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Steady-state level-anticrossing spectra for bound-exciton triplets associated
with complex defects in semiconductors
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A detailed analysis of magnetically induced level-anticrossing (LAC) effects for bound-exciton

(BE) triplets associated with isoelectronic complex defects in semiconductors is presented, using rate
equations and a spin Hamiltonian approach. It is shown that the observation of the LAC effects is

due to nonvanishing microscopic interactions coupling the approaching states. In addition there ex-

ists an inequivalency between these states, due to a steady-state excitation mechanism. The
hyperfine interactions are proved to be the main static interaction responsible for the LAC effects.
Characteristic distinctions between different BE systems (from thermalized to unthermalized) are
shown to exist in the vicinity of the LAC field region as well as for high magnetic fields. A good
agreement between the treatment developed in the present work and experimental LAC spectra for
several complex defects in GaP has been obtained. Useful information about the bound excitons
and their associated defects can be extracted by simple steady-state level-anticrossing spectroscopy,
i.e., in complete absence of external perturbing radiofrequency or microwave fields.

I. INTRODUCTION

The observations of resonantlike changes in phos-
phorescence intensity in materials by applying a magnetic
field have been mostly attributed to cross-relaxation (CR)
effects and level anticrossing (LAC). ' Magnetic cross-
relaxation is an irreversible process that provides an im-
portant mechanism for energy transfer in the solid state, '

involving the spin systems of both the guest (impurity)
and the "host" (e.g., host material, defect, or another im-
purity). Magnetically induced LAC, in contrast, does not
require the participation of a second spin reservoir, and is
observed whenever two coupled levels are brought into
coincidence by an external magnetic field. Extensive
LAC experiments have been carried out for atoms and
molecules and for phosphorescent organic crys-
tals, ' ever since the first observation of LAC on the
sublevels of the 2 P manifold of the Li atom. ' Similar
detailed investigations of LAC phenomena for bound ex-
citons (BE's) in semiconductors are still virtually missing,
ho~ever, although a few LAC observations have been re-
ported as a complement to studies of optically detected
magnetic resonance (ODMR). '

LAC effects in semiconductors play an important role
in, e.g., annihilation and quenching of BE s and other re-
lated phenomena. They may also provide valuable
structural information about BE's and their associated
defects. Recently, the strong influence of LAC effects on
ODMR spectra for complex defects in semiconductors
has been shown to occur. ' In this paper, we present a
detailed steady-state analysis of LAC effects [in the com-
plete absence of perturbing radiofrequency (rf) or mi-
crowave (MW) fields] on BE triplet states associated with
neutral complex defects in semiconductors. The formal
treatment is developed with the aid of rate equations and
a spin-Hamiltonian approach.

The paper is organized in the following way. In Sec. II
we exploit the rate equations and the spin Hamiltonian
for a BE triplet. Section III contains a detailed discus-
sion and analysis of the LAC effects, in connection with
some recently observed experimental results from several
isoelectronic complex defects in GaP. The most impor-
tant conclusions are collected in Sec. IV.

II. RATE EQUATIONS AND SPIN
HAMILTONIAN TREATMENT OF LEVEL

ANTICROSSINGS FOR SPIN-TRIPLET
BOUND KXCITONS

A bound exciton, associated with a neutral complex de-
fect' with a strong hole-attractive local potential in a
semiconductor, typically has a singlet-triplet (S-0
configuration as the lowest electronic states. The
electron-hole (e-h) exchange interaction tends to leave
the triplet lowest in energy, with an S Tseparation ty-pi-

cally much larger than the level splittings induced by oth-
er small perturbations, such as Zeeman, fine-structure,
and hyperfine-structure interactions. ' A treatment limit-
ed only to the BE triplet consequently seems to be ap-
propriate to explain experimental data, considering the
coupling between the singlet and triplet as a perturbation.

The LAC phenomenon for a BE triplet is detected (I)
via the changes in intensity or polarization of the photo-
luminescence (PL) signal (due to the BE annihilation); (2)
via the splittings of the BE electronic levels in the vicinity
of such avoided crossings. The second case is essentially
limited only to these BE s which give rise to well-resolved
electronic-transition lines, and the analysis of such LAC
spectra is rather straightforward. In this paper we shall
concentrate our discussion only on the first case, which is
not at all limited as is the second case. However, the
analysis of such LAC spectra is not straightforward, and
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is still absent in literature for BE's in semiconductors. In
order to investigate the changes in intensity or polariza-
tion of the PL signal due to the LAC effect, the under-
standing of the variations in the populations and radia-
tive decay rates for the relevant energy levels is of key im-
portance. The access to this understanding can most
conveniently be made by means of a rate-equation treat-
ment and a spin-Hamiltonian formalism.

A. Rate equation for bound-exciton-
triplet recombination

The Zeeman-split levels of the BE triplet are shown in
Fig. 1 in the presence of a built-in local crystal field (here
taken as being of C3„point-group symmetry, for illustra-
tion) and an external magnetic field. The rate equations
for the population of each sublevel, n, , n 2, and n 3, re-
spectively, are given by

dn 1 n 1=6 —R n) ) 1 T
1

( + + )
—(E) E2 )IkT-

+ —(E) E2 )lkT —(E2 E3 )/kT—

n 2 n 2=6 —R n
dr 2 2 2 T1

1 ~

R& R2 R3

FIG. 1 . Schematic picture of Zeeman-split sublevels for a BE
triplet in the presence of a local crystal field (here taken as hav-
ing C3, symmetry with the trigonal axis z) and an external mag-
netic field (B~~z). The generation rates G„recombination rates
R„and populations n, for each sublevel are shown; these are in
general magnetic field dependent (i.e., dependent on the mixing
of the substates, and in addition, in the case of n „dependent on
the thermal contact between the Zeeman-split sublevels), as
defined in the text.

(n) +112 +n3 )+ —(E( E2 )lkT (E2 —E3 )lkT—
A N =8 (2)

dn 3 n 3=6 —R n3 3 3 T
1

where

n 1
—6 1

( + + )
(E2 —E3 )IkT

+ —(E) —E2 )IkT (E2 —E3 )IkT
N = n 8 = —62 7 2

—63

Here the generation rates and energies for the sub levels
are denoted as 61, 62, and 63, and E1, E2, and E3, re-
spectively. R 1, R 2, and R 3 are the recombination rates
for the respective states, including radiative ( R, ), nonra-
diative ( R;""),and transfer rates ( R ), etc , where .i = 1, 2,
and 3. T, is a time constant related to the spin-lattice re-
laxation for the Zeeman sublevels of the BE triplet; T, is
here assumed to be the same for the three sublevels.
The various terms included in each equation in Eq. ( 1 ) are
the generation term, the recombination term, the relaxa-
tion term, and the thermalization term, respectively.

For steady-state conditions, i.e., dn, /dt =0 with
i = 1,2, 3, these equations can be written in a matrix rep-
resentation as

and

8'312 —X18'312
8 —X2

O'A 12

N = A '8 (3)

or explicitly,

E2 /kT (E2 E3 )// kT

= T, ( 1 + A )2 + A 23 ), X; =R; + 1 /T), where i = 1,2, 3.
Exact solutions can be obtained by performing transfor-
mations of the form

1
n) =—IG, R2X3+ A [6)2R )X2+3( 1/T )(6)2X3+X263)]+3236)X2R

1
n2 g [[X,G2X3+(1/T) )(6)X3+X)63)]+A)2R)62X3+ /123X, 62R3

1
n3 ~ [X,R263+ A,2R)X263+ ~23[X)X263+(1/T, )(G2X, +X2G) )]]



5748 W. M. CHEN, M. GODLEWSKI, B. MONEMAR, AND J. P. BERGMAN

where 6=X1R2X3+ A, 2R1X2X3+ A23X1X2R3.
In order to illustrate the population distributions

among the BE-triplet sublevels, we take the examples of a
completely thermalized and an unthermalized case, re-
spectively.

(i) In the thermalized case, i.e., 1/T, »R, 2 3, we ob-
tain from Eq. (4) the population for each sublevel as

A )2(G)+G2+G3)
n1=

R2+ A12R1+ A 23R 3

(G, +G2+G3)
n2 =

R2+ A 12R 1
+ A23R3

A/3(G, +62+63 )
n3 =

R~+ A12R1+ A23R3

+1
aMi 1,M), (9)

where i =1,2, 3.

C. Level-anticrossing eÃects

The photoluminescence intensity of each sublevel is
proportional to the population and the radiative recom-
bination rate for the level,

spin-Hamiltonian matrix. The effects of mixing of the
wave functions by the various perturbations given in the
spin Hamiltonian are reflected directly from the form of
the eigenfunctions, which are in principle linear combina-
tions of the unperturbed basis wave functions, i.e.,

i.e., L; =nR,"n;, (10)

1

—(E —E j/kT
Pl1 =n2e

(E2 —E3 ) IkT
n3 =n2e

The triplet is thermalized, as is obvious from the fact that
the BE population distribution within the triplet follows
the Boltzmann statistics.

(ii) In the unthermalized case, i.e., R, 2 3 »1/T, , we
obtain from Eq. (4) the populations for each sublevel as

n) =G(/R, ,

n2 =Gz/R2,

n3 =63/R3 .

If R „R3»R2 (i.e., in the case of a slower emitting sub-
level 2), nz »n„n3. The population distribution does
not follow the Boltzmann statistics, as expected for an
unthermalized BE triplet.

B. Spin-Hamiltonian formalism

where a is a proportionality constant, and i =1,2, 3. The
LAC effects are monitored, in its steady-state behavior,
by the changes of the PL intensity (either the total inten-

sity or for diff'erentially polarized light) versus the exter-
nal static magnetic field, i.e., L,.-B relations. Therefore,
variations of the radiative recombination rates and popu-
lations for the different sublevels in the magnetic field

play key roles in determining the strengths of the LAC
signals.

The detection of differently polarized light, which is
often a much more sensitive technique, requires the
knowledge of the polarization for each level. This may in

principle be obtained by inspection of the wave function
for each level, since the absolute square of the coefficient

a,M from Eq. (9) is proportional to the probability for the
BE to be found in the state

~
1,M ), provided that the po-

larization of this state is known. More explicitly,

+1
n, = g nM

M= —1

for the sublevel i, and
As is evident from a number of ODMR studies (see

Ref. 21 and references therein), the properties of the BE
triplet have, in many cases, been quite successfully de-
scribed by a spin Hamiltonian of the form

Hs =S D S+psS g B+S A.I+ $S A;J;, (8)

n;M=/a;M/ n; .

The PL intensity of level i can be written in the form

+1 +1
L, = g LM=a g RMnM,

M= —1 M= —1

(12)

(13)

where S denotes the electronic spin of the BE (S = 1 for a
BE triplet), I and I, are the nuclear spins of the defect
and its ligand atom(s), respectively. ps is the Bohr mag-
neton, and B the external magnetic field. g, D, and A
are the g tensor, the fine-structure tensor, and the
hyperfine-structure tensor, respectively. The basis set of
the electronic spin wave functions may be naturally
chosen as the spin S =1 basis ~S,M) (where S =1 and
M =+1,0, —1), a subbasis derived from the basis set of
the lowest BE singlet-triplet states, e.g., direct products
of the spinors for the bound electron and the bound hole.

Knowing the proper basis spin wave functions (includ-
ing the electron and nuclear part) and the relevant spin
Hamiltonian, the eigenenergies and the eigenstates can
easily be obtained by a complete diagonalization of the

where RM refers to the radiative fraction of the recom-
bination rate, responsible for the BE transition from
~1,M) to the singlet ground state. The recombination
transitions of a BE are in general spin dependent, and
the above description in terms of spin polarizations is
consequently appropriate. From Eqs. (10)—(13), a re-
formed expression for the total radiative recombination
rate for the level i can be obtained as

(14)

Therefore, the radiative recombination rate R; could be
estimated from the knowledge of the mixing of the wave
functions among the triplet substates, i.e., the
(magnetic)-field-dependent parameters a,~, together with
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the field-independent parameters RM. The latter are
uniquely determined by the symmetry of the correspond-
ing BE state in the absence of a magnetic field, if field-
dependent coupling of the triplet to its excited states is
negligible. These parameters serve as fitting parameters
in the analysis of the experimental results.

In practice, when a LAC experiment is done, one
works, in most cases, in either the Faraday configuration
or in the Voigt configuration. A corresponding analysis
should be made, depending on which configuration is
used. Often one considers the polarizations with respect
to the external magnetic field, so that the quantization
axis is naturally chosen along the magnetic field. There-
fore, a proper transformation of the coordinates (or basis
set of spin wave functions) between the defect-coordinate
system and the magnetic-field-coordinate system is usual-

ly required. A11 inequivalent sites of a given defect
should also be taken into account in the analysis.

signal in the region of strong V for the dashed curves and
when

~ V~ NO for the solid curves is mainly attributed to a
change in the sense of polarizations, since V is no longer
a small perturbation in this case, and also due to the
broadening of the LAC signal, which transfers some in-
tensity of the signal at the LAC field to its vicinity.

B. Variations of the LAC spectra in relation
to the BE properties

The influence of various parameters for the BE (such as
RM, GM, and T, ) on the appearance of LAC spectra can
be investigated in detail with the aid of the methods de-
scribed in the previous section. As a simple illustration,
we discuss below the changes in the difference in intensity
of circularly polarized light, i.e., b,(1. I. +

—), in the
vicinity of the LAC region for two different cases: a
thermalized and an unthermalized BE-triplet system of

III. DISCUSSION

After the derivation of the relation for the PL intensity
(resulting from the BE recombination) as a function of
the magnetic field, a detailed discussion as well as a prop-
er analysis of various aspects of the LAC effects will be
attempted below.

A(L~. - L~,} (a) Thermalized case (
—» R)

1

T)

A. Level crossing (LC) versus level anticrossing (LAC)

An important question is whether the experimentally
observed changes in PL intensity or polarization changes
in the PL intensity, are due to the level crossing (between
noncoupled levels) or level anticrossing (avoided crossing
between interacting states). The relevance of this ques-
tion derives at least partly from the typical absence of
resolved hyperfine (HF) structure in ODMR spectra of
complex defects in semiconductors. Such HF interaction
is expected to cause an avoided crossing due to its func-
tion in coupling the states. To identify the nature of the
states in the vicinity of the crossing, we assume there ex-
ist off-diagonal matrix elements, V = (1,M ~H'~1, E ),
MAlr:, induced by some sort of static perturbations H',
where the magnitude of V is to be determined. The effect
of V on the PL intensity and polarization of the BE
recombination is investigated for different cases (varying
from a thermalized to an unthermalized system), when
the magnetic field is along one of the principal axes of the
defect (in this case the effect becomes more significant
and therefore this configuration is customarily used in
LAC experiments). A plot of the induced signal
L -L + in such a case is shown in Fig. 2, with the
aid of a computer program based on the theoretical back-
ground discussed in the previous section. It is clearly
shown that a change in the polarization of the PL emis-
sion corresponds to a nonvanishing interlevel coupling, so
that it is indeed a LAC effect. It is further shown (Fig. 2)
that the magnitude of the LAC signals are proportional
to the coupling strength V, as long as this perturbation
does not dominate over the main interactions for the BE,
such as the fine-structure term and the electronic Zeeman
interaction. The Aattening and further decreasing LAC
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FIG. 2. Effect of the interlevel coupling ( V) on the difference
of the circular polarizations (L —L + ) for the PL emission,
due to triplet-BE recombination, in (a) a thermalized, and (b) an
unthermalized case. The magnetic field is set at the formal
level-crossing (LC) field point (solid curve) in the absence of an
interlevel coupling (when V=O), or in its vicinity (dashed
curve), and is along the trigonal axis of the BE system with C3„,
symmetry (D &0, see Fig. 1). It is clearly shown that a change
of L —L + is observed only when there exists a nonvanishing
interlevel coupling, i.e., it is entirely due to a LAC effect. An
ideal level crossing results in no such change.
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FIG. 3. Effects of generation rates and recombination rates
on the LAC spectra, provided that there exists a nonvanishing
interlevel coupling between the sublevels of the BE triplet. It is
shown that the LAC phenomenon is observed only if there ex-
ists some inequivalence between the approaching sublevels, such
as different generation rates or different recombination rates.
An unthermalized BE triplet of C3„symmetry with D )0, when
B is along the trigonal axis, is chosen as an example in the
figure. 6+&, 60, R+l, and Ro are the corresponding quantities
for the unperturbed states, with their subscripts +1 and 0 for

~
1,+1) and

~
1,0), respectively. In the presence of the interlevel

coupling, the relevant quantities for the sublevels (R, and 6„
i =1,2, 3) are field dependent, i.e., dependent on the mixing of
wave functions.

C3 point-group symmetry, when the magnetic field is
along the trigonal axis z. It is assumed in the following
discussion that the recombination rate R; is mainly con-
tributed by its radiative part, i.e., nonradiative contribu-
tions are neglected, which is likely to be the case for neu-
tral isoelectronic complexes.

(i) In the thermalized case (1/T, &)R, z 3 ), one readily
obtains from Eq. (4)

(b) Intermediate case

(c) Unthermalized case

R+I ++T yV RO
I---R ~~ ~+~ R+) 0

(R» -)
I

aR3( Az3
—1)(G, +Gz+G3)

b. L L—
2(Rz+ A, zR 1+ Az3R3)

(15)

a(R3Gz —Rz6, )
b(L L+)=-

2R2
(16)

for a LAC between level 2 and level 3 [Ec and E, in the
high-(magnetic)-field limit, respectively]. A nonzero sig-

nal is expected, since 323 =e ' ' differs from 1 for(E2 —E3)IkT

an avoided crossing (i.e., Ez@E3).
(ii) Similarly, in the Unthermalized case (R, z 3

&) 1/T, ) one obtains from Eq. (4)

I

0
MAGNETIC FIELD (T)

0.5

FIG. 4. LAC spectra for (a) thermalized, (b) intermediate,
and (c) unthermalized BE triplets, showing clearly characteristic
distinctions between these BE triplets in the vicinity of the LAC
region as well as at high magnetic fields. The generation rate
for each level within the BE triplet is here assumed to be the
same, as an example.

TABLE I. A synopsis of LAC effects for different BE triplets, where G is the generation rate, R is
the recombination rate, and Vis the interlevel coupling term.

BE-triplet
properties

Same 6 and same R
for the sublevels

or V=0

Different G and/or
different R for

the sublevels, and VWO

weak V strong V

unthermalized
thermalized

no
no

weak
very weak

very strong
strong
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for an LAC between level 2 and level 3. A large variation
in L L—+ is predicted if R3GzAR2G3.

A synopsis of the LAC effects for different cases of BE
systems is given in Table I, and is also schematically
demonstrated in Figs. 3 and 4, by numerical computer
simulations using the methods described in the previous
section. It is shown in Fig. 3 that in order to observe a
LAC there must exist some inequivalence between the
approaching sublevels, such as different generation rates
or different recombination rates, which leads to a
difference in their populations. In Fig. 4, quite different
LAC spectra are observed for BE systems of different
categories, e.g., for a thermalized BE triplet versus an un-
thermalized BE triplet. Characteristic distinctions are
also clearly seen in Fig. 4 between these BE triplets in the
high magnetic field region, as will be discussed below in
details. The linewidth of the LAC resonantlike peak is
shown in scale with the coupling strength V, as can be
seen in Fig. 5. It is proved from Fig. 4 that stronger LAC
signals are generally expected for the unthermalized BE
triplet in comparison to that for the thermalized BE trip-
let, as can also be found from an inspection of Eqs. (15)
and (16).

In Fig. 6, we show magnetic-field-induced changes in
the difference of circularly polarized light when the mag-
netic field is parallel or perpendicular to the defect trigo-
nal axis, respectively. In the former case a LAC is ex-
pected, as has been discussed above, In the latter case, no
LAC is observed, as can be predicted from the Zeeman-
split energy scheme, except a nonresonant overall in-
crease. This commonly observed background signal is in-
duced by the symmetry-breaking effects by the magnetic
field (from C» to C&z in this case), magnetic-field-
induced changes in recombination rates for the magnetic
sublevels, and also partly by the magnetic-field-induced
depopulation of the upper-lying sublevels in the case of a
triplet where there exists partial thermalization between
the sublevels.

V= I~IO eV

"6—--- y 5xIO eV

+

B IIZ

+

I

0

I

0.5

MAGNETIC F)ELD (T)

FIG. 6. Magnetic-field-induced changes in (L -L + ) when
B is parallel (solid curve) and perpendicular (dashed curve) to
the trigonal axis of a BE-triplet system with C3, symmetry (Fig.
1) in the presence of a nonvanishing interlevel coupling. In the
first case (solid curve), a strong LAC is expected to occur due to
the closely approaching sublevels. In the second case, no such
tendency occurs, and no resonancelike LAC is present. Instead,
a broad nonresonant background signal is observed, resulting
from the symmetry-breaking effects. The BE triplet is here
chosen as partly unthermalized.

C. Variations of the total photoluminescence
intensity or polarization in the high magnetic field

limit in relation to the BK properties

As an example, we discuss the behavior of the
difference of the circularly polarized components of the
photoluminescence (PL) signal (i.e., L L+ ) in the-
high magnetic field limit for a thermalized and an un-
thermalized BE triplet of C3, symmetry, respectively,
when the magnetic field is along the trigonal axis z. The
same assumption on the recombination rates as that in
the previous subsection is used.

(i) In the thermalized case ( I /T, »R
& z 3 ), one obtains

from Eq. (4)

a(A~3Ri —A, 2R, )(G, +Gi+G3)
(17

MAGNFTIG FIELD (T)
0.5

In the limit kT &&p&g8, which is true in our experiments
when B(IT, L —L + scales with the magnitude of
the magnetic field. This can easily be visualized, if one
considers the increasing difference in populations be-
tween the E, and E+, sublevels with the increase of the
magnetic field for a thermalized BE triplet.

(ii) The corresponding result in the unthermalized case
(R, z 3 » I /T, ), obtained from Eq. (4), is simply

FIG. 5. LAC spectra for di6'erent interlevel coupling
strengths. The linewidth of the LAC resonancelike peak is
shown to be proportional to the interlevel coupling strength.
An unthermalized BE triplet is taken as the specific example
shown in the figure.

L L+ =a(G3 —G, )—, (18)

which is not strongly magnetic field dependent, at least
not explicitly. This is expected, since the increase of sub-
level splitting does not cause any severe population
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transfer between the sublevels for an unthermalized BE
triplet.

There is, therefore, a characteristic distinction between
these two BE triplets in their high field behavior. A
thermalized BE triplet has a stronger field-dependent
character in the polarization properties of the emitted
light than in an untherrnalized BE triplet, as has been ex-
clusively shown in Fig. 4. This particular behavior, in

turn, serves as a useful probe to extract information on
the thermalization properties for BE triplets from experi-
mental data.

D. Some experimental LAC results

In Fig. 7 are shown some experimental LAC spectra of
the BE triplets associated with the characteristic orange
luminescence (COL) in Cu-diffured GaP, (Cu-C),
(Po,-Cuo, ), (Po,-A), and (Po,-B) centers in GaP, respec-
tively. The details about sample preparation and optical
studies can be found in Refs. 17 and 27-29. The LAC
spectra were obtained in the Faraday configuration, em-

ploying a magnet attached to a modified Bruker 200D-
SRC ESR spectrometer. (L L+ ) si—gnals were col-
lected by an S-20 photomultiplier or a North Coast EO-
817 Ge detector, with the aid of a 50-kHz photoelastic
modulator and a Jobin-Yvon 0.25-rn grating monochro-
mator. The sample temperature could be varied from
room temperature down to 2 K.

As can be seen already by a simple inspection of the
figures, good qualitative agreement has been achieved be-
tween the experimental results and the theoretical expec-
tations. Numerical simulations have been performed

with the aid of the theoretical treatment given in this
work by considering all inequivalent sites of a given de-
fect, which provides useful information about the BE and
its associated defect center. It is concluded that the BE
triplets associated with the (Po,- A ) and (Po,-B ) com-
plexes belong to the class of partially thermalized systems
at somewhat elevated temperatures, as can be seen by
their characteristic field-dependent LAC spectra [Figs.
7(d) and 7(e)] at high magnetic field. The BE triplets for
the (Cu-C) and (Po,-Cuo, ) complexes, on the other hand,
are classified as being unthermalized at low temperature,
as can be visualized by nearly field-independent LAC
spectra [Figs. 7(b) and 7(c)] at high magnetic field. The
absence of any LAC effect on the COL center indicates
either that the inequivalence in steady-state excitation
process between the BE-triplet sublevels is undetectable,
or that the LAC occurs at a higher magnetic field than
that reached by the present magnet, meaning that the
zero-field splitting is very large, as actually predicted by
Zeeman measurements on the same defect. The possi-
bility of a vanishing interlevel interaction can be ruled
out, however, since it is believed that the COL BE-triplet
wave function is rather localized, supported by its large
exchange-interaction-induced singlet-triplet splitting of
about 21 meV.

In addition to the thermalization properties, additional
valuable information such as the fine-structure interac-
tion, principal axes and consequently the symmetry of the
complex defect, microscopic coupling effects (mixing of
the wave functions), etc. , can also be extracted froin the
LAC measurements.

To visualize the principle of the method, we resort to a
simple quantum-mechanical approach, where the

0

(a) COL (b) Cu-C (c) PGa-Cu (d) PGa-A (e) PGa-B l

Q

I

I

Q
+

(t) 0.08-

CC
LLI 0 08
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I I l i i 1 t I i I i t t I I I l l i 1 I I I i 1 I i I

0 0.6 0 0.6 0 0.6 0 0.6 0 0.6

MAGNETIC FIELD (T)

FIG. 7. Experimental LAC spectra (solid curves in the upper part) of the BE triplets associated with (a) COL (at 4 K); (b) (Cu-C)

(at 4 K, BI((111)); (c) (Pc,-CuG, ) (at 4 K, BI)(001)); (d) (PG,-A) (at 25 K, BI((111)); and (e) (Pn, -B) (at 50 K, BI((111)) centers in

GaP. The dashed curves in the upper part of the figure show some of the computer-simulated LAC spectra. The computer-generated

Zeeman-split energy diagrams for the corresponding BE triplets are also shown, where the solid and dashed lines represent ine-

quivalent sites of the defect with respect to the magnetic field direction. The vertical lines indicate the field regions where strong

LAC occurs. The evaluated parameters are given in Table II.
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eigenenergies and eigenstates for two formally degenerat-
ed states (e.g. , level 1 and 2) can be expressed as

1,2 (Hl1 +H22 }

+—,
' [(H„—H2~ ) +4~H, ~ ~

)'

1(t, = cos(P/2 ) ~ y, ) +sin(P/2 )
~ y, ),

1(tz= —sin(P/2)~y, )+cos(P/2)~y2),

(20)

(21)

3—D
2

2 D —Dx y (22)

when B~~z if the hyperfine interactions can be treated as
small perturbations. ' By performing angular-
dependence studies of LAC spectra, therefore, one can
obtain the principal axes of the corresponding defect as
well as the symmetry. Knowing the LAC fields of such
LAC spectra, information about the fine-structure in-
teraction (D tensor) and g values of the defect can be ex-
tracted, e.g. , by Eq. (22) if B~~z. It should be pointed out
that the LAC fields determine only the relation between
the components of the D and g tensors in this case.
Unique determination of these tensors can be done, how-
ever, when a detailed analysis of the angular dependence
of the LAC spectra has been carried out. This is due to
the fact that the fine structure and the electronic Zeeman
terms play quite different roles in the mixing of wave

with tanp=2H, 2/(H» —H22). H;, denotes the matrix
elements of the spin Hamiltonian Eq. (8). y; is the unper-
turbed eigenstate for the level i when the off-diagonal
coupling H; (i' ) (which corresponds to the notation V

used above) vanishes. As can be seen from Eq. (20), the
strongest mixing of states and consequently the strongest
LAC signal occur when p=m/2, i.e., when tanp~ oo.
This corresponds to an ultimate approach of the two lev-
els (H» =H, z), occurring only when the external mag-
netic field B is along one of the principal axes of a defect.
The field position can be determined theoretically by the
spin Hamiltonian Eq. (8) to be, e.g. ,

functions, e.g. , coupling to different states, and so in the
resulting polarization. A computer-aided evaluation is
therefore needed in practice, especially when contribu-
tions of all inequivalent sites of the defect are taken into
account. Such an attempt has been carried out for the
BE triplets shown in Fig. 7, and some of the results are
shown in Table II. The Zeeman-split energy diagrams for
these BE triplets are also shown in Fig. 7, by using the
parameters obtained in the analysis of the LAC spectra.
Good agreement has been found between these values
and that obtained by ODMR studies. ' ' ' In a case
when the LAC effect is absent, such as the COL BE, no
corresponding spin-Hamiltonian parameters could be ob-
tained. The accuracy of the spin-Hamiltonian parame-
ters obtained by such a method is limited by the
linewidth of the LAC signal, which is proportional to the
interlevel coupling V, as seen by Eqs. (20} and (21) and
the spin Hamiltonian, i.e.,

AB V

pggB
(23}

The so-induced error bars for the spin-Hamiltonian pa-
rameters are estimated and are given in Table II.

In the last two cases in Fig. 7 for the (Po,-A ) and the

(Po,-B ) BE triplets, the central hyperfine (CHF) interac-
tions are so large that they have been readily indicated by
the structure appearing in the LAC spectra. From a
careful analysis the CHF A tensor can be estimated, as
well as the nuclear spin I =

—,
' of the defect atom which

leads directly to the P~, antisite as part of the defect giv-

ing rise to the dominant local potential. In this case, the
CHF term is included in the unperturbed spin Hamiltoni-
an. The microscopic interlevel coupling V is then intro-
duced by other smaller perturbations, such as the ligand
hf interactions.

There remain some open questions in this analysis,
however. The main question is what effects are causing
the inequivalence between the sublevels which makes the
LAC spectra detectable, i.e., whether it is a difference in

TABLE II. Evaluated parameters for a number of BE triplets in GaP from LAC spectra. The aster-
isk denotes that the apparent symmetry for the I'G, -CuG, defect is C„,but the true symmetry should be

CiI, in this case, considering the inequivalence in the substituting atoms.

Parameters CU-C PGa-CUG PGa-A PG, -B

Principal
axis z

Symmetry

g tensor
D tensor
(10 ' eV)
3 tensor
(10 eV)

V (10 ' eV)
thermal
behavior

gz

D,

(OO))

C3t
2.0+0.2
1 ~ 6+0.2

C,,

2.0+0.2
1.0+0.2

-0.13 -0.10
unthermalized

(at 4 K)

C
2 ~ 0+0. 1

0.7+0. 1

C3„
2.0+0. 1

1.0+0. 1

0.6+0.1 0.6+0.1

-0.05 -0.05
partially thermalized

(at 25 K) (at 50 K)
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the generation rates or a difference in the recombination
rates that is responsible. A definite identification of the
relative importance of these two different contributions
requires a detailed future study of the sublevels by time-
resolved optical spectroscopy. Such data do not yet exist
for triplets in semiconductors. Therefore we shall not at-
tempt to determine quantitatively the dynamical time
constants for the BE triplets studied in this work, based

solely on steady-state LAC spectroscopy. For the same

reason, the computer-simulated LAC spectra shown in

Fig. 7 are just for illustration, assuming

G+, =Go, R g, /R 0 & 10, R 0/( 1/T)
~

& 10.

E. Origin of the interactions responsible
for the LAC eKects

The possible origin of the interactions responsible for
the LAC effects is naturally sought mainly among the
perturbations given in the spin Hamiltonian Eq. (8),
namely Zeeman, fine-structure, and hyperfine interac-
tions. To estimate conveniently the relative importance
of the various perturbations, we rewrite the spin Hamil-
tonian Eq. (8), e.g. , for a C3„symmetry, specifically, in a
new coordinate system (x',y', z'}, defined by z'=8/8,
y

' =z Xz'/
~
z X z'

~, and x' =y' X z', where z is the trigonal
axis of the defect, into

Hs =
—,'p~ cos8sin8(g~ —

g~~
}(S'++S' )+psB(g~ sin 8+g~~ cos28)S,'

+ ,'D [S2 ——
—,'S(S + 1)](3cos 8—1) D(S,'S—„'+S„'S,') cos8 sin8

+ ,'D(S'++—S' ) sin 8+ —,'[2A~+( A~~
—A~) sin 8](S'+I' +S' I'+ )

+ —,'(A~~ —A, ) sin 8(S'+I'++S' I' )+(A~ sin 8+ A~~ cos 8)S,','

—( A
~~

—A j ) cos8 sin8(S,'I„'+S„'I,'), (24)

where the ligand hyperfine interactions are not included,
for brevity.

The possible contributions to the coupling effects (via
operators S'+, S' or equivalently S„',S') from the Zee-
man term and the fine-structure interaction when the
magnetic field is along the trigonal axis z, are induced by
the misalignment of the crystal off the direction of the
magnetic field in the experiment (quite common in prac-
tice). This possible misalignment (typically within +2 )

leads to a magnitude of the coupling parameter V of the
order well below 10 eV, if originating from the Zeeman
and fine-structure interactions for the cases in GaP
shown above. This was done by taking into account the
relevant off-diagonal terms in the spin Hamiltonian Eq.
(24). These values are usually much lower than that es-
timated from the best fit to the LAC experimental results,
however. The main contribution to the LAC effects is,
consequently, resulting from the hyperfine interactions.
This conclusion is consistent with the ODMR linewidth
observed, which is mainly due to unresolved hyperfine
and ligand hyperfine interactions. This is in turn evident
from the narrower ODMR linewidth observed at zero
magnetic field, due to the absence of the first-order
hyperfine-induced broadening effect. Other coupling
mechanisms, such as phonon-related perturbations, are
assumed to be negligible under our experimental condi-
tions.

IV. CONCLUSIONS

In this work, a detailed analysis of the level-
anticrossing effects for BE triplets associated with neutral
complex defects in semiconductors is presented, with the
aid of rate equations and a spin-Hamiltonian approach. It
has been explicitly shown that the LAC phenomenon is
observed whenever the sublevels of the BE triplet are

brought into coincidence by applying an external pertur-
bation, e.g., a magnetic field, provided that there exist
some static interactions coupling the close approaching
sublevels, and that there exists some inequivalency be-
tween these levels due to the steady-state excitation
mechanism (different generation rates and/or different
recombination rates), which leads to a difference in their
populations. In the vicinity of the avoided crossing point
the approaching levels repel each other and strong mix-
ing of their wave functions occurs, which is manifested
by a resonantlike variation either in the total photo-
luminescence intensity, or more sensitively in the polar-
ization of the emitted light (due to the BE recombina-
tion). It is illustrated that an unthermalized BE triplet
exhibits stronger LAC effects, in comparison with a
thermalized BE triplet. Characteristic fingerprints for
these two types of BE triplets are shown to exist in the
high magnetic field region, where the thermalized BE
triplet displays stronger field-dependent features than the
unthermalized BE triplet. The origins of the static in-
teractions responsible for the LAC effects could be the
Zeeman, fine-structure, and hyperfine interactions, but
has been argued to be dominated by the hyperfine in-
teractions, for the examples studied. Good agreement
has been obtained between the present theoretical expec-
tations and experimental observations for complex de-
fects in GaP. It is shown that this simple steady-state
LAC spectroscopy in complete absence of perturbing ra-
diofrequency or microwave fields provides useful infor-
mation of the BE states, including, e.g. , the fine-structure
and hyperfine-structure interactions, g factors, symmetry,
mixing of the substates, as well as the thermal behavior of
the BE and its associated defect.
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