line splits
into three. The binding center responsible for the
I, lines, therefore, can not be attributed to the
valley-orbit E (or E ) state of the M-point donor.

The possibility of an exciton-acceptor complex
is ruled out by the following reason, in addition
to the energetic considerations given in Sec. V B:
The valley-orbit splitting energy should be very
small in the 1"-point acceptor complex since the
orbital radius of the bound electron is very large
due to the repulsive force between the acceptor
core and the electron. " A multiplet structure,
therefore, is expected for the exciton-acceptor
complex, whereas no such structure is observed
for the I, line. The preceding discussions suggest
that the binding center responsible for the I,
lines is theA, (or A, ) valley-orbit state of the
M-point donor. The donor levels at the M - point
i.s expected to be lower than those at I" in spite
of the fact that the indirect gap (E') is greater
than the direct gap (E~) since the effective mass
of the M-point conduction band is larger than
that of the 1" point. "

The next problem is to identify whether the
binding center is neutral or ionized from the
Zeeman data. The Zeeman splitting of a (D', X)
complex is shown in Fig. 6(a) schematically, ~

where g, and g~ are the effective g value of elec-
tron and hole, respectively. Figure 6(a) indicates
that the (D', X) line splits into two paired lines
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with separations of jg, +g„jp, sH in the mag-
netic field, while the I, lines split into three. The
(DO, X) line may split into three apparently when

g~ —
g~~ but ihe lulMnescence intensity of the line

at —(g, +g„jp,H/2 must be equal «» weaker
than the line at + (g, —g„( p, H/2 = 0 independent
of the magnitude of H for &c. In contrast with
this prediction, the experimental result of Fig.
3 shows that among the three Zeeman subcom-
ponents the one at the lowest energy is strongest,
the central one is medium, and the one at the
highest energy is weakest for H&e. Hence, the
bound state responsible for I, are not (D', X).
The observed Zeeman spectra can be interpreted
by ascribing the binding center to an ionized
donor,

The electron in this (D', X) state belongs to
the valley-orbitA, (or 4, ) state as discussed
above. The symmetries of the electron and hole
are I', in the case of C„site symmetry. The
bound-exciton state may split into jI."~ & I"~ = ~,
+ I', + X',. The basis functions for these states
can be written in the band scheme given in Sec.
II as

I', (z): (Q,'4 ". —4.'4.")/vY,
1" (y' y "+y'y")/l2

1 (x) (y'y'+ y~y")~2

I".b): (4 '0". 0'.-0")~—&-

p' =e Z p'=P Z

y."=[n„+yp„(X +F)Z~a]/(I y+')'~',

y" = fyo. „(X-'i')Z/W2 —p,]/(I+ y')'",

where p' or (t)" indicates the wave function of
electron in the conduction or va1 ence band, re-
spectively (X+iY)Z/vYor Zthe orbital part of the
wave function, o. or p the spin funchon of elec-
tron and jy( = 0.1 the mixing parameter of the
P„,„-like I', band with the uppermost I"; band by
the spin-orbit interaction. '~ In Eq. (3) the nota-
tions x, y, and z i.n the parenthesis show the
direction of the dipole moment. If y=0 the I',
and I', bound exciton states are spin sing1. et a,nd

1 triplet states, respectively, but they are
not purely singlet nor trip1. et due to the weak
I",-1"," interband mixing. The ~, state, however,
is a pure triplet. The exchange splitting energy,4, between the singlet X', and triplet X', + I;
states may be several me7 in an analogy with the
direct exciton. The zero-field splitting between
the I', and I', states has been estimated to be 0.016
me7 from thd recent experiments of the optically

detected magnetic resonance' and of the magnetic
circular dichroism. '

The matrix for the linear Zeeman interaction
is written as
F, I'2 I",(x) I's(y)

g-„gsH, /2

c,c,

g~ PsH„/2

-igi&N, /2

-gii PsH, /2

0, (5)

where c.c. means the complex conjugate, sub-
scripts (I and & indicate the direction of H with
respect to the c axis, and g'=g, +g, . In Eq. (5),
the small zero-field spl. itting between I'2 and F3
is neglected. Sine«, „~~ jg AH( within the
magnetic field of our experiment, H&10 T, the
interaction between F, and 1,+ X', can be neg-
lected. %'e obtain, therefore, the Zeeman split-
ting of the bound-exciton state by solving the
3x 3 matrix. The I' state j.s not affected by the
magnetic fie1d in this approximation. Figure
6(b) shows a schematic of the Zeeman splitting
deduced from Eq. (5). Except for the symmetry,
the Zeeman splitting of the direct exciton or that
of the bound exciton of the A2 valley-orbit state
in the D» site symmetry is identical to Fig. 6(b).
The Zeeman splitting shown in Fig. 6(b) agrees
with the experimental results shown in Figs. 3
and 4 in the number and the polarization of the
split lines, although the observed lines are de-
polarized slightly.

Since 4,„'~kT, at least in the temperature
range of T & 10 K, the luminescence from the X',

state may not be observed. The peak positions
of the outer two components in an arbitrary direc-
tion of the magnetic field are given by the effec-
tive g value of Eq. (1). The central one .in the
triplet state does not shift by the application of
II for an arbitrary direction of II. The calculated
8~ dependence of the peak positions agrees with
the experimental result as shown in Fig. 4(b).
Fig. 4(b).

'The effective g values of the electron and hole
are deduced to be

(gg/+gal (
3 65+ 0 lp (ggJ+g)J ( 3 23+0 15

(6)
If one uses the estimation of g„„=1.72 by Morigaki
et gE.,' g„, of the donor electron is calcu1.ated to
be 1.93, which is larger than the g value of 1.13
for the F-point electron. ' Instead of g„,= 1.93 for
the donor electron it could be -5.3V from Eq. (6),
but the latter value seems to be improbable. The
ratio of the spin relaxation time T, to the lifetime
v. for the bound exciton may be deduced from the
relative intensities of the S,=+1 lines in h ]) e.
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It was found for aB the I, lines that 7.', = v, where
v is reported to be about 10 ' sec.~ 3'

The Zeeman spectra for the (I,X) lines are
expected to be identical to those of (O', X) given
above since both complexes consist of one electron
and one hole. Hence, one can not assign the
binding center uniquely from the Zeeman data
alone. The two kinds of complexes, hovrever,
may be distinguished in the case of indirect-gap
materials from the phonon replica spectrum
because the phonon replicas of (I,X) lines consist
of the local mode phonons or they reflect the
phonon density of states, ~' in contrast to (O', X)
lines whose phonon replicas consist mainly of
the momentum-conserv1ng phonons. Since the
momentum-conserving phonons contribute to the
phonon replicas of the I~, I» and Is lines, ~o the
bound states responsible for these lines are not

(I,X) but (O', X) complex.
The g value for the (I,X) complex may be differ-

ent from that for (O', X) because the electron (or
hole) wave function is highly localized at the iso-

lectx"on1c ceDtex' while 1t exteDds ax'ound shallow
donor or acceptor centers. 26 The rest of the I&

lines (I,', I~, and I,), therefore, are also attributed
to (O', X) since the effective g value is common
for all the I& lines

8. Thermal quenching of the I,. lines

The thermal activation energy of the lumines-
cence intensity of bound excitons is equal to the
optical binding energy for (D,X) or (A, X),
whereas it is not so for (D', X) or (A, X). This
discrepancy comes from the difference in the
liberated particle by thermal excitation as inter-
preted at the beg1DQ1Dg of th18 section, The thex'-

mal activation energies of the luminescence in-
tensity of the I, to I, lines are, as shown in Table
1, 20/g to 30/p of the optical binding energies.
The bound states responsible for the I, lines,
therefore are attributed to (D X) or (A X).

Since the (D', X) [or (A, X)j line is observed at"

E,-E, (or E„)-bE,
one can estimate ED (or E„)from the thermal
quenching data, where ED (or E„)and b,E are the
ionization energy of the donor (or acceptor) and

the thermal activation energy of the luminescence
1ntenslty respectively. OQ6 may f1Dd fr'onl Table
I that bE is 3.3 to 5.5 meV and E~ (or E„)=40
to 55 meV for the I, to Is and I, lines assuming
S,'=2. 140 eV, whereas the ionization energies of
the effective-mass acceptors are about 100 meV
in e-oaS6.3' Hence, the analysis of the tempera-
ture dependences of the I& lines leads to the as-
signment that they originate from (O', X) with the
donor ionization energy of 40 to 55 meV. This

assignment agrees with the conclusion of the
Zeeman analyses.

The ratio, &E/E~, is about 0;1 for the lines
of I, to I, and I, . This ratio is larger than those
for (D', X) complex in If-Vf compounds, where
b E/E~ = 0.05 '~ One may calculate ED with the
use of the effective mass of electron at the Jj/t

point as obtained from the transport experi. -
ments. 2 The calculated value is 112 meV in
contrast with the above-mentioned value of about
50 meV. The discrepancy in Eo for the M-point
donors suggests that the effective mass of the
el.ectron in Ref. 22 may be overestimated.

VI. CONCLUSIONS

The six PL lines due to the indirect bound exci-
ton, called I, lines, in the photon energy range
from 2.0785 to 2.0992 eV in e-Ga86 have been
investigate by magnetos. uminesc ence measure-
ments up to 10 T and also by the temperature
dependence of the PL spectrum in absence of a
magnetic field. All the I, 1.ines show the same
temperature and magnetic field dependences
except for a slight variation in the thermal ac-
tivation energy of the luminescence intensity,
depending on the luminescence line.

The analyses of the Zeeman spectra and the
thermal quenching data lead to the same conclu-
sion that the bjnding centers responsible for the
Ig llD68 ax'6 10Dlzed donol s. Furthel more the
spin and the valley-orbit states have been derived
from the Zeeman data. The spin-triplet state is
responsibl. e for the I& lines, where slight mixing
of the singlet component due to the spin-orbit
interaction makes the triplet states weakly allowed
for E ~ c. The valley-orbit state of the bound
electron is assigned as A» or A2 in the site sym-
metry of Cs„or D», respectively.

The effective g value of the M-point donor elec-
tron and that of the hole are

~ g„, +g„„~ =3.65
+0.1 and ~g„+g„,~=3.23+0.15. Using the g
value of the hole derived from the optically de-
tected magnetic resonance, s g„, of the donor elec-
tron is ca).culated to be 1.93+0.1.

The thermal quenching data of the I, lines in-
dicate that the ionization energy of the M-point
donor is in the range of 40 to 55 meV. The bind™
1ng energy of the ho), 6 to the Qeutra1. dono1 18 about
10/o of the ionization energy of the donor.
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