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Electron paramagnetic resonance (EPR) is used to identify the singly ionized charge state of the Sn

vacancy (V�Sn) in single crystals of Sn2P2S6 (often referred to as SPS). These vacancies, acting as a

hole trap, are expected to be important participants in the photorefractive effect observed in

undoped SPS crystals. In as-grown crystals, the Sn vacancies are doubly ionized (V2�
Sn ) with no

unpaired spins. They are then converted to a stable EPR-active state when an electron is removed

(i.e., a hole is trapped) during an illumination below 100 K with 633 nm laser light. The resulting

EPR spectrum has g-matrix principal values of 2.0079, 2.0231, and 1.9717. There are resolved

hyperfine interactions with two P neighbors and one Sn neighbor. The isotropic portions of these

hyperfine matrices are 167 and 79 MHz for the two 31P neighbors and 8504 MHz for the one Sn

neighbor (this latter value is the average for 117Sn and 119Sn). These V�Sn vacancies are shallow

acceptors with the hole occupying a diffuse wave function that overlaps the neighboring Sn2þ ion

and (P2S6)4� anionic unit. Using a general-order kinetics approach, an analysis of isothermal decay

curves of the V�Sn EPR spectrum in the 107–115 K region gives an activation energy of 283 meV.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963825]

I. INTRODUCTION

Single crystals of Sn2P2S6 (denoted herein simply as

SPS) are semiconductors with a room-temperature optical

absorption edge near 530 nm. Although basic studies of the

lattice dynamics associated with the paraelectric-to-ferro-

electric phase transition near 64 �C are continuing,1–5 much

of the recent interest in this material has been focused on its

photorefractive applications in the red and near-infrared

spectral regions.6–23 Fast response times and high gain fac-

tors make SPS a potentially attractive photorefractive mate-

rial, but little detailed information is presently available

about the optically active point defects in these crystals.

With the goal of optimizing the photorefractive response of

the SPS crystals, we have initiated an experimental electron

paramagnetic resonance (EPR) research program to identify

and characterize all of the relevant electron and hole traps

(i.e., shallow donors and acceptors). These efforts comple-

ment on-going computational studies of the electronic struc-

ture of intrinsic vacancies and polarons.24–27

The EPR technique, with its high resolution and high

sensitivity, is well suited to investigate photoinduced defects

in SPS crystals that have an unpaired spin.28,29 Often, donors

and acceptors in as-grown semiconducting crystals do not

initially have unpaired spins (because of compensation)

and are not detected in EPR experiments. These materials,

such as SPS, must be illuminated with near-band-edge light

to generate “free” electrons and holes that can then be sta-

bly trapped at the pre-existing defects when the temperature

is sufficiently low. This experimental approach results in

observable paramagnetic charge states of acceptors and

donors in SPS crystals. Thus far, two photoinduced centers

representing trapped electrons and one photoinduced center

representing a trapped hole have been reported. The two

trapped-electron centers are singly ionized sulfur vacancies

(VþS ) and Sb2þ impurities substituting for Sn2þ ions.30,31

The trapped-hole center is the intrinsic small polaron (Sn3þ

ions) at Sn2þ sites.32

In this paper, we focus on native defects in nominally

undoped SPS crystals, and in particular, on Sn vacancies.

The Sn vacancies are a shallow acceptor in SPS and thus pro-

vide an important trap for holes when gratings are written in

photorefractive experiments. Crystals were deliberately

grown Sn deficient to enhance the concentration of isolated

Sn vacancies. Exposing these crystals to 633 nm laser light

while they are held at a temperature below 100 K converts

doubly ionized Sn vacancies (V2�
Sn ) to paramagnetic singly

ionized vacancies (V�Sn). The EPR spectra from these

“trapped-hole centers” show well-resolved hyperfine interac-

tions with 31P nuclei at two P sites and 117Sn and 119Sn

nuclei at one Sn site, thus indicating that the wave function

of the unpaired spin is relatively diffuse. A g matrix and sets

of hyperfine parameters for the 31P, 117Sn, and 119Sn nuclei

a)Author to whom correspondence should be addressed. Electronic mail:

Larry.Halliburton@ mail.wvu.edu
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are obtained from the angular dependence of the EPR spec-

tra. The thermal stability of the singly ionized charge state of

the Sn vacancy is also investigated. Information about the

decay kinetics and thermal activation energy of the V�Sn cen-

ter is acquired from a set of isothermal decay curves taken at

different temperatures in the 107–115 K region (they repre-

sent the decreasing intensity of the EPR signal when the laser

light is removed).

II. EXPERIMENTAL DETAILS

Large single-crystal boules of SPS for use in the present

investigation were grown by the vertical Bridgman method at

Uzhgorod National University (Ukraine). Previously sintered

polycrystalline starting material and a small oriented seed

crystal were sealed in a quartz ampoule 7–8 cm long. The rela-

tive amounts of Sn, P, and S in the starting material were

adjusted to produce SPS crystals deficient in Sn. Many of the

results in this paper were obtained from a Sn1.93P2.03S6.04

starting mixture (the final amounts of Sn, P, and S in this as-

grown crystal are not expected to be in these same propor-

tions). Hot and cold zones were 1120 and 870 K, respectively,

and the ampoule moved at a rate of 1.5 mm/day. The boules

were slowly cooled after crystallization, with a pause of sev-

eral days in the 500–600 K region. This method produces sin-

gle crystals with lengths of 2–3 cm and diameters of

1.2–1.5 cm. To the eye, the as-grown crystals appear slightly

orange. In addition to the Sn vacancies, significant concentra-

tions of sulfur vacancies were present in all of the Sn-deficient

crystals. Also, Sb impurities (unintentionally present) were

found in several of the crystals.31 It is noteworthy that we

observe the EPR signals from Sn vacancies in a variety of

SPS crystals, including stoichiometric Bridgman-grown crys-

tals and vapor-transport-grown crystals (i.e., not just Sn-

deficient Bridgman crystals), thus giving our study a broader

impact.

Samples for the EPR experiments were cut from the

larger boules. Typical dimensions for these samples were

2.0� 2.5� 2.5 mm3. A Bruker EMX spectrometer operating

at X band (near 9.5 GHz) was used to obtain the EPR spectra

while an Oxford helium-gas flow system controlled the sam-

ple temperature. The nonparamagnetic point defects initially

present in the crystals were converted to a paramagnetic

charge state during an exposure at low temperature to 633 nm

light from a He-Ne laser (these illuminations occurred with

the sample in the microwave cavity).

Below the paraelectric-ferroelectric phase change at

64 �C, Sn2P2S6 crystals are monoclinic (with space group Pn
and point group m). Lattice constants at room temperature

are a¼ 9.378 Å, b¼ 7.488 Å, c¼ 6.513 Å, and b¼ 91.15�,
with the b axis perpendicular to the mirror plane of the crys-

tal.33,34 We disregard the slight deviation from 90� between

the a and c axes in our analysis of the angular dependence of

the EPR spectra. The (P2S6)4� anionic groups exhibit strong

covalent behavior and are separated by the more ionic Sn2þ

ions.35 There are two slightly inequivalent tin sites, two

slightly inequivalent phosphorus sites, and six inequivalent

sulfur sites in the low-temperature phase of this material. In

the high temperature phase (above 64 �C), the two tin sites

are equivalent and the two phosphorus sites are equivalent.

III. RESULTS

A. EPR spectra

Photoinduced EPR spectra of native defects in SPS crys-

tals often have characteristic hyperfine patterns resulting

from the interactions of the unpaired electron with the nearby

nuclei that have a magnetic moment (i.e., those with I> 0).

These hyperfine interactions, when resolved in the EPR spec-

tra, allow detailed models of the responsible defects to be

established. Phosphorus has one isotope with a magnetic

nucleus (31P is 100% abundant) and tin has two isotopes

with magnetic nuclei (117Sn is 7.68% abundant and 119Sn is

8.59% abundant). These three nuclei each have an I¼ 1/2

nuclear spin, and thus there are no nuclear electric quadru-

pole effects in the EPR spectra. The 115Sn and 33S nuclei

also have nonzero magnetic moments, but they are neglected

in the present study because of their low natural abundances

(0.34% and 0.75%, respectively).

Figure 1 shows photoinduced EPR spectra from the

S¼ 1/2 singly ionized Sn vacancy (V�Sn) in a Sn-deficient

Sn2P2S6 crystal. These data were taken at 90 K with the mag-

netic field aligned in succession along the a, b, and c direc-

tions in the crystal. The crystal was exposed to 633 nm laser

light while each spectrum was recorded. As indicated by the

stick diagram above each spectrum in Fig. 1, the Sn vacancy

has a well-resolved anisotropic four-line pattern due to

hyperfine interactions with two 31P nuclei. Because these

hyperfine interactions with the two 31P nuclei are inequiva-

lent, the EPR spectrum consists of four equally intense lines

(instead of the common three-line pattern with 1:2:1 intensi-

ties normally produced by equal interactions with two I¼ 1/2

nuclei). Singly ionized sulfur vacancies (VþS ) are also present

in each EPR spectrum in Fig. 1. From an earlier investigation

by Golden et al.,30 all of the principal g values of the sulfur-

vacancy EPR spectrum are known to be less than 2.0023 (i.e.,

they have negative g shifts relative to the free spin value),

which places these sulfur-vacancy lines on the high-field side

of the Sn vacancy signals. Although not shown, the sets of

less-intense lines representing the hyperfine interactions of the

sulfur vacancies with 117Sn and 119Sn nuclei at two neighbor-

ing Sn sites30 are present approximately 19.5 mT above the

primary VþS line in each spectrum in Fig. 1. Defects responsi-

ble for the remaining additional weak EPR lines in Fig. 1 have

not been identified.

In addition to the groups of EPR lines near g � 2.0 that

are shown in Fig. 1, the V�Sn defect in SPS has related but less

intense EPR lines at higher magnetic field in the 435 to

460 mT region. These high-field lines are shown in Fig. 2 for

each of the three crystal directions a, b, and c. They are

assigned to hyperfine interactions of the V�Sn center with 117Sn

and 119Sn nuclei at one neighboring Sn site (both of these Sn

isotopes have I¼ 1/2). Because the sum of the natural abun-

dances of the 117Sn and 119Sn nuclei is much less than 100%,

the more intense lines in Fig. 1 (near g � 2.0) are due to Sn

vacancies that have a Sn ion with an I¼ 0 nucleus (either
116Sn, 118Sn, or 120Sn) at this one participating neighboring Sn

133101-2 Golden et al. J. Appl. Phys. 120, 133101 (2016)
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site. Each spectrum in Fig. 2 exhibits a hyperfine pattern from

two 31P interactions that is identical to the four-line pattern

found in the center group in Fig. 1, as well as hyperfine split-

tings due to the 117Sn and 119Sn interactions. Because these
117Sn and 119Sn interactions are resolved, there are two sets of

four hyperfine lines, instead of one set of four lines, in each

high-field spectrum in Fig. 2 (the 119Sn nuclei have a slightly

larger magnetic moment than the 117Sn nuclei, thus the sets of
119Sn hyperfine lines are seen at higher magnetic field).

Lower-field sets of 117,119Sn hyperfine lines, counter-

parts to the higher-field sets in Fig. 2, are located at magnetic

fields between 35 and 80 mT. Figure 3 shows these low-field

lines when the magnetic field is aligned along the a direction.

Unlike the higher-field lines in Fig. 2, the lines in Fig. 3 are

well separated into two sets of four lines, one set for the
117Sn nuclei and one set for the 119Sn nuclei. Each set shows

the identical four-line hyperfine pattern from the two 31P

interactions that is seen in Fig. 1(a). We are able to observe

these low-field lines for all directions of magnetic field

because the magnitudes of the Sn hyperfine interactions

(between 8.2 and 8.8 GHz) never exceed our microwave fre-

quency (9.39 GHz). The large Sn hyperfine interactions and

their related large second-order effects in the spin Hamiltonian

FIG. 2. High-field portions of the EPR spectra from the Sn vacancies in SPS.

Stick diagrams show the 117Sn and 119Sn hyperfine lines from one Sn site.

These data were taken at 90 K with a microwave frequency of 9.649 GHz. (a)

The magnetic field is along the a direction in the crystal. (b) The magnetic

field is along the b direction. (c) The magnetic field is along the c direction.

FIG. 3. Low-field portion of the Sn-vacancy EPR spectrum. Stick diagrams

show the 117Sn and 119Sn hyperfine lines from one Sn site. These data were

taken at 90 K with a microwave frequency of 9.392 GHz. The magnetic field

is along the a direction in the crystal.

FIG. 1. EPR spectra from singly ionized Sn vacancies in a Sn-deficient

Sn2P2S6 crystal. Stick diagrams above the spectra indicate the 31P hyperfine

lines from the two inequivalent phosphorus neighbors. These data were

taken at 90 K with a microwave frequency of 9.393 GHz. The sample was

exposed to 633 nm laser light while acquiring the spectra. (a) Magnetic field

along the a direction. (b) Magnetic field along the b direction. (c) Magnetic

field along the c direction.

133101-3 Golden et al. J. Appl. Phys. 120, 133101 (2016)
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are responsible for the I¼ 1/2 high- and low-field 117,119Sn

lines being located asymmetrically about the I¼ 0 center lines

in Fig. 1 (i.e., the Sn hyperfine lines do not form a symmetrical

pattern about the more intense V�Sn lines at g � 2.0).

B. Spin-Hamiltonian parameters

The singly ionized charge state of the Sn vacancy (V�Sn)

in Sn2P2S6 crystals is described by the following S¼ 1/2

spin Hamiltonian:

H ¼ bS � g � Bþ
X

i
ðIi � Ai � S� gn;ibnIi � BÞ : (1)

Electron Zeeman, hyperfine, and nuclear Zeeman terms are

included with the summation being over all the 31P, 117Sn, and
119Sn nuclei interacting with the unpaired electron. Relative

abundances of the participating nuclei must be accounted for

when predicting spectra using this Hamiltonian.

The g matrix and the hyperfine matrices for the two 31P

interactions were obtained by measuring the line positions

within the central “g � 2.0” group of EPR lines (see Fig. 1)

while rotating the magnetic field relative to the crystal axes.

Data were taken every 15� in three planes (a-b, b-c, and c-a).

These experimental results are plotted as discrete points in

Fig. 4. In the monoclinic structure of the SPS crystal with its

mirror plane perpendicular to the b axis, a paramagnetic

point defect can have two crystallographically equivalent

orientations, i.e., sites. These orientations are magnetically

equivalent when the field is along the a, b, or c directions,

and they are magnetically equivalent for all angles when the

field is rotated in the a-c plane. As expected, Fig. 4 shows

that there is a splitting into two branches in the b-c plane and

no splitting into two branches in the a-c plane. The unex-

pected lack of a detectable splitting into two branches in the

a-b plane in Fig. 4 implies that at least the g matrix and the

larger 31P hyperfine matrix in the spin-Hamiltonian have one

of their principal-axis directions near the a direction.

The spin Hamiltonian from Eq. (1), with a g matrix and

two 31P hyperfine matrices, was rewritten in the form of an

8� 8 matrix, and then was repeatedly diagonalized as the

values of the 18 parameters were varied during a least-

squares fitting. Six parameters define each matrix (i.e., three

principal values and three Euler angles that specify the direc-

tions of the principal axes), thus giving the 18 parameters.

Input data for the fitting process were 80 magnetic field val-

ues (the discrete data points in Fig. 4) and their correspond-

ing microwave frequencies. Final sets of best-fit values for

these parameters are listed in Table I. The solid lines in

Fig. 4 were computer-generated using these principal values

and principal-axis directions. In Table I, each set of three

Euler angles describing the three principal-axis directions of

a matrix has been converted to three (h,/) pairs. The polar

angle h is defined relative to the c axis of the crystal and the

azimuthal angle / is defined relative to the a axis with posi-

tive rotation from a toward b in the plane perpendicular to c.

The signs of the 31P principal values are not experimentally

determined (we suggest in Table I that they are positive

because the magnetic moment of the 31P nucleus is positive).

A complete angular dependence of the 117Sn and 119Sn

hyperfine lines associated with the Sn vacancy (V�Sn) was not

acquired; instead, the values of these hyperfine parameters

were only determined when the magnetic field was along the

a, b, and c directions in the crystal. This is an appropriate

and sufficient approach because the 117Sn and 119Sn matrices

are nearly isotropic, thus making it difficult to extract mean-

ingful information about the directions of the principal axes

from an angular study. Specifically, midpoints of the low-

field 117Sn and 119Sn groups of hyperfine lines were mea-

sured for the three “orthogonal” directions (these sets of lines

are shown in Fig. 3 when the magnetic field is along the crys-

tal’s a direction). The experimental low-field positions were

then used to determine values for the corresponding Sn

hyperfine parameters. Because of significant second-order

shifts, values for the Sn interactions were obtained by

FIG. 4. EPR angular dependence of the singly ionized Sn vacancy in SPS.

The g matrix and the 31P matrices from two P sites are included. Positions

of lines are plotted as a function of angle for rotations in the a-b, b-c, and

c-a planes. Solid curves were calculated using the parameters in Table I

and a microwave frequency of 9.393 GHz. Discrete points are experimen-

tal results.

TABLE I. Spin-Hamiltonian parameters for the ground state of the singly

ionized Sn vacancy (V�Sn) in Sn2P2S6 crystals. Units for the hyperfine param-

eters are in MHz. Uncertainties are estimated to be 60.0005 for the g values,

62.0 MHz for the A values, and 63� for the angles. Relative signs of the

hyperfine parameters were not determined.

Principal values
Principal-axis directions

h (deg) / (deg)

g matrix

g1 2.0079 91.9 2.6

g2 2.0231 72.4 92.0

g3 1.9717 17.7 278.6

A hyperfine matrix (larger 31P interaction)

A1 244.0 77.1 359.9

A2 132.8 98.7 87.9

A3 124.3 15.7 144.7

A hyperfine matrix (smaller 31P interaction)

A1 87.5 69.3 74.2

A2 82.5 116.0 153.6

A3 67.7 34.2 197.8

133101-4 Golden et al. J. Appl. Phys. 120, 133101 (2016)
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matching observed line positions with solutions of a 4� 4

spin Hamiltonian that included the g matrix (from Table I)

and either a 117Sn or 119Sn isotropic hyperfine matrix. The

resulting 117Sn and 119Sn values are listed in Table II. We

used the low-field Sn hyperfine spectra to determine these Sn

parameters because the positions of these lines are more sen-

sitive to variations in the magnitudes of the 117Sn and 119Sn

hyperfine values than the positions of lines in the high-field

spectra (e.g., the significant overlap of these latter lines can

be seen in Fig. 2). Negative signs are assigned to the hyper-

fine values in Table II because the magnetic moments of the
117Sn and 119Sn nuclei are negative and their hyperfine

matrices are mostly isotropic.

C. Model of the Sn vacancy (VSn
2 )

The spin-Hamiltonian parameters determined in Section

III B provide the necessary information to establish a model

for the ground state of the Sn vacancy (V�Sn) in SPS crystals.

These EPR results clearly show that this S¼ 1/2 defect has

principal g values very near 2.0 and primary hyperfine inter-

actions with 31P nuclei at two P sites and with 117Sn and
119Sn nuclei at one Sn site. At the beginning of our investiga-

tion, two possible models for the paramagnetic Sn vacancy

(V�Sn) were thought to be viable. In one model, the unpaired

spin (i.e., the hole) would be located on a Sn2þ ion adjacent

to the Sn vacancy (this is analogous to the holelike small

polaron32 in SPS where the hole is stably trapped, at temper-

atures below �65 K, on a Sn2þ ion and forms a Sn3þ ion). In

the other model, the unpaired spin (i.e., the hole) would be

located on the (P2S6)4� anionic unit adjacent to the Sn

vacancy and form a (P2S6)3� unit. Our results show that the

actual model is a combination of these two simpler models.

The observation of significant hyperfine interactions with the
31P nuclei at two P sites and the 117Sn and 119Sn nuclei at

one Sn site provides experimental evidence that the unpaired

spin is delocalized and overlaps both the Sn2þ ion and the

(P2S6)4� unit that are next to the Sn vacancy. Hybridization

of Sn valence electron orbitals with (P2S6)4� molecular orbi-

tals5,24 allows this sharing of the unpaired spin by the Sn2þ

ion and (P2S6)4� unit.

A schematic model for the ground state of the Sn

vacancy (V�Sn) is illustrated in Fig. 5. This model is meant to

be descriptive, as we cannot experimentally distinguish

whether the Sn vacancy is at a Sn1 or Sn2 crystallographic

site.33 For either position of the vacancy, the electronic struc-

ture of the V�Sn defect will be essentially the same because of

the near-equivalence of these two Sn sites. In Fig. 5, the Sn

vacancy is located at the Sn1 position and the observed

hyperfine interactions are with nuclei at the P1, P2, and Sn2

sites. The Sn1 site, as indicated in Fig. 5, is close to three sul-

fur ions (S1, S5, and S6), while the Sn2 site is close to only

two sulfur ions (S1 and S2). These five separation distances

range from 2.802 to 3.015 Å, and reflect the sum of the ionic

radii of Sn2þ and S2� ions for sixfold coordination (the Sn2þ

radius is 1.18 Å and the S2� radius is 1.84 Å). The electro-

static (Coulombic) energy of the defect is minimized when

the trapped hole, which is, to a large extent, distributed over

the sulfur ions within the (P2S6) unit, is as close as possible

to the effective negative charge of the Sn vacancy. Having

Sn1 close to three of the S ions, as opposed to only two of

the S ions for Sn2, suggests that the vacancy may be at the

Sn1 site since this will minimize the Coulombic energy.

Unfortunately, we also cannot experimentally determine

which of the two phosphorus nuclei (P1 or P2) has the larger
31P hyperfine interaction. Because the two 31P hyperfine

interactions are not equivalent (see Table I), the wave func-

tion for the hole must be asymmetrically distributed over the

(P2S6) unit. However, without knowing the detailed nature of

the molecular orbitals and where the Sn vacancy is located,

we cannot determine which P ion has the larger hyperfine

interaction.

Making use of its more ionic nature, the percentage of

unpaired 5s spin density on the adjacent Sn ion can be esti-

mated from the isotropic Fermi contact portion of the 117Sn

and 119Sn hyperfine parameters in Table II. Using a¼ (A1

þA2þA3)/3 and assuming that the A values all have the

same sign, we find that a¼�8308 MHz for the 117Sn nuclei

and a¼�8700 MHz for the 119Sn nuclei. Morton and Preston36

TABLE II. Observed Sn hyperfine interactions for the ground state of the

singly ionized Sn vacancy (V�Sn) in Sn2P2S6 crystals. These results were

obtained from the low-field EPR spectra taken with the magnetic field along

the a, b, and c directions (for example, see Fig. 3). They represent the inter-

actions with 117Sn and 119Sn nuclei at one Sn site. Units are in MHz.

Estimated uncertainty in each hyperfine value is 65 MHz.

a direction b direction c direction

A(117Sn) �8343 �8301 �8281

A(119Sn) �8733 �8694 �8674

FIG. 5. The Sn vacancy and its neighboring ions in a Sn2P2S6 crystal. A

(P2S6)4� anionic unit and two nearby Sn2þ ions are shown in a projection

along the “[111]” direction for this monoclinic lattice. If the vacancy is at

the Sn1 site, then magnetic nuclei at the P1, P2, and Sn2 sites give rise to the

observed hyperfine interactions. Relevant Sn-S distances (in Å units) are

indicated by the dashed lines.
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predicted that a Sn 5s orbital (100% occupied) will have a

value of a¼�43 920 MHz for the 119Sn nuclei. Comparing

our experimental result with this prediction for 119Sn sug-

gests that approximately 19.8% of the unpaired spin associ-

ated with the singly ionized Sn vacancy is located in a 5s
orbital at the neighboring Sn site. Similarly, the hyperfine

parameters in Table II can be used to make an estimate of the

unpaired spin density in the 5p orbital on the Sn ion. The

parameter b that describes the anisotropic part of the Sn

hyperfine matrices is taken to be one-third of the difference

between the largest and smallest hyperfine values for a given

nucleus in Table II. This gives b¼�19.7 MHz for the 119Sn

nuclei. Morton and Preston36 predicted that a Sn 5p orbital

(100% occupied) will have a value of b¼�732.4 MHz for

the 119Sn nuclei (i.e., 2/5 of �1831 MHz). A comparison of

these values for 119Sn indicates that approximately 2.7% of

the unpaired spin density is in a 5p orbital at the neighboring

Sn site. Including both the s and p orbital contributions, our

analysis suggests that 22.5% of the unpaired spin density is

located on the neighboring Sn ion. This leaves most of the

remaining 77.5% of the spin density on the primary P2S6 unit.

When coupled with our present experimental results, we

anticipate that advanced density-functional-theory (DFT) cal-

culations will provide a more detailed description of the

ground state of the singly ionized Sn vacancy (V�Sn) in SPS

crystals. A computational study will identify the primary

molecular orbital(s) occupied by the unpaired spin. Also, these

minimum-energy calculations may determine which Sn site is

vacant, the location of the Sn ion responsible for the observed
117Sn and 119Sn hyperfine interactions, and which of the two

phosphorus sites is responsible for the larger observed 31P

hyperfine interaction.

D. Activation energy

The singly ionized Sn vacancies in SPS become unstable

(i.e., they thermally decay) if the laser light is removed when

the temperature of the crystal is above approximately 105 K.

Figure 6 shows the isothermal EPR decay curves taken at

107.5, 110, 112.5, and 115 K. These data were obtained with

the magnetic field along the b direction and held constant at

331.0 mT. This value of magnetic field corresponds to the

upper peak of the second EPR hyperfine line in Fig. 1(b). For

each decay curve, the intensity of this specific EPR line was

monitored as a function of time after turning off the 633 nm

laser light. The temperature was kept constant (within

60.05 K) while acquiring a set of decay data. The approxi-

mate initial concentrations of Sn vacancies were 7.58� 1018,

6.93� 1018, 5.71� 1018, and 5.24� 1018 cm�3 at 107.5, 110,

112.5, and 115 K, respectively. These initial concentrations of

V�Sn centers represent an equilibrium between their production

rate (which depends on the intensity of the incident laser

beam) and their decay rate (which depends on the tempera-

ture). The relative concentration values corresponding to the

four temperatures are determined to within approximately 1%

because we directly compare the defect’s EPR spectrum taken

with the same spectrometer settings and only slightly different

temperatures. The absolute value of the spin concentration at

107.5 K was determined by comparing the spectrum from the

defect with the spectrum of the standard pitch sample pro-

vided by Bruker (different linewidths, microwave powers,

number of resolved lines, etc., were taken into account). This

latter process is less precise and we estimate that the absolute

value is only determined to within a factor of two.

First-order kinetics do not provide a good fit to the indi-

vidual decay curves in Fig. 6 (i.e., these curves are not single

exponentials). Thus, we use a general-order kinetics model37

that takes into account the retrapping of thermally released

charge to determine an activation energy for the thermal

decay of these photoinduced singly ionized Sn vacancies.

This analysis starts with the following differential equation:

dn

dt
¼ �s0nb exp �E=kTð Þ: (2)

Here, n is the concentration of defects, t is the time, b is the

parameter which describes the order of the kinetics, E is the

activation energy, and T is the temperature. In this general-

order equation, the prefactor s’ does not have units of inverse

seconds. The solution to Eq. (2), for b> 1, is

n tð Þ ¼ n0 1þ s0nb�1
0 ðb� 1Þ expð�E=kTÞ t

� � 1
1�b; (3)

where n0 represents the initial concentration of singly ionized

Sn vacancies (when the laser light is removed). Equation (3)

is then rewritten in the following form:

FIG. 6. Isothermal decay curves of the singly ionized Sn vacancy (V�Sn).

Temperatures for the individual decay curves are (a) 115, (b) 112.5, (c) 110,

and (d) 107.5 K. The inset shows the plot of ln(m) versus 1/T used to obtain

the activation energy E.
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n

n0

� �1�b

¼ 1þ s0nb�1
0 ðb� 1Þexpð�E=kTÞt

� �
: (4)

Using the experimental data in Fig. 6, the quantity (n/n0)
1�b

was plotted versus time for each decay curve. For each of

these plots, the value of b was adjusted until a straight line

emerged. The four values of b obtained from this procedure

were very similar and their average was b¼ 1.68. This value

of b indicates that the kinetics is between the first order and

the second order. Each of the four straight lines has a differ-

ent slope. From Eq. (4), these slopes are

m0i ¼ s0nb�1
0;i ðb� 1Þexpð�E=kTiÞ; (5)

where the index i¼ 1 to 4 corresponds to the four different

temperatures where decay curves were obtained. As

explained earlier, each decay curve has a different value of

n0 (for the same intensity of excitation light, the initial con-

centration of V�Sn centers is larger at the lower temperatures).

Thus, we write n0,i¼ ciN0 where the values of ci are 1.00,

1.09, 1.32, and 1.45 for the 115, 112.5, 110, and 107.5 K

decay curves, respectively (here, N0 represents the initial

concentration for the 115 K decay curve). Equation (5) then

becomes

mi ¼
m0i

cb–1
i

� � ¼ s0Nb�1
0 b� 1ð Þexp �E=kTið Þ: (6)

Equation (6) can be rewritten in the following form by taking

the natural logarithm of each side

lnðmiÞ ¼ ln s0Nb�1
0 ðb� 1Þ

� �
� E

kTi

: (7)

The final step is to construct a plot of ln(mi) versus 1/Ti (this

plot contains four points, one for each decay curve, and is

shown in the inset of Fig. 6). The slope of the best-fit straight

line in the inset is –E/k. Based on the thermal decay data in

Fig. 6, our general-order kinetics analysis gives an activation

energy of E¼ 283 meV. An estimate of the uncertainty in

this value of E is 615 meV.

We now turn to the physical meaning of this activation

energy. The effect of the 633 nm light is to produce acceptors

(the Sn vacancy) with a trapped hole and donors (e.g., Sb

impurities or sulfur vacancies) with a trapped electron. Upon

removal of the light, these electrons and holes recombine

and the original distribution of charge is restored, slowly or

quickly depending on the temperature. The recombination

process may be initiated by the thermal release of holes from

the acceptor or the thermal release of electrons from a donor,

and it is often difficult to determine whether the measured

activation energy is associated with the hole release or the

electron release. In the present case, we suggest that this acti-

vation energy of 283 meV describes the thermal release of a

hole from the singly ionized Sn vacancy (V�Sn). These mobile

holes quickly move to donors and recombine with trapped

electrons. Experimentally, after removing the excitation

light, we see that the singly ionized Sn vacancies (trapped

holes) completely disappear within a few minutes in the

110–115 K region, whereas less than 25% of the singly ion-

ized sulfur vacancies (trapped electrons) disappear as the Sn

vacancies decay. These sulfur vacancies completely disap-

pear after a few minutes at higher temperatures (in the

120–130 K range). The Sb2þ trapped electrons do not signifi-

cantly decay (i.e., disappear) until near 200 K. These obser-

vations strongly suggest that hole release from the Sn

vacancies is controlling the recombination process in the

110–115 K range. The opposite process, where the 283 meV

activation energy is associated with the thermal release of an

electron, would require the singly ionized sulfur vacancies to

completely disappear in the 110–115 K range, in disagree-

ment with the experiment.

IV. SUMMARY

Electron paramagnetic resonance (EPR) is used to iden-

tify and characterize the ground state of the singly ionized

Sn vacancies in single crystals of Sn2P2S6. The crystals in

the present study are strongly compensated (with sulfur

vacancies and inadvertently present Sb ions on Sn sites serv-

ing as the donors). In the as-grown crystals, the Sn vacancies

are in their doubly ionized charge state (V2�
Sn ). Stable para-

magnetic singly ionized Sn vacancies (V�Sn) are formed during

an illumination below 100 K with 633 nm laser light, as the

electrons are moved from the Sn-vacancy acceptors to the

donors. Resolved hyperfine interactions with nuclei at two P

sites and one Sn site indicate that the unpaired spin is delocal-

ized over a Sn2þ ion and a (P2S6)4� anionic unit adjacent to

the Sn vacancy (with approximately 22.5% of the unpaired

spin density on the Sn2þ ion and 77.5% on the (P2S6)4� unit).

After removing the laser light, these V�Sn trapped-hole defects

become thermally unstable when the temperature is raised

above 100 K. Using general-order kinetics, the thermal activa-

tion energy is estimated to be 283 meV.
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