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Photoinduced EPR study of Sb?* ions in photorefractive Sn,P,S¢ crystals
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Single crystals of Sn,P,S¢ are both ferroelectric and photorefractive. Antimony (Sb) ions are optically active
in this material and play an important role in optimizing the photorefractive response. Electron paramagnetic
resonance (EPR) is used to determine the site and charge states of the Sb ions in Sn,P,S¢ and to illustrate the
photocharging behavior of these ions. In as-grown crystals, Sb** ions substitute for Sn?* ions. A multiline EPR
spectrum from Sb?* ions is observed after exposing a crystal at 30 K to either 633- or 442-nm laser light. These
Sb?* ions are thermally stable at low temperature after the light is removed. They revert back to Sb** ions
when the crystal is warmed above 250 K for a few minutes. The EPR spectrum has S = 1/2 and consists of
well-resolved sets of hyperfine lines from '2!Sb and '23Sb nuclei. Spin Hamiltonian parameters are obtained from
the angular dependence of the spectrum (principal values are 1.810, 1.868, and 1.887 for the g matrix and 1404,
1687, and 1849 MHz for the '2!Sb hyperfine matrix). These parameters provide evidence that the wave function

for the unpaired spin has significant p-like character and has overlap with neighboring ions.
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I. INTRODUCTION

Single crystals of Sn,P,;S¢ are an emerging unique and
highly useful ferroelectric and photorefractive material.'™
Fast response times and high gain factors make this material
well suited for photorefractive applications in the red and
near-infrared regions of the spectrum.’~'* Specific dopants,
such as Sb, Te, and Bi, are known to significantly affect the
wavelength response and the speed of the photorefractive effect
in the SnyP,S¢ crystals.'*!° Doping with Sb ions introduces
a near-edge optical absorption band that shifts the onset of
transparency to longer wavelengths (from about 530 nm for an
undoped crystal to near 650 nm when the Sb doping level is
2%).'% A significant increase in the photorefractive gain factor
for red light correlates with the presence of this Sb-related opti-
cal absorption band and its associated photoconductivity.'>!8
More recently, preilluminated Sb-doped crystals have been
shown to contain secondary photorefractive centers that affect
the dynamics of the beam coupling and cause transient beam
fanning.?’ Until the present study, no candidates for these
Sb-related secondary centers have been identified. The 0.33 eV
activation energy reported”’ for the decay of these secondary
centers is consistent with the thermal stability of the Sb>* ions
described in the present investigation and thus establishes a
direct link between our study and the photorefractive properties
of Sb-doped Sn,P,S¢ crystals.

Despite their central role in the photorefractive mech-
anisms, little is known in general about point defects in
Sn,P,S¢. Intrinsic defects (vacancies, antisites, and intersti-
tials) have not been extensively investigated in this material
and extrinsic defects (impurities) have received only cursory
attention. Major questions remain as to how individual point
defects enhance or minimize the photorefractive effect in
Sn,P,S¢. The specific information needed about extrinsic
defects includes site occupancy, possible charge states, thermal
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stability of each charge state, and wavelength dependence of
optically induced charge transfer processes. Similar detailed
information is also needed about the intrinsic defects. With
these goals in mind, we have initiated a research effort using
photoinduced electron paramagnetic resonance (photo-EPR)
to fundamentally characterize the photocharging of defects
in SnyP,Se. This experimental technique provides a sensitive
method?! to probe the structure and behavior of point defects
in SnpP,S¢ crystals, and it addresses basic questions about
the identity and nature of the optically active defects in this
important material. Preliminary EPR experiments on intrinsic
defects in SnyP,Sg have been reported by Ruediger et al.,?>?>
and the EPR spectrum of Mn?* ions substituting for Sn>* ions
in SnyP,S4 has been reported by Geifman et al.**

In the present paper, the photoinduced EPR technique is
used to investigate Sb>* ions in single crystals of Sn,P,Sg that
have been intentionally doped with Sb. We find that Sb3* (5s52)
ions substitute for Sn>* (5s?) ions in the as-grown crystals.
Here, ionic notation is used to refer to the charge states of
Sb and Sn. When the crystal is illuminated at 30 K with
near-band-gap laser light, a portion of these Sb** ions become
photocharged with an electron and convert to the paramagnetic
Sb2* (5s25p') charge state. Unique hyperfine patterns from
the '>!Sb and '23Sb nuclei provide direct evidence that the
observed EPR signals are due to the Sb?* impurities. Data
from a complete angular dependence study of the EPR
spectrum are used to determine spin-Hamiltonian parameters
for the Sb>* ions. Isochronal anneals at progressively higher
temperatures provide information about the thermal stability
of the photoinduced Sb?* ions. These ions return to the Sb3*+
charge state when the sample reaches approximately 250 K.

Only a few EPR studies of Sb ions are found in the literature.
The most relevant are two papers that identify the singly
ionized donor state of antimony (Sb) ions substituting for Ga
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in bulk crystals of GaAs.?2° In semiconductor notation, this
is the Sbg,™* heteroantisite defect. The EPR spectrum from
this Sbg,* donor is isotropic. Sets of hyperfine lines from both
isotopes of Sb are resolved in these studies and the reported g
value and '?'Sb hyperfine parameter are 2.02 and 6600 MHz,
respectively.

II. EXPERIMENTAL DETAILS

The Sn,P,S¢ crystals used in this investigation were grown
by the vapor transport method at Uzhgorod National University
in the Ukraine. Approximately 1% of Sb was added to the
starting materials and iodine was used as the transport agent.
The growth temperature was approximately 570 °C. EPR-sized
samples with dimensions of 0.5 x 2.0 x 2.5 mm® were cut
from larger as-grown boules. Below the 64 °C phase transition,
the Sn,P,S¢ crystals are monoclinic with space group Pn and
point group m. The lattice constants®’?® are a = 9.378 A,
b=7488 A, c =6.513 A, and B =91.15°. The second crys-
tallographic setting is used where the b axis is perpendicular
to the crystal’s mirror plane. In the present study, the SnyP,Sg
crystals are considered to be orthorhombic when analyzing the
EPR angular dependence data (i.e., the slight deviation from
90° between the a and ¢ axes is ignored in the present analysis).

In general, the Sn, P, S¢ crystal can be viewed as a collection
of (P2Sg)*~ anionic groups linked by Sn** ions. As illustrated
schematically in Fig. 1, there are two inequivalent tin sites, two
inequivalent phosphorus sites, and six inequivalent sulfur sites
in the low-temperature phase. The focus in the present paper is
on the Sn>* sites. Above the phase change, the two Sn** sites
are crystallographically equivalent. According to Scott et al.,”®
the two Sn>* ions move by 0.32 and 0.22 A, respectively,
when a crystal is cooled (through the phase transition) from
110°C to room temperature. Both of the Sn?* displacements
are primarily along the a direction and the Sn-Sn separation
only changes from 8.727 to 8.690 A when going from 110 °C to
room temperature.”® Each Sn>* ion has eight sulfur neighbors
in the low-temperature phase. These Sn-S separation distances
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FIG. 1. (Color online) Schematic representation of the low-
temperature monoclinic structure of Sn,P,S¢ crystals. A projection
on the b plane is shown.
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vary from 2.876 to 3.516 A for one Sn** site and from 2.781
to 3.455 A for the other Sn>* site.?® The inequivalency of the
two Sn’7 sites in the low-temperature phase is small and may
not play a significant role in the present investigation.

The EPR spectra were taken with a Bruker EMX spectrome-
ter operating near 9.5 GHz. An Oxford helium-gas-flow system
was used to control the sample temperature and a proton NMR
gaussmeter was used to measure the static magnetic fields.
A Cr-doped MgO crystal was used to correct for the small
difference in magnetic field between the sample and the probe
tip of the gaussmeter (the isotropic g value for MgO:Cr** is
1.9800). The samples were illuminated at low temperature in
the EPR microwave cavity with 442-nm light from a He-Cd
laser or with 633-nm light from a He-Ne laser. The 442-nm
light is above the band gap of the crystal and the 633-nm light
is below the band gap.?’

III. EPR RESULTS

Figure 2 shows the EPR spectrum of Sb** (5s25p') ions
in Sn,P,S¢. These data were taken at 30 K during exposure
to 442-nm laser light. The magnetic field was parallel to the
b axis of the crystal. Prior to illumination, no EPR signals
were present. The spectrum in Fig. 2 contains a series of rather
broad, yet well-resolved, hyperfine lines from the '2'Sb and
123Sb nuclei (the separate sets are indicated by the upper stick
diagrams). Widths of the individual lines vary from 2.0 to
3.0mT. The 2! Sbnuclei have I = 5/2 and are 57.3% abundant,
while the '23Sb nuclei have I = 7/2 and are 42.7% abundant.
There are six lines in the '>'Sb set and eight lines in the
1238b set, in agreement with the predicted 21+ 1 number of
hyperfine lines for each isotope. Within each set, the separation
of adjacent lines increases from low to high field, as expected
when hyperfine parameters are large. The '2'Sb nuclei have a
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FIG. 2. EPR spectrum of Sb?>* ions in an Sn,P,S¢ crystal. These
data were taken at 30 K with the magnetic field along the b axis.
The microwave frequency was 9.493 GHz. Stick diagrams illustrate
the separate sets of '>!Sb and '23Sb hyperfine lines. The more intense
single line near the center of the spectrum is due to a holelike defect.
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larger nuclear magnetic moment than the '23Sb nuclei, thus
accounting for the larger separations of the '>!Sb lines in
the EPR spectrum. The maximum concentration of Sb>* ions
produced at 30 K by the 442-nm laser was approximately
2 x 10'® cm™3. This estimate of concentration is based on a
comparison of the EPR spectrum in Fig. 2 with a calibrated
weak pitch EPR sample provided by Bruker. The same Sb**
EPR spectrum, about 20 times less intense, was observed when
the crystal was cooled in the dark to 30 K and then exposed to
633-nm laser light.

An additional feature, one that is not Sb related, is present
in Fig. 2. The single larger intensity EPR line near 335.67 mT
exhibits behavior suggestive of a holelike center. This signal
has very little angular dependence, remaining in a g value range
of 2.005 to 2.026 for all orientations of magnetic field. After
removing the laser light, this EPR signal is destroyed (i.e.,
becomes thermally unstable) when the sample temperature
is raised above 70 K, thus indicating that the responsible
defect has a relatively shallow ground-state energy level. This
observation leads us to assign the holelike EPR signal in Fig. 2
to Sn®* ions. A Sn3t (5s') ion is formed when a hole is
localized on a Sn?>* (5s2) ion in an otherwise unperturbed
region of the lattice. This proposed model is an example of a
small polaron.**~3? For our microwave frequency of 9.5 GHz,
the Sn* ions are expected®>3* to have a nearly isotropic EPR
line at g &~ 2.0 representing the nonmagnetic Sn nuclei (with
I = 0) that have no hyperfine interaction and a pair of less
intense EPR lines near 480 mT representing the large hyperfine
interactions with the ''”Sn and "°Sn nuclei (each with I =
1/2). The abundances of these two magnetic isotopes are
7.68% and 8.59%, respectively, while the combined abundance
of the isotopes of Sn with 7 = 01is 83.39%. A detailed analysis
of this EPR spectrum from Sn3* jons in Sn,P,S¢ will be
provided in a later publication.

A complete angular dependence of the Sb’>+ EPR signals
was acquired from a Sn,P,S¢ crystal. Sets of data were taken
at increments of 15° in three planes (from a to b, from b to c,
and from c to @), as illustrated by the data points in Fig. 3. Data
were also taken in the plane from c to the midpoint between a
and b. Each EPR line in the Sb?* spectrum separates into two
equally intense branches when the magnetic field is rotated
from b toward a or ¢ (i.e., in the a to b and b to ¢ planes). This
splitting is not resolved for a few of the lines in Fig. 3. The
splitting into two branches shows that the Sb>* ions have two
crystallographically equivalent, but magnetically inequivalent,
orientations (i.e., sites) in this lattice. There is only one set of
lines for each of the Sb?* isotopes when the magnetic field is
along the a, b, or ¢ directions, thus demonstrating that the two
orientations of the Sb?>* ions are magnetically equivalent for
these three directions. The EPR lines do not split into branches
when the magnetic field is rotated from a to ¢ (in the mirror
plane) as the two orientations of the defect are magnetically
equivalent for all angles in this plane.

The following spin Hamiltonian with § = 1/2 was used to
analyze the Sb** EPR data.”!

H=pS g-B+I-A-S— gl B (1)

The separate terms represent electron Zeeman, hyperfine,
and nuclear Zeeman interactions, respectively. A nuclear
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FIG. 3. EPR angular dependence of Sb** ions in the a to b, b to
c, and ¢ to a planes. Results for '?'Sb are shown. The solid curves
were calculated using the g and A matrix parameters in Table I
and a microwave frequency of 9.495 GHz. The discrete points are
experimental results.

electric quadrupole term is not included in the spin-
Hamiltonian since forbidden transitions are not observed in
the Sb?>* EPR spectrum. The g and A matrices in Eq. (1) are
each described by six parameters (three principal values and
three angles to specify the directions of the principal axes).
These directions of principal axes play an important role in
the present study. In particular, the two crystallographically
equivalent, but magnetically inequivalent, orientations of the
Sb?* ions referred to in the previous paragraph have the same
principal values but different (symmetry-related) principal-
axes directions. The observed separation of the Sb>* EPR
lines into two branches when rotating in the a to b and the b
to ¢ planes (illustrated in Fig. 3) occurs because the g and A
matrices do not have a principal axis along the b direction in the
crystal (i.e., the direction perpendicular to the mirror plane).
We only determined values of the spin-Hamiltonian param-
eters for the 2! Sb nuclei, since there were fewer of these lines
to identify in the spectrum and their intensities were larger.
For the '23Sb nuclei, it is expected that the g matrix is the same
and the principal values of the hyperfine A matrix scale with
the magnetic moments of the two isotopes. Final values of the
121Sb parameters (both the g and A matrices) were obtained
from a least-squares fitting procedure that involved exact
diagonalizations of the 12 x 12 spin-Hamiltonian matrix (S =
1/2, I = 5/2). The EPR spectra taken every 15° in the a to
b, b to ¢, and ¢ to a planes provided the input data used
to determine the “best-fit” values for the twelve parameters.
Only the outer hyperfine lines (i.e., those at the lowest and
highest magnetic fields) were included in the fitting. This
gave, as input data, a total of 84 magnetic field values and
their associated microwave frequencies from the three planes.
As a final step, data obtained when the magnetic field was
rotated from ¢ to the midpoint between a and b was used to
distinguish between two sets of parameters that fit the a to b, b
to ¢, and ¢ to a data equally well. Table I contains the “best-fit”
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TABLEL Spin-Hamiltonian parameters for Sb?* ions in Sn, PS4
crystals. Values are given for the '?!Sb isotope. Estimated error limits
are £ 0.005 for the g values, £ 20 MHz for the A values, and =+ 3.0°
for the 6 and ¢ angles.

Principal Values Principal-Axis Directions

121Sp 0 1)
g matrix
g 1.810 68.7° 218.6°
43 1.868 49.6° 109.2°
g 1.887 48.0° 329.2°
A hyperfine matrix
A 1404 MHz 34.7° 213.0°
A, 1687 MHz 121.9° 187.3°
As 1849 MHz 77.9° 104.9°

values and estimates of error limits for the twelve parameters
describing the g and A matrices. In Table I, the three Euler
angles specifying the directions of the principal axes have
been converted to (6, ¢) pairs. The polar angle 6 is defined
relative to the ¢ axis, and the azimuthal angle ¢ is defined
relative to the a axis with positive rotation from a toward b in
the ¢ plane. The directions listed in Table I refer to one of the
two equivalent orientations of the principal-axis systems. The
principal-axis directions for the other orientation are obtained
by areflection through the mirror plane of the crystal. Only the
relative signs of the hyperfine principal values can be obtained
from the experimental data. Positive signs have been chosen for
the three principal values of the A matrix in Table I because this
matrix is highly isotropic and the nuclear magnetic moment
of 121Sb is positive. Figure 3 shows the agreement between
the measured and calculated angular dependence of the EPR
spectrum in the three primary planes.

The Sb>* EPR signals in Fig. 2 were not present before
illumination. Once formed at 30 K, these signals are stable
after the laser light is removed as long as the crystal remains at
or near this temperature. The lines broaden beyond recognition
at temperatures above 100 K because the spin-lattice relaxation
time decreases as the temperature increases (the Sb>* ions
are not annihilated at 100 K since they reappear when the
temperature is directly returned to 30 K from 100 K). An
isochronal anneal experiment was performed to determine
the thermal stability of the photoinduced Sb?* ions. The
sample was initially illuminated at 30 K. Then the light was
removed and an EPR spectrum was taken at 30 K. Next,
the sample temperature was increased to 75 K, held for
3 min at 75 K, and then returned to 30 K where the EPR
spectrum was again taken. This incremental warming process
was repeated at progressively higher temperatures (in steps of
25 K) with 3 min holding times. Following each step, the EPR
spectrum was taken at the same 30 K monitoring temperature.
These thermal decay results show that warming a previously
illuminated crystal to 250 K for 3 min eliminates nearly all of
the Sb?* ions (they revert back to Sb** ions). The Sb**+ EPR
signals are destroyed when the photoseparated charges (i.e.,
the electrons and holes) recombine and restore the crystal to its
as-grown state. It is not known whether the thermally induced
recombination process is initiated by the release of electrons
from Sb>* ions or the release of holes from the unidentified
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holelike centers that become photocharged at the same time the
Sb?* ions are formed. After warming above 250 K for 3 min,
the Sb>* EPR signals in Fig. 2 reappear at low temperature
only when the crystal is once again illuminated with laser light.

IV. DISCUSSION

Transient self-sensitizing of photorefraction has been
shown to occur in crystals of SnyP,S¢ doped with Sb ions.20
Specifically, preillumination of a doped sample with intense
red light dramatically increases the two-beam coupling gain.
This additional gain is, however, transient and disappears
within several tens of seconds at room temperature after
the pump light is removed. The model proposed in Ref. 20
attributes this unusual behavior of Sb-doped Sn,P,S¢ to a
light-induced increase of the effective trap density (which
in turn reduces the charge screening effect). A light-induced
variation of the effective trap density is possible only when
at least two active centers are present in the crystal and each
center can be recharged. A charge taken from a center of one
type and transferred to a center of the other type results in a
change in both their densities, i.e., there are changes in the
density of donors and the density of traps. In a one-center
model, the transfer of a charge from the donor to the trap does
not result in a net change in the donor density and the trap
density. The results described in Ref. 20 clearly show that an
additional optically active center exists in Sb-doped SnyP,S¢
crystals and that its lifetime in the photoexcited charge state
(about 14 s at room temperature) obeys the Arrhenius law with
an activation energy A E of approximately 0.33 eV.

It is reasonable to suppose that the secondary photorefrac-
tive center referred to in Ref. 20 is related to the presence of Sb
because no other doped or nominally undoped Sn,P,S¢ crystal
shows similar nontrivial transient behavior in this time scale.
The present paper provides results that allow us to conclude
that the EPR-active Sb?* ions are the secondary photorefrac-
tive centers responsible for the previously described transient
gain enhancement. We have shown that the EPR spectrum of
the Sb?* ions appears in our samples only after illumination,
that this charge state is stable at 30 K, and that these ions
rapidly decay at temperatures near 250 K. The secondary
centers observed in Ref. 20 are also light induced, and the
temperature dependence of their lifetimes was measured in
the temperature range from 257 to 320 K. According to the
data in Fig. 4 of Ref. 20, the lifetime of the secondary centers
is approximately 80 s for a temperature near 257 K. This is
in agreement with our observations described in Sec. III. An
extrapolation to 30 K of the lifetime of the secondary centers
reported in Ref. 20 gives approximately 0.5 x 10°° s (i.e.,
these secondary centers should be absolutely stable at this
lower temperature), and this is also in agreement with our
thermal stability data for the Sb>* EPR signals.

In addition to connecting the observed Sb>* ions with the
secondary photorefractive centers, an important contribution
of the present paper is the complete characterization of the
structural and spectroscopic properties of the Sb ions in
Sn, PS¢ crystals. Our Sb-related EPR spectrum is assigned
to Sb>* ions replacing Sn’>* ions. The size (i.e., ionic radius)
of the Sb ions is a much better match for the tin sites than the
phosphorous sites. Also, if the Sb ions substitute for another
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Group V ion such as phosphorus, they would not easily change
their charge state, in contrast to the observed results. Although
there are two crystallographically inequivalent Sn>* sites in the
low-temperature monoclinic Sn,P,S¢ lattice (see Sec. II), only
one Sb** EPR spectrum is observed. There are two plausible
explanations for this result: (1) only one of the two Sn** sites
is occupied by Sb>* ions during growth or (2) both of the Sn>*
sites are occupied by Sb3* ions during growth, but only those
Sb** ions on one of the two sites are converted to Sb>* ions
by the laser light.

In the as-grown crystals, the nonparamagnetic Sb>* ions
have the same electron configuration (5s2) as the Sn>* ions
they replace. Paramagnetic Sb>* ions are then formed by
photocharging during illumination with laser light at low
temperature. Although covalency effects are expected, these
Sb2+ jons are best described as having a 5525 p! configuration.
This electron configuration suggests that the EPR spectrum
of Sb?>* should reflect a significant p-like contribution. Both
the g and the A matrices in Table I support this expectation.
All of the principal values of the g matrix have large shifts
from the free-electron value of 2.0023, which indicates a large
Sb spin-orbit interaction (and thus a significant non-s-like
contribution to the wave function). In addition, the principal
values of the g matrix suggest an axial character with the
unique direction associated with the 1.810 principal value.
The A hyperfine matrix has significant anisotropy and this also
implies a p orbital contribution. The isotropic (Fermi contact)
part of the hyperfine matrix in Table I is a = 1646 MHz where
a = (A1 + Ay + A3z)/3. Morton and Preston’ predict that
an antimony 5s electron has a = 35100 MHz. These values
indicate a 4.7% contribution to the Sb>* EPR spectrum from
the 5s orbital. The anisotropic part of the hyperfine matrix in
Table I is approximately b = 148 MHz (i.e., one-third of the
difference between A; and Aj3), while Morton and Preston?
predict that an antimony 5p electron has b = 629 MHz (2/5
of 1572 MHz). This suggests that the contribution to the Sb>*
EPR spectrum from the 5p orbital may approach 23.5%. These
s and p results place less than half of the unpaired spin on the
Sb ion and imply that much of the spin must be distributed over
one or more neighboring ions. Since the Sb>* ions substituting
for Sn?* ions in SnyP,Sg crystals can be viewed as a relatively
shallow neutral donor (D?), this degree of delocalized behavior
is reasonable.

The holelike centers that provide charge compensation for
the electrons localized as Sb?* ions are not identified in
the present study. We note that the hole center observed in
Fig. 2 (assigned to Sn** ions) is not a candidate for these
compensating defects because its EPR signal decays (i.e.,
become thermally unstable) near 70 K, which is well below
250 K where the Sb** ions thermally decay. A likely candidate
for the necessary compensating defects is a hole localized on a
sulfurion adjacent to a Sn?>* vacancy.*® The Sn** vacancies are
expected to be present in as-grown Sb-doped crystals because
they would provide charge compensation for the substitutional
Sb** ions. (One Sn>* vacancy compensates two Sb>* ions in
an as-grown crystal.) These proposed sulfur-based vacancy-
associated holelike centers would have small, but positive,
g shifts and little or no observable hyperfine contributions.
Motional effects or extreme spin-lattice relaxation times may
make it challenging to observe their EPR spectrum in Sn,P,Sg

PHYSICAL REVIEW B 86, 134109 (2012)

crystals. Similar paramagnetic sulfur-related hole centers
stabilized by an adjacent cation vacancy have been reported in
the literature for other materials.”3®

V. SUMMARY

Single crystals of Sny,P»>S¢ are doped with antimony (Sb)
ions and then characterized using photo-EPR. The as-grown
crystals contain Sb3* ions substituting for Sn?>* ions. These
Sb3>* ions convert to paramagnetic Sb>* ions when they
are photocharged with an electron during exposure at low
temperature to 442- or 633-nm laser light. A thermal warming
study shows that the photoinduced Sb>* electron centers decay
when the crystal is held near 250 K for a few minutes (i.e.,
they are not stable at room temperature). The EPR spectrum of
the Sb?* ions (with the 5525 p' configuration) is dominated by
well-resolved hyperfine lines from the '2!Sb and '23Sb nuclei.
A complete set of angular-dependence data taken in the a to b,
b to ¢, and c to a planes is used to obtain values for the g and
121Sb hyperfine matrices. Large shifts of the principal values of
the g matrix from the free-spin value of 2.0023 and significant
anisotropy in the hyperfine patterns both indicate a significant
5p contribution to the wave function of the unpaired electron.

These optically active Sb impurities are of considerable
interest because of their major effect on the photorefractive
response of the material, i.e., they act as secondary pho-
torefractive centers®’ and transiently enhance the gain factor
in the red portion of the spectrum.!>!® The EPR-observed
photocharging of a significant amount of Sb>* to Sb>* (on the
order of 10'® cm™3) is caused when electrons are transferred
from intrinsic photorefractive centers in the Sn,P,S¢ crystals.
After being formed, the photogenerated Sb>* ions act as hole
traps. (Holes have been shown to be the primary mobile
charge species responsible for the photorefractive effect in
Sn,P,S4.%%) These photoinduced effects alter the “effective
trap density” and, in turn, modify the photorefractive gain
in Sb-doped Sn,P,Sg crystals.!® The correlated photoinduced
changes in the concentrations of the Sb** ions and the intrinsic
photorefractive centers that trap holes are short lived at room
temperature. A decay time of approximately 14 s, reported
in Ref. 20 and verified in the present study, makes the
photoinduced changes in trap densities depend strongly on the
intensity of the light that converts the Sb>* ions to Sb?* ions.
This explains both the time dependent and power dependent
character of the photorefractive gain observed in Sb-doped
Sn,P,S¢ crystals after pre-exposure to a strong pump beam
and also explains the observed enhanced beam coupling under
strong steady-state pumping.'>18-20
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