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Radiative recombination center in AszSe3 as studied by optically detected magnetic resonance
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The intrinsic luminescence of As&Se3 single crystals and glass has been studied by optically detect-
ed magnetic resonance (ODMR) using 16-6Hz microwaves and magnetic fields up to 3 T. From
these measurements we extract detailed structural information about a photoexcited center in a
chalcogenide semiconductor. In the crystals a strong ODMR response is observed with the same
spectral dependence as the luminescence spectrum. Resonant magnetic fields depend strongly on
the orientation of the magnetic field. The measurements confirm that a self-trapped triplet exciton
is the radiative state for midgap luminescence. Hyperfine splittings of the microwave transition and
large zero-field splittings reveal a triplet state that is highly localized and anisotropic (almost uniaxi-
al) with its symmetry axis oriented along a particular As—Se bond. Self-trapping of the exciton
occurs at a center where lone-pair electronic states of Se interact strongly. The self-trapping leads
to a redistribution of electronic charge that strengthens locally a weak intermolecular (intralayer)
bond at the expense of covalent intralayer bonds. Magnetic fields enhance the luminescence
efficiency, a fact that suggests the presence of a competing nonradiative recombination process, even
at low temperatures, which is assumed to be related to diffusion of the self-trapped exciton. Com-
parison of the ODMR powder spectrum of the crystal with the ODMR spectrum of glassy As2Se3
indicates that similar relaxation processes also occur in amorphous As2Se3, where they precede at
least a fraction of the recombination processes.

I. INTRODUCTION

Radiative recombination in arsenic chalcogenides is
dominated by strong lattice relaxation following optical
excitation. In both crystalline and amorphous samples
excitation requires light of band-gap energy and leads to
a broad emission band centered near the midgap posi-
tion. ' Such common behavior suggests a relaxation
mechanism that arises from peculiarities of the chemical
bonds rather than from native defects or impurities.

Early models invoked metastable configurations of un-
dercoordinated and over coordinated chalcogen atoms
which are normally twofold coordinated. The remaining
pair of p electrons on each chalcogen resides in a non-
bonding lone-pair p orbital. These nonbonding p orbitals
form the states at the top of the valence band. Charged
dangling bonds, C&+ and C&, or valence alternation
pairs, C& and C3+, were assumed to exist in sufficiently
high concentrations to provide centers for a very efficient
radiative recombination. Since the coordination of the
valence alternation defects depends on the charge state,
capture of optically excited carriers should lead to a lat-
tice relaxation and to the observed Stokes shift.

Studies of the inAuence of high electric fields, tempera-
ture, and excitation energy on the luminescence and pho-
toconductance of single crystals of As2Se3 revealed that

luminescence arises from recombination of geminate
pairs. A similar result has been obtained for the
midgap luminescence in trigonal Se. In both crystals, it
was found that at low temperatures almost all carriers ex-
cited with little excess energy recombine geminately. In
crystalline As2Se3 the dependence of the luminescence on
exciting light intensity further suggested that the radia-
tive center is created by the excited carriers themselves
forming self-trapped excitons. From the long lifetime
which is altered by magnetic fields of moderate strength,
and from the observation of an activated radiative rate of
quite small activation energy (4 meV), a model of the
self-trapped exciton has been proposed which envisages a
spin-triplet state separated by only 4 meV from its singlet
state. '

Based on these observations, on details of the crystal
structure, ' and on the nature of the states at the top of
the valence band and at the bottom of the conduction
band, " it has been proposed that holes are rapidly
trapped in lone-pair states of Se. Each of these trapped
holes creates a charged center which, on the time scale of
a few picoseconds, captures an electron in a perturbed
antibonding state of the local covalent bond. The
trapped electron causes further alteration of the local
structure and creates a relatively stable excited state with
a lifetime close to 1 ms at 2 K.'
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Although this detailed picture of the radiative center in
As2Se3 has emerged, a crucial dii5culty remains. The
magnetic-resonance signatures anticipated for a triplet
excitonic state have not been observed, either by LESR
(light-induced electron-spin resonance) or by ODMR (op-
tically detected magnetic resonance}. Because of the
failure to observe these resonances, there is no experi-
mental confirmation of the proposed structure of the
self-trapped exciton.

The present paper reports a strong and highly aniso-
tropic ODMR signal in As2Se3 single crystals which pro-
vides the missing confirmation and reveals new and
unusual properties for the radiative center. The spec-
trum of the crystalline material will also be compared to
that of the glass.

II. EXPERIMENTAL DETAILS

Three difFerent types of As2Se3 crystals were used, all
grown from the vapor phase in a glass tube of 5 mm di-
ameter. The source was 5N grade As2Se3 held in alumina
boats at 380'C. In order to develop a few seeds the tem-
perature was reduced for a few hours. Crystals of
difFerent shapes grew depending mostly on the atmo-
sphere in the tube.

Large platelets (type A) of typical size 10XSX0.3
mm grew in 100-200 Torr Ar with iodine added as a
reactive agent. The large a-c faces, the cleavage planes of
the crystals, are of excellent optical quality. Thicker
samples (type 8) of 3X2X1 mm size were obtained in
evacuated tubes with iodine still present as a transport
agent.
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FIG. 1. ODMR spectra of c-As2Se3 for three different orien-
tations of the magnetic field within the a-b plane of the crystal
(see Fig. 6). The rotation angle a is between the field and the a
axis. Note the different scale of the magnetic-field axes in the
uppermost and the lower two spectra.

PIXE studies (proton-induced x-ray emission} failed to
detect iodine in the samples, which indicates an upper
limit for iodine concentration in the range of 10' cm
To exclude possible artifacts due to the presence of iodine
a third type of crystal (type C) was grown in an evacuat-
ed tube where the growth mechanism depended only on
the diffusion of As2Se3. Using this method, smaller sam-
ples (up to 3 X 3 X 0.2 mm ) of poorer surface quality
were obtained in about 2 weeks. A bulk sample of amor-
phous As2Se3 was obtained by quenching from the melt,
cutting, and polishing.

For all measurements the samples were immersed in
superfluid He (-2 K) in a 16-GHz optical transmission
cavity. Luminescence was excited by light of 2-eV energy
from an actively stabilized dye laser and collected on the
opposite side of the sample. For spectrally resolved mea-
surements, the emitted light was dispersed by a 25-cm
grating monochromator. At low temperatures the
penetration depth of the 2-eV light is ~ 1 pm in AszSe3.

ODMR measurements were performed with 500 m%
microwave power chopped at 800 Hz. Luminescence was
measured with a cooled Ge detector and analyzed either
by a lock-in amplifier or by a digital averaging oscillo-
scope in the case of transient ODMR measurements. A
superconducting magnet provided fields up to 3 T.

III. EXPERIMENTAL RESULTS

Figure 1 shows a typical ODMR spectrum for a type-B
crystal for magnetic fields in the a-b plane. The three
traces in this figure represent three different orientations
with respect to the a axis (for crystal structure see Fig. 6).
The spectrum consists of two clearly resolved hyperfine
quadruplets. As the angle of the magnetic field with
respect to the a-c layer plane increases, one of the quadr-
uplets shifts rapidly to higher values of the resonant mag-
netic field. For a =34' the hyperfine structure of the high
field resonance is no longer resolved.

The signal, which is surprisingly large, corresponds to
a 2%%uo enhancement of the luminescence. This large am-
plitude of the ODMR signal provides strong evidence
that it arises from modulation of the intrinsic lumines-
cence. Further confirmation comes from the fact that
identical ODMR spectra are observed in all three types
of crystals.

As an additional test, spectrally resolved ODMR mea-
surements were performed and compared with the
luminescence spectrum obtained immediately after the
ODMR scan. The comparison in Fig. 2 proves that both
the ODMR and the luminescence have the same spectral
dependence. This fact is in contrast to the defect-related
ODMR signal reported by Robins and Kastner for
As2Se3 crystals of type A. Using X-band microwaves,
these authors found a very weak OD MR spectrum
(b,I/I=2X10 ) from a luminescence peak which was
shifted to lower energy by about 0.2 eV. This shift in the
luminescence may be due to the presence of some iodine
in the sample.

To complete the survey of the ODMR properties of the
single crystals, the transient responses of the lumines-
cence to square-wave pulses of microwave power are
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resonance conditions are invariant with respect to a sign
reversal of the magnetic field, only m. (180'}rotations are
necessary for a complete characterization of the orienta-
tional dependence of the ODMR. For the same reason,
symmetry axes in any rotation pattern necessarily have to
occur pairwise, separated by n/2. Figure 4(a) shows the
pattern for rotation of the field around the c axis; rota-
tion around the a axis yields a similar pattern which is
not shown here.

Rotation of the magnetic field out of the layer plane
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FIG. 2. Comparison between the spectrally resolved ODMR
and the luminescence spectrum itself for one specific resonance
condition.

shown in Fig. 3. The luminescence responds to the
switching on of microwave power with a fast increase,
which then decays to a new steady-state value. Such be-
havior is characteristic of modulation of the radiative
rate. The lower trace shows a rough model calculation
which reproduces some of the features of the experimen-
tal curve and is discussed in Sec. IV E.

ODMR measurements were performed for many orien-
tations of the magnetic field both out of [Fig. 4(a}] and
within [Fig. 4(b)] the a-c layer plane. Since spin-
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FIG. 3. Transient ODMR response (middle trace) with

square pulse microwave excitation (upper trace). The resonant
magnetic field was 0.63 T at an orientation within the layer
plane with angles of 35' to the —c and 55' to the +a axes, re-

spectively (see Fig. 6). Lower trace: schematic representation of
the transient expected from considering a simplified rate equa-
tion for the luminescence as discussed in Sec. IV E.
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FIG. 4. Dependence of the ODMR resonances on the orien-
tation of the magnetic field. (a) Rotation out of the layer plane
around the c crystal axis. (b) Rotation within the layer plane
around the monoclinic b axis. Solid curves through the average
of the observed hyperfine multiplets are guides to the eye.
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FIG. 5. ODMR spectrum of bulk glassy As2Se3 at 15.6 GHz.
See text for details.

[Fig. 4(a)] yields two quadruplets which are only degen-
erate when the field is in the layer plane (Hlb). The pat-
tern is almost symmetric about the b axis. The deviation
of that mirror symmetry from the b axis, which is ap-
parent in Fig. 4(a), is due to a small tilt of the rotation
axis out of the a-c plane caused by slight misalignment of
the sample rotating device. En evaluating the spectra this
misalignment was taken into account. The resonance
shifts very rapidly with orientation of the magnetic field
and shows two pronounced maxima. Close to these max-
ima the hyperfine quadruplet is no longer resolved, but
rather the lines are smeared into a broad band whose
width is indicated by bars in Fig. 4.

Rotation of the field within the layer plane, perpendic-
ular to the b symmetry axis of the crystal, yields only one
multiplet for all orientations [Fig. 4(b}]. This rotation
pattern again exhibits a pronounced maximum in the res-
onant field as a function of angle. For some orientations
more than four lines are observed, but this result is again
due to a small misalignment of the rotation axis. The
sensitivity of the degeneracy to misalignment is apparent
by looking near +a and —a in Fig. 4(a}. It is important
to note that in contrast to the rotation pattern shown in

Fig. 4(a), this rotation pattern is not symmetric with
respect to the crystal axes a and c. This lack of symme-

try is a consequence of the crystal symmetry and gives
important hints concerning the local structure of the
luminescence center. For rotation of the magnetic field
within the a-c layer plane the sign of the angle with
respect to the a axis is also important.

The ODMR spectrum of an amorphous As2Se3 sample
is shown in Fig. 5. The well-known fatiguing effects on
the luminescence in glassy chalcogenides' were mini-
mized by using weak excitation of 1.5 mW and photons
of large penetration depth ( ~ 10 pm at 1.87 eV). Under
these conditions the luminescence intensity decreased
only by 10% during the scan of the magnetic field and
this decrease could easily be corrected for in the evalua-
tion. An enhancing ODMR signal is observed, which can
be described by superposition of a broad 'background"
signal and a pronounced g =2 resonance. The maximum
amplitude in Fig. 5 corresponds to an enhancement of the
luminescence of 0.25%.

a

FIG. 6. Projections of the unit cell of crystalline As2Se3
parallel and perpendicular to the layer planes of the crystal.
The nontrivial symmetry operations of the full crystal are indi-

cated in the lower part of the figure. Different symmetry opera-
tions hold for the isolated layers and are indicated in the top
part of the figure.

IV. DISCUSSION

A. Crystal symmetries of AS2Se3

For the analysis of the ODMR we need to point out
some significant features of the crystal symmetry (space
group C2„). Figure 6 shows two projections of the mono-
clinic unit cell which contains four As2Se3 molecular
units. Alternating twofold-coordinated Se and threefold-
coordinated As atoms form helical chains running along
the c direction. Chains of different handedness are con-
nected by Se bridging atoms (positions 3,3') leading to
tightly bound layers of orthorhombic symmetry. Much
weaker forces hold these layers together along the b axis,
such that each unit cell contains atoms from two layers
related to each other by inversion on the center of the
cell. Crystals are easily cleaved perpendicular to b by
adhesive tape. Nevertheless, the nonbonding 4p electron
pairs on Se, sites interact strongly between sites on
different layers. "

It is an interesting and useful detail of this structure
that the tightly bound layers have almost orthorhombic
symmetry (C2„) which is different from the monoclinic
symmetry of the full crystal. This layer symmetry plays
an important role in studies of IR and Raman-active pho-
nons' and of the optical properties. ' The symmetry of
the response of a particular electronic state to an external
perturbation will thus depend on the influence of the in-
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terlayer interaction on that state.
The upper part of Fig. 6 shows two of the symmetry

elements of the isolated layer, a screw axis 2c and a mir-
ror plane 2a. Because of these symmetries a and c are
symmetry axes of a single layer. The operations of the
full crystal are shown in the lower part of Fig. 6 viewing
the layers edge on. An inversion center and a twofold
screw axis 2b interchange atoms of different layers.
These operations destroy the 2c and 2a symmetries of a
single layer, so that only the other two symmetry opera-
tions, the identity and a glide plane 2b, survive when the
layers are stacked to form the crystal. For the full crystal
only the stacking axis b is an orientation of distinct sym-

metry.
How much of the symmetry of the single layer survives

for a particular state obviously depends on the degree of
its confinement to a single layer. Due to the loss of the
mirror plane 2a neither Se nor As sites 1 and 2 are
equivalent. Indeed, band-structure calculations show
that the topmost filled electronic band is derived from
nonbonding p orbitals on Se (1) sites oriented almost
parallel to the layer plane with amazingly little contribu-
tion from Se (2}." In most other aspects, however, the
interlayer interaction seems to have little influence. The
monoclinic angle' P=90.5' is very close to P=90' and
the atomic positions in a layer deviate at most by 0.2 A
from their orthorhombic positions.

for a triplet state but is compatible with either a doublet
or a triplet state.

It is enlightening to consider the implications of layer-
symmetry operations for the ODMR spectrum. Since the
glide plane 2b is both a symmetry of the layer and the
full unit cell, rotation patterns for out-of-plane rotations
of the field will still have the symmetry discussed above.
The mirror plane 2a, however, wi11 play the same role for
in-plane rotation of the magnetic field, and the ODMR
rotation pattern should be symmetric with respect to the
a and c axes. The corresponding rotation pattern in Fig.
4(b) shows no such symmetry, indicating that the isolated
layer symmetry does not hold for the self-trapped exci-
tonic state. Obviously an interlayer interaction plays an
important role in the formation of the luminescent
center.

It should be mentioned that the determination of the
orientation of the crystal axes in the sample under study
was not a trivial task. Although the space group is clear-
ly monoclinic, the point group is very close to ortho-
rhombic, and the x-ray-diffraction pattern is almost in-
variant to rotations by m around both the a and c axes.
The final determination required careful orientation of
the a-c planes of a relatively thick sample perpendicular
to the x-ray beam in order to distinguish the monoclinic
angle P=90.5' between a and c from its complementary
angle of 89.5' between a and —c.

B. Symmetries of the ODMR spectrum

In this section we discuss some general aspects of the
ODMR spectra beginning with the hyperfine splitting.
The only stable Se isotope of nonzero nuclear spin
(I=—,'), Se, has a small natural abundance (7.6%)
whereas As has one stable isotope As whose nuclear
spin is I=—,. The hyperfine splitting of four lines is a
clear fingerprint of a single As nucleus interacting with
the electronic spin of the excited state, and this fact
points to strong localization. If a substantial part of the
wave function were extended over more than one As
atom, more hyperfine lines would be seen.

Another important result is that only one magnetic res-
onance is observed. The two quartets of resonances
shown in Fig. 4(a) are not transitions between difFerent

sublevels of a triplet state but are a consequence of crys-
tal symmetry. Regardless of its local structure, the
luminescent center will occur in two distinct orientations
related to each other by the glide plane 2b. Therefore,
resonant fields will occur pairwise, related to each other
by the glide plane 2b, and ODMR patterns for rotating H
around any axis perpendicular to b (out of the plane rota-
tion) will be symmetric with respect to orientations paral-
lel and perpendicular to the 1 axis, in accordance with
the data in Fig. 4(a).

The other independent symmetry operation of the crys-
tal, the inversion, provides two additional sites for the
photoluminescence (Pl.) center. However, since inver-
sion only corresponds to sign reversal of the magnetic
field, which does not influence the magnetic-resonance
conditions, no further resonances occur. The number of
observed transitions thus provides no conclusive evidence

C. Spin parameters of the luminescent center

The striking dependence of the ODMR resonance on
the orientation of the magnetic field points to a highly an-
isotropic spin Hamiltonian for the radiative center. Al-
though much evidence points to a triplet state, only one
transition has been found. Thus the possibility of an
S=—,

' state of a hole and an electron with negligible ex-

change interaction cannot be dismissed out of hand.
The spin Hamiltonian of this latter case contains the

single particle of spin S (in units of fi) and the external
magnetic field 8:

h, =poyH g S

where y =Pie /(2m, }and po is the vacuum permeability.
Spin-orbit coupling is included in g, a symmetric

second-rank tensor. The orientational dependence of the
magnetic resonance is solely due to an anisotropy of this
tensor [we ignore hyperfine interactions in Eq. (I)] which
contains, besides its three diagonal elements, three nondi-
agonal elements that determine the orientation of its
principal axes (three Eulerian angles).

For a spin triplet the dipolar interaction between the
magnetic moments of an electron and a hole is not negli-
gible with respect to the Zeeman term and this fact adds
a further term to the Hamiltonian,

h =pg H.g-S+S-D-S,

where S is the total spin operator of the electron and
hole. D is a traceless symmetric tensor with elements
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TABLE I. Eulerian angles of the principal axes system. Spin
parameters of the luminescent center are determined from fits to
the orientational dependence of the ODMR spectra. Eulerian
angles (using the convention employed in Ref. 29) define the ro-
tation of the crystal axes (c=x, a =y, b =z) onto the principal
axes system (x', y', z') of the luminescent center. The orienta-
tion of both symmetry-related sites is listed.

Site 1 8=62' /=200+15

Site 2 8= 118' y= 220 tjk= 160+15

S=1 E/h =6.2 GHz
D/h ~190 GHz

D/h ~550 GHz

g~~
=2.0 (assumed)

for g, =1.0
for g& =2.0

s=-'
2 &I)

=6 0
g =05

where g,&=2 is the g factor of the free electron and the
angular brackets indicate averaging over the spatial part
of the two-particle wave function. The coordinate
r =r, —rI, is the relative one between the electron and the
hole. ' In both Eqs. (1} and (2) we have ignored the
hyperfine interaction between the electronic and nuclear
spin s.

A second contribution to this spin-spin interaction
term arises from the spin-orbit interaction taken to
second order. In hydrocarbons the spin-orbit interaction
accounts for contributions to the magnitude of D ranging
from 3X10 GHz in the benzene radical' to 3 GHz in
the linear CH2 radical. ' The free-atom spin-orbit cou-
pling constants for As and Se are somewhat more than 50
times larger than that of C. ' Since the contribution to D
goes as the square of the coupling constant it can be seen
that very significant splittings can arise from this source.
We discuss this situation in more detail below.

We assume identical orientations of the principal axes
of g and D both of which are related to the local symme-
try of the radiative center. The tensor D is then uniquely
characterized by the splitting of the three magnetic sub-
levels in zero magnetic field. Because D is traceless, one
can describe this tensor in its principal axis system by
two independent parameters D and E. According to the
usual definition 2 E is the splitting of the closest two lev-
els at zero field, and D gives the separation of the third
one from the average of the other two.

The parameters of the Hamiltonians (1} and (2) were
determined from a fit to the average position of the ob-
served quadruplets in the three ODMR rotation patterns
(solid lines in Fig. 4}. The hyperfine interaction was not
included. The results are summarized in Table I.

In the triplet model we must assume that microwave
transitions are observed only between the two sublevels
which are closest in energy. The zero-field splitting of
these two levels 2 E (12 4 GHz) is determined quite accu-
rately because the resonant field at the flat part of the ro-
tation pattern depends critically on this value. The pro-
nounced orientational dependence of the ODMR reso-
nant fields results from a large anisotropy of the radiative
center, which leads to a large value of D. Since part of

the anisotropy may be due to the g tensor we can give
only a range of D values. We assume g to be a uniaxial
tensor with its symmetry axis parallel to that principal
axis of D which is associated with the third, widely
separated triplet level. (If the magnetic field is parallel to
a principal axis of D, the corresponding triplet sublevel
does not shift with the field. } We further assume

g~~
=2.0

and examine the range of g~ between 1.0 and 2.0. Values
of D/Ii between 190 GHz for go =1.0 and 550 GHz for
go=2. 0 give satisfactory agreement. These values are
lower limits, since larger values of D do not affect the
quality of the fits significantly. These large values for E
and D may appear at first glance to provide the argu-
ments against the triplet explanation, but as mentioned
above, the second-order spin-orbit contributions can, in
principle, be quite large for As and Se. In fact, one might
expect similarly large values for other chalcogenide crys-
tals.

Even with an anisotropic 9 tensor, the large ratio of
D/2E ~15 points to a very anisotropic luminescent
center of approximately uniaxial character. The orienta-
tion of the symmetry axis z of the D tensor is quite accu-
rately determined from the positions of the steep maxima
in the ODMR rotation patterns. With our convention of
Eulerian angles, 8 in Table I is just the polar angle of this
z axis with respect to the +b crystal axis, whereas y is its
azimuth with respect to —a.

Maxima in the rotation patterns occur when the mag-
netic field vector crosses the x-y plane of the D tensor,
which occurs at g n/2 (wi—th .respect to a) for the rota-
tion in the a-c plane shown in Fig. 4(b). While p can be
extracted directly from that rotation pattern, 8 is deter-
mined from the rotations out of the a-c plane in a slightly
more complicated way. The orientation around the z
axis of the x and y axes only influences the height of the
maxima of the resonant magnetic fields in the rotation
patterns. The fit is not very sensitive to the orientation of
these axes, so that the third Eulerian angle g is less accu-
rately defined by the experiments. The orientations of
the z axes of the D tensors of the two sites per unit cell
are found to be within 10' of the 1—1 and 1'—1' bonds of
Fig. 6.

A model based on an S=—,
' state can also describe the

observed orientational dependence of the ODMR reso-
nances but yields a uniaxial g tensor of rather unlikely
components gj =0.5 and

g~~
=6.0. This in itself may be

considered as an argument against such a center. Fur-
ther support for a triplet state comes from the depen-
dence of the ODMR resonant field on the microwave fre-
quency (Fig. 7}. For these measurements the magnetic
field was oriented such that both hyperfine quadruplets
were observed. By dielectrically loading the microwave
cavity, the resonant frequency could be varied by about
3%, and the corresponding shift of the magnetic field was
determined. Kramer's degeneracy prohibits zero-field
level splitting of an S=—,

' center and also demands that
the slope dv/dB of the lines in Fig. 7 be given by the ra-
tio of vo/Bo. This dependence is indicated by the dashed
lines in Fig. 7, whose obvious disagreement with the ex-
perimental data rules out an S=—,

' luminescent center.
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FIG. 7. Shift of the ODMR resonances with changing mi-
crowave frequency. The orientation of the magnetic field was
chosen such that two quadruplets could be observed simultane-

ously at different magnetic fields.

molecules, but as mentioned above this difFerence could
be due to second-order spin-orbit contributions which be-
come larger for the heavier elements. In naphthalene,
which is a m. electron system extending over two benzene
rings, values of D /h =3.0 GHz and E/h =0.41 GHz are
reported. ' In crystalline quartz, triplet excitons have
been observed by ODMR with D/h =22.6 GHz and
E/h =1.6 GHz. These values are an order of magnitude
greater than those found in halide crystals ' or in typical
organic molecules. ' This trend is consistent with the
very large values for D and E found in As2Se3, especially
if the major contribution to the interaction is of the
second-order, spin-orbit type. The self-trapped exciton in
As2Se3 obviously is much smaller than the size of a naph-
thalene molecule. The exchange interaction then is also
expected to be larger. The singlet triplet splitting 5=1.8
eV found in naphthalene' therefore can be considered as
a lower limit for the corresponding splitting in As2Se3,
and we expect that the singlet state of the radiative center
lies in the conduction band and has no influence on the
recombination kinetics.

D. Decay kinetics of the luminescence

The slopes of the lines through the experimental points
are 4.3 and 26 GHz/T for the high-field and low-field res-
onances, respectively, less than half the value expected
for an S=—,

' center. These values, however, strongly sup-

port the triplet state, which predicts from the parameters
in Table I slopes of 4.3 and 25 GHz/T, respectively.

The ODMR results unambiguously confirm the triplet
character of the radiative center and also explain the
failure to find these resonances in preceding attempts.
The preceding experiments were performed with X-band
spectrometers employing microwave frequencies of =9.2
GHz, less than the zero-field splitting of the closest trip-
let levels (12.4 GHz). ODMR experiments thus could
have succeeded only for orientations of the field near lev-
el crossing conditions. The parameters derived here indi-
cate that resonance employing 9.2-GHz microwaves is
possible only in 1.2%%uo of the full 4m solid angle. Even in
this case, fields exceeding 1.6 T are required to achieve
resonance.

It should be mentioned that, from the dependence of
the radiative decay on magnetic field, Robins and
Kastner also derived an orientation of the principal axes
of the radiative center. Since the decay rates depend in a
complicated way on the mixing of the various sublevels

by the magnetic field, it is not clear how the dependence
of decay rates on field orientation is related to that of the
ODMR resonance. If we assume that a small influence of
the field on the decay kinetics corresponds to high-field
resonances in ODMR, then the patterns of Robins and
Kastner are consistent with the data summarized in
Table I.

The large zero-field splittings and the presence of a
hyperfine quadruplet indicate strong localization of the
self-trapped exciton. The zero-field splittings are an or-
der of magnitude larger than those reported for organic

Between 6 and 80 K, time-resolved luminescence
studies of Robins and Kastner show a decay rate v(T)
which is a superposition of a temperature-independent
and a thermally activated contribution: v( T)=v
+voexp( —W/kT), with V=3.3 kHz, v0=180 kHz, and
W=4 meV for AszSe3. The parameter v was interpreted
as the average recombination rate from the excited triplet
states to the ground singlet state, and voexp( —W/kT)
was associated with phonon-assisted tunneling into the
excited singlet state, from which fast recombination was
assumed with a rate of 10 s ', typical for a dipole-
allowed transition.

There are a number of problems with this interpreta-
tion. First, since no fast initial decay was observed one
had to assume, with no physical motivation, that excita-
tion exclusively occurs into the triplet excited states.
Second, the preexponential factor of 180 kHz is amazing-

ly small. In addition, between 4 and 2 K a transition
occurs from a single exponential decay with time con-
stant V to a biexponential decay with v&=1.6 kHz and
v2=5. 6 kHz. The quantum efficiency in the slower com-
ponent is 0.45. If three triplet levels, two with decay
rates too close to be resolved, gave rise to that behavior,
then the value for the quantum efficiency would be ex-
pected to be close to —,

' or —', instead of —,'. As pointed out
by Robins and Kastner, this argument against the model
may not be definitive because spin-lattice relaxation will
tend to increase this efficiency. Finally, in light of the
present ODMR results, the activation energy of 4 meV is
far too low for the exchange splitting of the singlet and
triplet states, but instead probably corresponds to the en-

ergy splitting of the third triplet level from the other two.
We propose an alternative interpretation, in which ra-

diative decay occurs only out of three triplet states with
decay rates of v, =1.6 kHz, v2=5. 6 kHz, and v3=180
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kHz, respectively. Due to the large splitting of the third
triplet level from the other two, spin-orbit coupling to
higher-lying singlet states may be considerably stronger
and thus lead to a higher recombination rate for this lev-
el. Since the mutual splitting of the other two levels is
only 0.05 meV [(h)12.4 GHz], which is an energy at
which there exists a very low density of acoustic pho-
nons, cross relaxation between these two states is negligi-
ble within the optical lifetimes. This fact is directly
confirmed by the transient ODMR results (see Sec. IV E).

The activation energy from the temperature depen-
dence of the decay rate ( W=4 meV) is the splitting of the
third level from the other two, for which we could only
estimate a lower limit from the ODMR data. This ener-

gy corresponds exactly to one of the rigid-layer vibration-
al modes of the crystal (32.5 cm ') as obtained from Ra-
man spectroscopy. We therefore assume fast cross re-
laxation between the third highest-lying triplet level and
the other two with rates m and m exp( —W/kT) for
emission and absorption of phonons. For simplicity these
rates are assumed to be equal for both levels 1 and 2.
Two temperature regimes have to be considered. In the
first regime where mexp( —W/kT)»v, , vz, all three
triplet levels are in thermal equilibrium, and the lumines-
cence decays exponentially with rate v(T)=[vi+vz
+v~exp( —W/kT)]/[2+exp( —W/kt )]. The denomi-
nator in this expression only varies between 2 and 3, and
this formula 6ts the experimental data above 6 K as ac-
curately as the expression proposed by Robins and
Kastner [v(T)=v+vaexp( E/kT)]. —In our interpreta-
tion, however, the pre-exponential factor is no longer an
attempt to escape frequency for activation into a faster
decaying state, but is the decay rate out of this state. The
transition to a biexponential decay, which is experimen-
tally observed between 2 and 4 K, is the transition into
the second temperature regime where m exp( —W/kT)
&&v],vz. In this regime, the triplet levels 1 and 2 are no

longer coupled after initial population, since transitions
between them via level 3 are no longer possible. As long
as m &&v& holds, however, generation may very well be
equal into all three triplet levels without any fast recom-
bination occurring from level 3. In this case, lumines-
cence decays independently from levels 1 and 2, and an
equal quantum eaciency of —,

' is expected in both the fast
and slow components with rates vz and v&, respectively.
This behavior is observed experimentally.

The only constraints on this interpretation are with
respect to the rate coeScient m for cross relaxation be-
tween level 3 and levels 1 and 2. The conditions
m »vi, m exp( —W/kT) «vi, vz for T&2 K, and
m exp( —W/kT ) »v„vi for T & 4 K have to be fulfilled

simultaneously, which leaves a range between 10 and
10' Hz for m. If m is assumed to be 10' Hz, which is
the frequency corresponding to the rigid-layer mode at
32.5 cm ', then a sharp transition of the luminescence
decay from exponential to biexponential is predicted at
2.5 K. On the other hand, a large value of m will lead to
lifetime broadening for any transition originating from
level 3, and this consideration will narrow the range of
possible values for m.

K. Transient ODMR response

The behavior of the transient ODMR response in Fig.
3 can be understood with a simple model which considers
the population of self-trapped excitons n and competing
radiative and nonradiative rates v, and v„„respectively.
In this case

dn =g —(v„+v„,)n,
dv

(3)

where g is the generation rate. The steady-state density
of excited states

n ——

(v, +v„,)

and the quantum eSciency of the luminescence

vr
9r (v„+v„,)

(4)

are altered by the incident microwaves which enhance
the cross relaxation rate between the magnetic sublevels.
The average radiative and nonradiative rates are changed
by 5v„and 5v„„respectively. Due to the high microwave
power used in the ODMR experiments, we assume that
saturation of microwave transitions, and hence any
change of the recombination rates, occurs fast in compar-
ison to the lifetime (v„+v„,) of the excited states.

The ODMR transient in Fig. 3 exhibits a fast increase
of the amplitude immediately after switching on the mi-
crowaves,

vr

5v„,

This transient then decays exponentially with the new
lifetime (new time constant) to a new steady state charac-
terized by the modified rates v„+5v„and v„,+5v„,. The
steady-state change in amplitude is given by

A
hI =g(1 —rt„)g(t —+ oo )

5v„ 5v„,

vnr
(7)

(5v„+5v„,)
(v„+v„,}

(8)

followed by an exponential approach to the initial steady
state. A schematic representation of this sequence is
shown as the bottom trace in Fig. 3. In the experimental
trace the negative spike is smeared out, a behavior which
is expected if the lattice relaxation time is comparable to,
or larger than, the lifetime of the excited state. In the

Switching o8' the microwaves restores the old coeacients
v„, and v, which, in the case where the spin lattice relaxa-
tion time is short in comparison to the lifetime of the ex-
cited state, yields a fast negative spike

(5v„+5v„,)
(v„+v„,)

of amplitude
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limit of slow spin lattice relaxation, the return of the sys-
tem to equilibrium is governed by the competing process-
es, decay and optical reexcitation. The transient ODMR
is characterized by a decrease of the luminescence with a
time constant which corresponds to the faster-decaying
level followed by a subsequent increase with the slower
rate. This behavior is discussed in detail in Ref. 9. By
comparing the model with the experimental behavior
shown in Fig. 3, it is obvious that in AszSe3 crystals spin
lattice relaxation between the two magnetic sublevels
occurs on a time scale similar to, or slower than, the trip-
let lifetime. An average lifetime of these two sublevels of
v=0 3m.s is estimated from the transient in Fig. 3. This
estimate is consistent with the results of the luminescence
decay experiments.

The transient ODMR also suggests the presence of
competing nonradiative recombination of self-trapped ex-
citons even at 2 K. Although the microwave pulse re-
petition rate of 800 Hz was too fast to reach saturation in
the on and off states, it is obvious that the two limits are
different, a fact that requires the presence of nonradiative
processes. If we assume that the microwaves alter only
the radiative rate, then from Ao and A „we can derive
an upper limit for the quantum efficiency of the lumines-
cence of g„=0.7. Even more convincing is the result
from true continuous-wave (cw) luminescence measure-
ments in a magnetic field (Fig. 8). For an exciting wave-
length near the peak of the excitation spectrum and for
intensities well within the limits of the linear relationship
between excitation and emission intensities, the relative
luminescence efficiency is maximum. Even in this case,
the luminescence excited with steady-state light and mon-
itored by the dc output of a Ge detector increases in an
external magnetic field. The luminescence monitored in
this fashion approaches saturation for fields above I T
with an increase of about 7%. An enhancement of the
average radiative rate due to mixing of the triplet sublev-
els by the magnetic field can account for this increase,
but this explanation requires a competing nonradiative
process.
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FIG. 8. True cw measurements of the change of the lumines-

cence in c-As2Se3 in an external magnetic Seld. See text for de-

tails.

F. Microscopic structure of the luminescent center in c-As2Se3

Based on results of band-structure calculations" that
the highest-filled states are derived from nonbonding Se

4p orbitals (lone pairs) and on electric-field-modulated op-
tical spectra which indicate considerable dispersion of the
top valence-band states along the stacking axis b, we
have previously proposed a strong m-type interaction of
Se 4p lone-pair states between Se (1) sites in neighboring
layers across the inversion center. ' Due to this inversion
symmetry the 4p orbitals of Se (1) atoms are parallel to
each other but almost orthogonal to the 4p states at Se (2)
sites. The larger interaction between Se (1) states may
cause large ~-m.* splittings which, since all states are oc-
cupied, contribute nothing to first order to the ~ bonding
between the layers. The m* state, however, is pushed up
and forms the top of the valence band. The m interaction
provides the basis for the inequivalence of Se (1) and Se
(2) atoms in the crystal. The distance between Se (1) sites
is only 3.3 A. This distance is less than the van der
Waals radius of 3.6 A, which is approximately the dis-
tance between Se (1) and Se (2') sites in neighboring lay-
ers. The distance between Se (2) sites across the stacking
axis, whose lone-pair orbitals are also parallel, is 4.1 A.

We assume that a hole created by optical excitation
thermalizes into the highest-filled states, a m* state at Se
(1) sites. This event reduces locally the repulsive electron
density. As a consequence, Se (1) atoms may approach
each other and enhance their n. interaction, thereby
weakening the a bonds to As (1) and As (2) sites. This
first step in the lattice relaxation increases the m-m split-
ting (the interlayer bond) but reduces the a-a * splitting
of the strong intralayer bonds. It is further possible that
this relaxation pushes the local m' state above the
valence-band edge, which traps and localizes the hole im-
mediately after thermalization. An empty o* state at
this Se (1) site (these states form the bottom of the con-
duction band) may also be shifted below the conduction-
band edge due to the reduced o.-o.* splitting of at least
one of the As bonds of the Se (1) atoms. This shift would
provide a trap for the electron. Capture of an electron in
this antibonding state will weaken that particular bond
and allow further lattice relaxation at that site. This re-
laxation would move both electron and hole states deeper
into the gap and form the self-trapped excitonic state
which is the radiative center.

We now address the question of whether or not the lat-
tice relaxation maintains the local inversion symmetry by
spreading both the electron and hole wave functions over
both layers equally. This situation is clearly overruled by
the ODMR results, which show that only one As nucleus
is seen in the hyperfine interaction, not two, as is neces-
sary for the conservation of inversion symmetry. The
formation of the self-trapped exciton spontaneously
breaks the inversion symmetry, probably by capturing
the electron in an antibonding o' state. The relaxation
leads to a highly localized triplet state with a large zero-
field splitting between sublevels.

The orientations of the three D tensor principal axes
support this model. The axial symmetry coincides within
10' with the orientation of the Se (1)-As (1) bond direc-
tion (Fig. 6), a fact which unambiguously confirms the
unique role of Se (1) sites and their inequivalence to Se (2)
sites. In addition, the results show that by stacking the
orthorhombic layers in the monoclinic crystal, the As (1)
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and As (2) sites also become inequivalent with the larger
distortion apparently occurring in the Se (1)—As (1)
bond. In this model the self-trapped exciton turns out to
be a redistribution of bonding charge from intralayer
bonds to interlayer bonds. Interlayer bonds become
stronger as the hole reduces the repulsive electronic
charge in m' orbitals while the electron, which is simul-
taneously created, weakens an intralayer bond by occupy-
ing an antibonding state at the same Se (1) site. The
weakening of cr bonds by electrons in an antibonding
state o' has also been suggested in a recent calculation of
threefold-coordinated Se, which is an antisite defect in c-
AszSe3. Occupation of the a* state of Se3+ by an elec-
tron leads to a Se3 center, which stretches the bond
length from 2.35 to 2.55 A and gains a small amount of
energy of about 0.1 eV.

The only significant feature of the ODMR spin Hamil-
tonian which is hard to reconcile with the proposed mod-
el is the large magnitude of the As hyperfine coupling
constant in the high-field regions (along the direction of
the axial symmetry). The large size of the hyperfine split-
ting (A =0.2 T) requires a very large As 4s-state contri-
bution to the wave function of the paramagnetic elec-
trons. The contribution of As 4p states can be neglected,
since such a state produces only about —,', the hyperfine

splitting of a 4s state. The anisotropy of the hyperfine
splitting is caused by the field dependence of this splitting
when the Zeeman splitting and spin-spin splittings are of
comparable size. ' Since the lone-pair 4p states of the Se
atom are essentially orthogonal to the As s states, the
hole state should make a negligible contribution to this
splitting. In the high-field limit, the triplet hyperfine
splitting should be one-half that of a free ion with the
same amount of 4s wave function. The poorly resolved
splittings seen at high field are indicative of almost pure-
4s character for the electron part of the wave function.
This fact appears to be inconsistent with the known s and

p character of the As-Se o' state.
The crystal structure also gives a hint concerning the

competing nonradiative recombination of the self-trapped
excitons at temperatures at low as 2 K. Luminescence
ef6ciencies under intense excitation point to the onset of
bimolecular exciton annihilation at a mean distance of
about 100 A. ' This distance is well above the size of the
self-trapped excitonic state and suggests some mobility of
these excitons. The possibility of a mobile state seems to
contradict the term self-trapping. However, since the
trapping center is intrinsic to the crystal, equivalent sites
occur in each unit cell. The strong localization of the ex-
citonic wave function will certainly reduce the transfer-
matrix element, but along the c axis the next equivalent
center is only 4.3 A away. A very small mobility of the
self-trapped exciton is sufBcient to explain bimolecular

0
recombination over 100 A. To travel that distance in the
exciton's lifetime of 0.3 ms, a transfer time of 12 ps to the
next unit cell is sufBcient. This transfer time corresponds
to a difFusion coefficient of 1.5X10 ' cm /s. This value
is five orders of magnitude smaller than the difFusion
coeScient at room temperature of 3X 10 cm /s for the
more extended triplet excitons in naphthalene.

A second possibility to explain bimolecular exciton an-

nihilation is an Auger process which occurs via a dipole-
dipole interaction between two excitons. This process
would not require the excitons to be mobile.
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FIG. 9. Comparison of the broad ODMR background signal
of a-As2Se3 with powder spectra obtained by averaging over the
orientational dependence of the crystalline luminescence center.
To indicate the inhuence of a distribution in spin-Hamiltonian
parameters calculations for two different E values are shown.

G. ODMR in a-As2Se3

The ODMR spectrum of glassy As2Se3 at 15.6 GHz
(Fig. 5) is very similar to spectra reported by Depinna
and Cavenett and by Robins and Kastner at 9 GHz.
The sharp resonance at g =2 is attributed to distant pair
recombination of electrons and holes. The linewidth of
100 mT is considerably less than that anticipated by scal-
ing the values in the range of 80-95 mT reported in the
9-GHz experiments. This fact indicates that unresolved
hyperfine interactions probably contribute to the line
broadening.

The broad background, which extends up to 1.5 T, has
also been observed at 9 GHz and has been interpreted as
due to recombination of excitons. ' From the data ob-
tained for excitons in single crystals (Table I) we have cal-
culated a powder spectrum of the ODMR signal. This
powder spectrum reproduces the broad-background spec-
trum of the glass quite well (dashed line in Fig. 9). Distri-
butions in the spin-Hamiltonian parameters will further
broaden the calculated ODMR powder spectrum. Be-
cause of the large value of D, microwave transitions will
occur only between the two triplet levels which are
closest. An assumed spreading of these two levels, whose
splitting is given by 2 E, will affect the ODMR spectrum
the most. The lower curve in Fig. 9 shows a powder
spectrum of the ODMR with a smaller value of E jh = 1
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GHz. This value generates a larger tail at high magnetic
fields. The favorable comparison of the powder spectra
to the ODMR response in the glass suggests that self-

trapped triplet excitons also contribute to luminescence
in the glass. A distribution of values of E would account
for the observation of this signal in the 9-GHz experi-
ments.

The microscopic model for the formation of self-
trapped excitons rests on the combination of the lone-
pair ~ interaction and the weakening of the cr bonds.
The inversion symmetry of the crystal guarantees proper
alignment of 4p orbitals of neighboring Se atoms. The
likelihood for proper alignment in the glass is certainly
much smaller, a fact which is compatible with the smaller
luminescence efficiency in the glass. It is possible, howev-

er, that lattice relaxation which may be easier in the glass
tends to produce the proper alignment of the 4p orbitals.
In the glass the probability for self-trapping of holes is
also reduced. In the crystal this self-trapping seems una-
voidable, a fact which may explain why charge transport
in the glass occurs by holes, while in the crystal holes
are immobile and charge transport occurs only by elec-
trons.

V. CONCLUSIONS

The present study confirms that in crystalline AszSe3
radiative decay of optical excitation occurs by recom-
bination only after self-trapping of an electron-hole pair
to form a triplet excitonic state with considerable recon-
struction of the local bonds. (We note that with the pa-
rameters suggested for AszSe3 the singlet state would be
above the free-exciton level and therefore unstable. ) We
have argued that this reconstruction is initiated by trap-
ping of the hole at an inversion center where lone-pair 4p
states of Se atoms strongly interact and lead to a partial m

bond between atoms on different layers. This interaction
weakens one of the two covalent As—Se bonds at the
trapping site. Trapping of the electron in the antibond-
ing state o' of this weakened bond causes further relaxa-
tion. In the relaxed excited state the weaker interlayer
(intermolecular) bonds become stronger at the expense of
the intralayer (intramolecular) bonds.

The self-trapped state has a number of unusual proper-
ties. A large zero-field splitting and a hyperfine splitting
of the ODMR spectrum into a quadruplet reveals a high-
ly localized center which encompasses only one As atom.
This center is extremely anisotropic and almost uniaxial
with its symmetry axis oriented approximately parallel to
the distorted Se—As bond.

The ODMR occurs as a result of transitions between
only two levels with 12.4-GHz zero-field splitting. The

third level is separated by at least 190 GHz, which causes
a dramatic dependence of the ODMR resonance on the
orientation of the magnetic field. In the case of a sym-
metric g tensor this splitting increases to at least 550
6Hz (2.3 meV}. Thermal excitation into this level may
be the reason for an activated behavior (4-meV activation
energy) of the radiative decay at low temperatures. We
have ruled out an alternative interpretation of this ac-
tivated process as due to a thermal transition from a trip-
let to a singlet excitonic state. This alternative interpre-
tation is ruled out because of the high degree of localiza-
tion of the triplet excitonic state, a fact which leads to a
much larger splitting of the singlet and triplet states.

Magnetic fields enhance the luminescence efficiency
and reveal the presence of nonradiative recombination
even at the lowest temperatures (2 K}. This nonradiative
recombination probably occurs by a bimolecular process
which either requires some diffusion of the self-trapped
state or an Auger process between two excitons. If the
exciton is mobile, then the mobility is attributed to the
fact that the self-trapped state is translationally invariant
and to the fact that the lattice constant along the c axis of
the lattice is small.

Although the relaxation of optical excitation in the
crystal occurs at the inversion center, this relaxation only
makes use of strong intermolecular coupling of Se lone-
pair states. Sites of similar coupling should be present in
disordered samples as well, though not as frequently and
with some distribution of the energies involved. A
broad-background signal which occurs in the ODMR
spectrum of glassy AszSe3 compares favorably with a
powder spectrum of the triplet ODMR of the crystal.
This fact suggests that the mechanism for midgap
luminescence and lattice relaxation in crystals is also
present in amorphous samples. The greater degrees of
freedom in a disordered sample may lead to metastable
configurations which may be responsible for light-
induced defects and photodarkening in the amorphous
arsenic chalcogenides.
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