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“Department of Physics and Astronomy, Washington State University, Pullman, Washington,
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Abstract
Electron paramagnetic resonance (EPR) and optical absorption are used to characterize Cu®" (3d”)
and Cu** (3d®) ions in Cu-doped p-Ga203. These Cu ions are singly ionized acceptors and neutral
acceptors, respectively (in semiconductor notation, they are Cu~ and Cu® acceptors). Two distinct
Cu?* EPR spectra are observed in the as-grown crystals. We refer to them as Cu?*’(A) and Cu**(B).
Spin-Hamiltonian parameters (a g matrix and a %°Cu hyperfine matrix) are obtained from the
angular dependence of each spectrum. Additional electron-nuclear double resonance (ENDOR)
experiments on Cu**(A) ions give refined *Cu and ®Cu hyperfine matrices and provide infor-
mation about the nuclear electric quadrupole interactions. Our EPR results show that the Cu?*(A)
ions occupy octahedral Ga sites with no nearby defect. The Cu?’(B) ions, also at octahedral Ga
sites, have an adjacent defect, possibly an OH™ ion, an oxygen vacancy, or an H™ ion trapped within
an oxygen vacancy. Exposing the crystals at room temperature to 275 nm light produces Cu®" ions
and reduces the number of Cu?"(A) and Cu?"(B) ions. The Cu’" ions have an S = 1 EPR spectrum
and are responsible for broad optical absorption bands peaking near 365, 422, 486, 599, and 696

nm. Analysis of loops observed in the Cu** EPR angular dependence gives 2.086 for the g value
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and 22.18, 3.31, and —25.49 GHz for the principal values of D (the fine-structure matrix). Thermal
anneal studies above room temperature show that the Cu®* ions decay and the Cu?" ions recover

between 75 and 375 °C.

YEmail addresses: Timothy.Gustafson@protonmail.com and Larry.Halliburton@mail.wvu.edu

I. INTRODUCTION

Copper serves as a deep acceptor in $-Ga20s and provides compensation for unintentional
donors. Unlike the Zn acceptors in this wide bandgap semiconductor,® singly ionized and neutral
Cu acceptors differ only in the number of d electrons. The neutral Zn acceptors are small polarons
where the hole is localized on one oxygen neighbor and the 3d shell of the Zn ion remains filled.
In contrast, the neutral Cu acceptors in 3-Ga203 have the hole localized in the 3d shell. The singly
ionized acceptors are Cu?* ions (with the 3d° configuration) and the neutral acceptors are Cu®* ions
(with the 3d® configuration). As a result, the Cu acceptors are deep in f-Ga203 and are not expected
to produce p-type conductivity.* An interesting and unique property of the Cu acceptors in p-
Ga20s3 (not seen with the more traditional Mg and Zn acceptors) is a significant photochromic
response.> Exposure to 275 nm light converts Cu?* ions to Cu®* ions and produces broad optical
absorption bands in the visible and near ultraviolet regions. [Note: Throughout this report, ionic
notation is used for the Cu acceptors, with an emphasis on the d shell occupancy. In semiconductor
notation, the singly ionized and neutral acceptors are Cu~ and Cu®, respectively.]

In the present paper, we use electron paramagnetic resonance (EPR) and electron-nuclear
double resonance (ENDOR) to characterize Cu?* and Cu®* ions in B-Ga20s crystals. These experi-
mental techniques are well-suited to determine the electronic structure of the ground states of the
Cuions.®” Two distinct S = 1/2 EPR spectra from Cu®* ions at octahedral Ga sites are observed in
the as-grown Cu-doped crystals. The responsible ions are referred to as Cu**(A) and Cu*"(B). A
third EPR signal, with S = 1, is produced at room temperature with 275 nm light and is assigned
to Cu’* ions at an octahedral Ga site. Spin-Hamiltonian parameters are extracted from the angular
dependence of each spectrum and atomic-scale models are developed. The Cu?**(A) and Cu**

spectra are the expected singly ionized and neutral Cu acceptors, respectively, in f-Ga20s3. They
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have no nearby defects. In contrast, the Cu*(B) ions have a defect at a nearest-neighbor oxygen
site in the b-c plane. This perturbing defect is not identified in our study, but likely candidates are
an OH™ ion, an oxygen vacancy, or an H™ ion trapped within an oxygen vacancy.

The present paper also describes the optical absorption features that are produced at room
temperature with 275 nm light. Broad photoinduced absorption bands attributed to Cu** ions have
peaks near 365, 422, 486, 599, and 696 nm. The 422, 599, and 696 nm bands are polarized (they
are best seen with E Il »). After an exposure to 275 nm light, the three EPR spectra and the optical
absorption bands are monitored during a series of thermal anneals at progressively higher tempera-
tures (between 75 and 375 °C). These decay and recovery results help unravel the complexities of
the roles played by the various defects in trapping electrons and holes during optical excitation of
the Cu-doped B-Ga20s3 crystals.

There have been only a few studies of d® ions that are relevant to our present investigation.
The observation of EPR spectra from Cu®* and Ni?* ions has been reported in a-Al203 crystals, a
material similar to B-Ga203.8° These papers provide insights as to the expected properties of the
Cu®* ions in B-Ga20s3 crystals. Although optically detected magnetic resonance (ODMR) has re-
vealed the presence of Cu?* ions,° there are no indications in the literature that stable Cu®* ions
can be formed in GaN. There are also no reports of EPR signals from Cu* ions in other 111-V
materials such as GaP and GaAs. The present paper provides a rare opportunity to establish the

EPR and optical absorption properties of a d® ion in an important ultrawide-bandgap semiconductor.

II. EXPERIMENTAL DETAILS

The Cu-doped B-Ga20s crystals used in the present study were grown at Washington State
University by the Czochralski (CZ) and vertical gradient freeze (VGF) methods.>>!!2 An iridium
crucible was employed and the Cu doping level in the starting materials was 0.25 at. %. Growth
proceeded in two steps. The initial seeding and pulling portion of the growth occurred over ap-
proximately 12 h. A pulling rate of about 2 mm/h was used. The CZ growth was then removed
and the remaining melt was slowly cooled at an approximate rate of 1-2 °C/min to produce the

VGF boule. Reference 13 provides additional growth details. The Cu content in the VGF material
3
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is an order of magnitude greater than in the CZ material.’> An increased hydrogen content is
expected to accompany the increased Cu content. In general, the CZ and VGF crystals will not
necessarily be similar because of variations in stoichiometry, nonuniform distributions of defects,
and leaching of impurities from the crucible.

Small rectangular-shaped samples, approximately 2 mm on a side, were cut from the larger
boules. EPR verified that unintentional Ir** and Fe*" ions are present in the as-grown crystals. The
observation of Fe is important, as the known angular dependence'* of the EPR spectrum from Fe**
ions at octahedral Ga sites is used to precisely align the static external magnetic field along the
crystal axes. In an earlier growth study, Galazka et al."” identified the evaporation of Cu due to a
high partial pressure as a problem when growing Cu-doped B-Ga203 crystals by the Czochralski
method. A small overpressure (20 kPa) inside the furnace during growth helped to suppress Cu
evaporation in the current study.'?

At various places in the present paper, EPR is used to obtain the concentrations of defects.
This is done by comparing the area under the EPR absorption signal (i.e., after integrating the first-
derivative signal) to the area under the signal from a standard Bruker weak-pitch sample containing
a known number of spins. With this method, relative concentrations of defects in a crystal are
determined more precisely than absolute concentrations. We estimate that our absolute concentra-
tions are accurate to within a factor of two (a primary source of error is the uncertainty in knowing
the number of spins in the standard sample). An advantage of using EPR to determine defect
concentrations is its ability to focus on specific charge states. Comparison to the Bruker weak-
pitch EPR standard gave a concentration of 5.1 x 10'® cm™ for the Ir*" ions in an as-grown CZ

t!® of the intensity of the peak at 5153 cm™!

crystal. A separate infrared absorption measuremen
(1.94 um) in the same sample gave 4.0 x 10'8 cm™ for the Ir* concentration, thus confirming the
EPR result. The Fe*" concentration, obtained from EPR, was approximately a factor of five lower
than the Ir* concentration in this as-grown CZ sample. The Cu dopant and the unintentional im-

purities are not expected to be uniformly distributed in these boules.!?

The B-Ga20s3 crystals have a monoclinic structure described by space group C2/m (Cgh ),

4
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with lattice constants a = 12.214 A, b = 3.0371 A, ¢ = 5.7981 A, and B = 103.83° at 273 K.1718
Following the usual convention, the b direction is perpendicular to the mirror plane. The angle
between the a and ¢ axes is B and the c* direction is defined to be perpendicular to the a-b plane.
There are equal numbers of tetrahedral and octahedral Ga sites in the crystal, labeled Ga(1) and
Ga(2), respectively. Oxygen ions occupy three crystallographically inequivalent sites in the crys-
tal, labeled O(1), O(Il), and O(l11), and are distinguished by the number and types of Ga neighbors.

A Bruker EMX spectrometer, with a cylindrical TMi10 resonator, was used to acquire the
EPR spectra. ENDOR spectra were taken with a Bruker Elexsys E-300 spectrometer and a cylin-
drical TEo11 resonator. These X-band spectrometers operated near 9.38 GHz and 9.49 GHz, respec-
tively. In the ENDOR experiments, the source of radio frequencies (restricted to the 1-120 MHz
range) was frequency-modulated at 12.5 kHz. This gave first-derivative ENDOR signals. Oxford
Instruments ESR-900 helium-gas flow systems were used to control the sample temperature and a
Bruker NMR gaussmeter provided corrections for the small difference in the magnetic field at the
sample and the spectrometer’s Hall sensor located on a magnet pole cap. A 275 nm LED from
Thorlabs (Model M275L4), with an output power of 45 mW, was used to convert Cu?* ions to Cu®*
ions. The effects of 325 and 442 nm wavelengths from a Kimmon IK Series He-Cd laser were
also investigated. Optical absorption spectra were taken with a Cary 5000 spectrophotometer and
an ultrabroadband (250 nm to 4 um) fused-silica wire-grid polarizer (Thorlabs Model WP25M-

UB). The optical absorption spectra were not corrected for surface reflection losses and scattering.

I11. EPR FROM Cu?" IONS

Two distinct Cu?* (S = 1/2) EPR spectra, with resolved hyperfine structure, are observed
in the as-grown Cu-doped Bp-Ga20s crystals. One spectrum, labeled Cu®'(A), is best seen at tem-
peratures below 80 K. Although the responsible defect is present at room temperature, short spin-
lattice relaxation times cause its lines to broaden beyond recognition at the higher temperatures.
The second spectrum, labeled Cu?*(B), can be easily seen at room temperature. The relative con-
centrations of the Cu?"(A) and Cu?"(B) ions depend on the growth conditions and vary from sample

to sample. Results from two representative samples are included in our present study. Sample 1
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was grown by the CZ method and has approximately equal initial concentrations of Cu®**(A) and
Cu?(B) ions. Sample 2 was grown by the VGF method and has an initial combined concentration
of Cu**(A) and Cu?'(B) ions that is slightly more than double that in Sample 1. More important,
the distribution of Cu among the two defects is very different in Samples 1 and 2. When compared
to Sample 1, the initial concentration of Cu?*(A) ions is three times less in Sample 2 and the initial
concentration of Cu®*(B) ions is four times greater in Sample 2. More simply stated, in Sample 2
the concentration of Cu?*(B) ions is about 12 times greater than the concentration of Cu?*(A) ions.
This is much different than the nearly equal concentrations found in Sample 1. A second distin-
guishing feature for the two samples is the Fermi level: it is higher in Sample 2 than in Sample 1.
The EPR, ENDOR, and optical absorption results in Sections III, IV, V, and VI were obtained from
Sample 1, while the thermal decay results in Section VII were obtained from Samples 1 and 2.
Most of the Cu?* ions in our Cu-doped B-Ga20s3 crystals are located at octahedral Ga(2)
sites. A few may also be at tetrahedral Ga(1) sites. Interstitial sites are unlikely for the Cu defects
we observe. Thus far, computational studies of formation energies have found that Cu favors oc-
tahedral sites in B-Ga203.%%!*! For both the fourfold Ga(1) and the sixfold Ga(2) sites, the Cu**
ion is slightly larger than the Ga®" ion. The effective ionic radii of Ga** and Cu?" ions at fourfold
sites are 47 and 57 pm, respectively, and their effective radii at sixfold sites are 62 and 73 pm.*?

Closed shell Cu" ions have effective ionic radii of 60 and 77 pm at the fourfold and sixfold sites.

A. Cu?**(A) ions

Figure 1 shows EPR spectra from the Cu**(A) ions. These data were taken at 40 K from
Sample 1 (a CZ-grown crystal). The microwave frequency was 9.379 GHz and the magnetic field
was aligned along the a, b and c¢* directions in Figs. 1(a), 1(b), and 1(c), respectively. Comparison
to a Bruker weak-pitch EPR standard sample gave an approximate concentration of 8.4 x 10'® cm™
for these Cu?’(A) ions. A stick diagram above the spectrum in Fig. 1(a) identifies the four Cu
hyperfine lines resulting from the 1 = 3/2 nuclear spins of the ®*Cu and **Cu isotopes. Selection
rules (AMs = =1 and Ami = 0) for the allowed EPR transitions give 2I+1 lines. The natural abun-

dances of the *Cu and ®Cu isotopes are 69.15% and 30.85%, respectively, and their magnetic
6
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moments are = 2.2272B, and ©p =2.3816pBn, where Bn is the nuclear Bohr magneton.” Because
the two isotopes have the same nuclear spin and similar magnetic moments, individual lines from
the %Cu and ®Cu nuclei are not resolved in Fig. 1 and only one set of four lines is observed for
each direction of magnetic field. In Figs. 1(b) and 1(c), two smaller, and slightly broader, lines
from Cu®*(B) ions are present just to the high-field side of the four lines from the Cu®*(A) ions.
Figure 2 shows the angular dependence of the Cu®*(A) EPR spectrum. Data were taken at
40 K while rotating the direction of the magnetic field in 10° steps from a to b, b to c*, and c* to
a. The following spin-Hamiltonian, containing an electron Zeeman term, a hyperfine term, and a
nuclear Zeeman term, describes these results.
H=pS-g-B+1-A-S—g,B,1-B. (1)
The g and A matrices in Eq. (1) each have six independent parameters. These are the three principal
values and the three Euler angles that define the directions of the principal axes. In Fig. 2, the EPR
lines do not split into two branches in the middle portions of the a-b and b-c* planes (although
splittings in these planes are often seen for defects in monoclinic crystals).?*?> The lack of splitting
indicates that the principal axes of the g and A matrices for the Cu**(A) ions are near the a, b, and
c* directions in the crystal. To extract values for the 12 parameters, the spin Hamiltonian in Eq.
(1) was rewritten as an 8 x 8 matrix (S = 1/2, I = 3/2) using the |MS, m,> basis set. This matrix
was then repeatedly diagonalized (to obtain the energy eigenvalues) in a least-squares fitting rou-
tine. Input data for the fitting were the 177 pairs of magnetic field values and microwave frequen-
cies representing the experimental points in Fig. 2. In the fitting process, the parameters in the g
and A matrices were systematically varied until the predicted line positions agreed with the meas-
ured positions. “Best-fit” values for the spin-Hamiltonian parameters are listed in Table I. The
Euler angles for each matrix have been converted in Table I to polar and azimuthal (6,¢) pairs of
angles, where 0 is relative to the c* axis and ¢ is relative to the a axis with positive rotation being
from a toward b in the plane perpendicular to c*. Principal values of the hyperfine matrix in Table
I represent a “weighted average” of the two isotopes since individual lines from the 3Cu and %Cu

nuclei are not resolved in the EPR spectra. Recently, an EPR spectrum with similar spin-Hamil-
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tonian parameters was assigned to Cu?* ions unintentionally present in B-Ga20s powder.%

The results in Table | allow us to develop a model for the Cu?*(A) ions in p-Gaz0s. First,
we review the notation and the coordinate system used to describe d orbitals. A “free” Cu®* (3d°)
ion has a 2Ds2 ground state (S = 1/2, L = 2). Within the crystal, in the presence of the crystalline
electric field, the degeneracy of the five d orbitals is partially removed and only the lowest-lying
states are thermally populated.?’” For a Cu?" ion at the slightly distorted octahedral Ga(2) site in B-
Ga20s3, the lowest state (occupied by the unpaired spin) will be either (322 — r?) or (x?> — y?). The
(xy), (yz), and (xz) states are much higher in energy. If the Cu?* ions were instead at a tetrahedral
site, the ordering of the T2g and Eg states would be reversed. The X, y, and z directions used to
describe d orbitals at the octahedral Ga(2) site are defined within the GaOs octahedron, and thus
do not correspond to the a, b, c crystal axes in the -Ga20s crystal. We take the z direction to be
near the a axis in the crystal, the x direction to be between the b and —c directions, and the y
direction to be between the b and c directions). This places the six neighboring oxygen ions in
pairs around the Ga(2) site, roughly along the x, y, and z directions.

The g matrix for the Cu?*(A) ions (see Table I) is approximately axial with g, < g,. Its
unique principal axis, associated with the smallest g value, is near the a direction in the crystal (or
equivalently, the z direction). The two remaining perpendicular principal axes, corresponding to
the larger, slightly inequivalent, g values, are close to the b and c directions in the crystal. An
orthorhombic distortion is responsible for the minor inequivalence in these latter two g values and
places their principal-axis directions nearly midway between the x and y and the x and —y direc-
tions. The ordering of the principal g values (one smaller and two larger) is consistent with a
model that has the Cu?* ion at an octahedral Ga(2) site. An analysis of g matrices for 3d° ions,23-0
when combined with our experimental g matrix in Table I, places the Cu?*(A) unpaired spin (i.e.,
the hole) in a (3z% - r?) orbital aligned near the crystal’s a axis. A small contraction of the octahe-
dron along the z direction or, equivalently, an expansion along x and y favors the (3z% - r?) orbital
for the unpaired spin rather than the (x2 — y?) orbital. There is no evidence from EPR that Cu*(A)

ions have a nearby perturbing defect.
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B. Cu*'(B) ions

EPR spectra from the Cu?*(B) ions in B-Ga20s3 are shown in Fig. 3. The data in Figs. 1 and
3 were obtained from Sample 1, but with different measurement temperatures (40 K in Fig. 1 and
room temperature in Fig. 3). At room temperature, the lines in the Cu**(A) spectrum are too broad
to observe. The magnetic field was aligned along the a, b and c¢* directions in Figs. 3(a), 3(b), and
3(c), respectively. In Fig. 3, the approximate concentration of Cu®*(B) ions is 9.7 x 10'® cm™.
The four Cu hyperfine lines are identified by a stick diagram above the spectrum in Fig. 3(b).
When the magnetic field is along the a direction, the separation between the four lines is reduced
to near zero and only a broad slightly distorted line is seen. Additional lines in Fig. 3, marked with
asterisks, are from Fe®* ions at octahedral Ga(2) sites.

The angular dependence of the Cu?"(B) EPR spectrum, taken at room temperature, is
shown in Fig. 4. These data were obtained while rotating the direction of the magnetic field from
ato b, btoc* and c*to a. The splitting of the EPR spectrum into two branches in the b-c* plane
in Fig. 4 indicates that there are two crystallographically equivalent, but magnetically inequivalent,
orientations of the Cu?*(B) ions.?® The fitting method described in Section III A, combined with
the spin-Hamiltonian in Eq. (1), was used to extract g and A matrices from the angular dependence
of the Cu?*(B) EPR spectrum. Input data were the 169 pairs of magnetic field values and micro-
wave frequencies representing the experimental points in Fig. 4. The resulting “best-fit” values
for the Cu?*(B) parameters are listed in Table II. Directions of the principal axes in Table Il are
for one of the two crystallographically equivalent orientations of the Cu?*(B) ions. The principal-
axis directions for the other orientation are obtained by applying a reflection through the mirror
plane of the crystal to the matrices in Table I1. Principal values of the hyperfine matrix in Table
I are again a “weighted average” for the 3Cu and ®°Cu isotopes.

As can be seen when comparing the results in Tables I and II, the g matrices and the
hyperfine matrices are significantly different for the Cu?*"(A) and Cu?"(B) ions. Fitting the EPR
angular dependence gave g; < g, for the Cu*(A) ions. A similar process gave g, > g, for the

Cu**(B) ions. The g matrices for both defects are axial, but the direction of the unique principal
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axis is near the a direction for the Cu?*(A) ions and between the b and c* directions for one of the
crystallographically equivalent orientation of the Cu?**(B) ions (and between the —b and c* direc-
tions for the other orientation). In Table II, the hyperfine matrix for the Cu?"(B) ions is also axial
with its unique axis between the b and c¢* directions (the same as the unique axis of the g matrix).

Although the Cu?*(A) and Cu?*(B) EPR spectra both represent Cu?* ions at an octahedral
site, their different g and hyperfine matrices indicate that they do not have the same environment.
When combined with the results in Section VII, we conclude that a defect is located near the
Cu?*(B) ion. A different x, y, z coordinate system, then, is needed when describing the d orbitals.
For the orientation of the Cu?*(B) ion described in Table Il, the z direction is placed midway
between b and c (i.e., along the unique axes of the g and hyperfine matrices), the x direction is near
a, and the y direction is midway between b and —c. With these X, y, and z directions, the g matrix
in Table Il is consistent with the unpaired spin (i.e., the hole) occupying an (x? — y?) orbital 23°
A defect with an effective positive charge located at the oxygen site along the z direction makes
the hole prefer the (x? — y?) orbital rather than the (3z% — r?) orbital.

Candidates for this adjacent defect are an OH™ ion, an oxygen vacancy, or an H- ion trapped
within an oxygen vacancy. The observation of the two crystallographically equivalent, but mag-
netically inequivalent, orientations of the Cu?*(B) ions (demonstrated by the splitting of the EPR
spectrum into two branches in the b-c* plane in Fig. 4) indicates that the perturbing defect is in the
b-c plane at one of the four oxygen sites that are adjacent to the Ga(2) site where the Cu?*(B) ion
is located. More specifically, the perturbing defect is at one of the two O(l) sites or at one of the
two O(111) sites. The defect could be on either site within a pair and thus would give two crystal-
lographically equivalent orientations for the Cu?*(B) ions. Our candidate defects (i.e., donors)
have positive charge relative to the regular lattice and form a close-associate pair when next to a
Cu?* acceptor in the as-grown crystal. As an example of a nearby perturbation,® we note that a
Cu?* ion substituting for a Ti** ion in TiO2, with an adjacent oxygen vacancy, has g and hyperfine

matrices that are similar to those reported in Table 11 for the Cu?*(B) ions.
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IV. ENDOR FROM Cu?(A) IONS

Electron-nuclear double resonance (ENDOR) experiments are often used to identify nuclei
that participate in an EPR spectrum. In our present case, it is already known that **Cu and *Cu
are responsible for the four-line EPR spectra in Figs. 1 and 3. ENDOR, however, does give other
useful information, namely improved values of the Cu hyperfine parameters and, most important,
the nuclear electric quadrupole matrix for the Cu nuclei. The strength of a quadrupole interaction
is directly proportional to the electric field gradient at the nucleus. Because of the monoclinic
crystal structure of p-Ga203, there is a large electric field gradient at each Cu®" nucleus caused by
the surrounding lattice (with enhancement by the Sternheimer antishielding factor).’?> The un-
paired spin residing primarily in a d orbital also makes a significant contribution to the electric
field gradient at the Cu®" nucleus. EPR experiments, by themselves, do not usually provide infor-
mation about the nuclear electric quadrupole interactions (except when forbidden transitions are
observed).>! With ENDOR, these interactions are directly measured.

Two representative ENDOR spectra obtained from the **Cu and Cu nuclei in the Cu?*(A)
ions are shown in Fig. 5. The temperature is 13 K and the magnetic field is aligned along the a
direction in the crystal. In an ENDOR experiment, the magnetic field is held constant at the center
of an EPR line and the radio frequency (rf) is swept through a region of interest, giving signals
when the rf has the appropriate energy to “flip” a nuclear spin (selection rules for the ENDOR
transitions are AMs = 0 and Amp = +1).>*> The ENDOR spectrum in Fig. 5(a) was taken with the
magnetic field fixed at the second (i.e., next-to lowest) EPR line in Fig. 1(a) and the spectrum in
Fig. 5(b) was taken with the magnetic field set at the third EPR line. Additional ENDOR lines,
expected in the 150 to 165 MHz region, are not present in the spectra in Fig. 5. This is because
the upper limit of the rf amplifier in our ENDOR spectrometer was nominally 100 MHz and only
a few of the lines appearing at higher frequencies were detected. The label above each line in Fig.
5 identifies the responsible nucleus as Cu or ®Cu.

Figure 6 shows the complete ENDOR angular dependence for the *Cu nuclei in the Cu**(A)

ions. The discrete points are experimental results. These data were taken while rotating the direc-
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tion of the magnetic field from a to b, b to c*, and c¢* to a. The following spin-Hamiltonian was
used to determine the parameters that describe the angular data in Fig. 6.
H=pS-g-B+I1-A-S+1-P-1-g,B,1:B. (2)
This is the same as the Hamiltonian in Eq. (1), except that a nuclear electric quadrupole term has
been added. The nuclear electric quadrupole matrix P is traceless. Its principal values are propor-
tional to e?qQ, where eq is the electric field gradient and Q is the nuclear quadrupole moment.
When using the fitting process to extract the A and P matrices from the angular dependence in Fig.
6, the g matrix was fixed at the values given in Table I. Input data were the 295 pairs of ENDOR
frequencies and magnetic field values representing the experimental points in Fig. 6. The resulting
“best-fit” values for the *Cu parameters are listed in Table III for the Cu**(A) ions. Corresponding
values for the ®>Cu parameters are obtained by multiplying the hyperfine principal values in Table
I by 1.069 and multiplying the quadrupole principal values by 0.924. These numerical factors
are the ratios of nuclear magnetic moments and nuclear electric quadrupole moments, respectively,
for the two Cu isotopes.”* The principal-axis directions are the same for the two isotopes. For
comparison, we note that Jeom and Lim>* have used nuclear magnetic resonance (NMR) to deter-

mine the nuclear electric quadrupole parameters for ®*Ga and "'Ga nuclei in B-Ga203 crystals.

V. EPR FROM Cu** IONS

An S =1 EPR spectrum appears when the Cu-doped B-Ga20s3 crystals are exposed at room
temperature to ultraviolet light. At the same time, the EPR spectra from the Cu?*’(A) and Cu?*(B)
ions decrease in intensity. For both Sample 1 and Sample 2, the underlying electronic process
leading to formation of the S = 1 spectrum is efficiently driven by 275 nm (4.51 eV) light. We
found that 325 nm (3.81 eV) light is considerably less efficient in both samples and 442 nm (2.81
eV) light has essentially no effect. This suggests that a threshold mechanism may be involved,
with photon energies greater than mid-gap required.

The new S = 1 spectrum is assigned to Cu®>* (3d®) ions. Although S = 1 spectra are usually

studied with higher microwave frequencies,®> we could easily identify lines due to the Cu*" ions
g q y y
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using our spectrometer operating near 9.4 GHz. Figure 7 shows the Cu** EPR spectrum taken at
room temperature from Sample 1 after an exposure to 275 nm light (the microwave frequency was
9.377 GHz and the magnetic field was along the a direction). The same Cu®" spectrum, with nearly
the same intensity, is produced with 275 nm light in Sample 2. Long spin-lattice relaxation times
allow the Cu®" ions to be observed at room temperature. We estimate that the concentration of
Cu** ions in Fig. 7 is approximately 1.4 x 10" cm™.
The following spin-Hamiltonian (with S = 1 and I = 3/2) describes the Cu*" EPR spectrum:
H=pS-g-B+S-D-S+1-A-S-g,B,1°B. 3)
Electron Zeeman, fine structure (i.e., zero-field splitting), hyperfine, and nuclear Zeeman terms
are included.*® Here, the D matrix represents the spin-orbit and spin-spin couplings between the
3d electrons averaged over their spatial distributions.?” There are two groups of four lines, centered
near 0.653 and 1.375 T, in the spectrum in Fig. 7. The separation of lines within each group is
approximately 6.2 mT and is the result of hyperfine interactions with **Cu and %Cu nuclei. As
expected, the strengths of these Cu** hyperfine interactions in B-Ga203 are similar to those reported
for Cu** in a-Al203.8 More important, the two sets of lines in Fig. 7 are separated by 0.722 T. This
large separation is caused by the zero-field splitting and thus directly demonstrates the S = 1 nature
of the Cu** spectrum.

The angular dependence of the Cu** EPR spectrum (for our X-band microwave frequency)
is shown in Fig. 8. Data were taken for rotations in the a-b and the b-c* planes. Here, we ignore
the relatively small Cu hyperfine splittings and plot only the centers of the two four-line groups.
This angular dependence is unusual, as lines are only detected when the direction of the magnetic
field is near a or ¢*. There were no EPR lines for most directions of magnetic field because the
zero-field splittings are larger than our microwave frequency. The spin-Hamiltonian in Eq. (3),
after removing terms involving the nuclear spin, is used to extract parameters from the experi-
mental data in Fig. 8. We assume an isotropic g matrix, as our limited angular data does not allow
a full determination of the g matrix. This is, however, a good approximation, since the anisotropy

of g matrices is usually minimal for d® spin systems.®’ Because the loops in Fig. 8 are centered
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on the a and the c* directions, the principal axes of the D matrix must be along the a, b, and c*
directions in the crystal. Also, the D matrix is traceless. Together, this leaves only three parameters
to be determined (a g value and two principal values of the D matrix). Input data for the fitting
program were the microwave frequency (9.377 GHz), two magnetic fields from the a spectrum
(0.653 and 1.375 T), and one magnetic field from the ¢ * spectrum (0.934 T). The “best-fit” values
for the Cu®" spin-Hamiltonian parameters are given in Table IV.

Figure 9 illustrates the origin of the “loops” in the Cu** angular dependence (see Fig. 8).3%
In this figure, energy levels are plotted versus the strength of the magnetic field (hyperfine effects
are not included). The magnetic field is oriented along the a direction in Fig. 9(a) and is rotated
12° from a toward b in Fig. 9(b). EPR transitions are indicated by vertical red lines having lengths
corresponding to the microwave frequency. With the field along a, the two EPR lines are separated
by 722 mT, as seen in Fig. 9(a). When the direction of the magnetic field is rotated away from a,
the two energy levels begin to separate and the two EPR lines move closer. At 12° in Fig. 9(b),
they have moved to a separation of 518 mT. The two energy levels continue to diverge as the angle
from a is increased and the EPR lines continue to converge. Beyond 18°, the separation between

the two energy levels is greater than the microwave frequency and EPR transitions no longer occur.

VI. PHOTOINDUCED OPTICAL ABSORPTION

Figure 10 shows optical absorption from Sample 1 before and after an exposure to 275 nm
light. These spectra were taken at room temperature with unpolarized light propagating along the
a direction in the crystal. Two absorption peaks, near 2.90 eV (428 nm) and 3.48 eV (356 nm) are
present in the “before light” spectrum. These absorption features have been attributed to the
presence of deep singly ionized Ir*" donors.>** The primary effect of the 275 nm light is the pro-
duction of a broad double-peaked absorption in the region from 2.4 to 3.7 eV (517 to 335 nm).
These photoinduced absorption features have been assigned by Jesenovec et al.” to Cu*" ions. Ad-
ditional photoinduced absorption is seen between 1.6 and 2.3 eV (775 to 540 nm).

A more detailed look at the photoinduced absorption from Sample 1 is provided in Fig. 11.

The spectra in this figure were taken at room temperature with light propagating along the a direc-
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tion and polarized either E Il b or E Il ¢*. Before the exposure to 275 nm light, only the absorption
at the band edge shows a polarization effect, shifting from 4.70 eV for Ell b to 4.45 eV for Ell ¢*.
Intrinsic transitions from multiple valence bands to the conduction band minimum are responsible
for this shift (selection rules govern their polarizations).*!*** After the exposure to 275 nm light,
significant polarization effects are seen in the photoinduced bands associated with the Cu*" ions.
Two bands peaking near 3.40 and 2.55 eV dominate the spectrum with E l ¢*. Additional absorp-
tion is seen with E Il 5. In the inset to Fig. 11, the spectrum taken with E Il ¢* has been subtracted
from the spectrum taken with E Il 5. The resulting “difference” spectrum shows an intense peak
near 2.94 eV and smaller peaks near 2.07 and 1.78 eV. Our results in Fig. 11 suggest that there are
five bands associated with the Cu®" ions, two at 365 and 486 nm best seen with E Il ¢* and three at
422, 599, and 696 nm best seen with E Il 5. These same five absorption bands are also present,
with similar intensities, in Sample 2 after exposure to 275 nm light.

Blumberg et al.® showed that the three absorption bands observed in the visible and near-
ultraviolet for Cu®" ions in a-Al203 are explained by a Tanabe-Sugano energy level diagram**4®
constructed for 3d® ions in a cubic field. A similar approach is appropriate for our present case.
The Cu®" ions in B-Ga203 are in a distorted octahedron and this should cause a further splitting of
levels and possibly introduce polarization effects, thus supporting our assignment of the five photo-
induced bands in Fig. 11 to Cu*" ions. A theoretical/computational study of the expected optical
absorption from Cu** ions in f-Ga203 will help in the interpretation of the experimental spectra.

Samples 1 and 2 differ in one respect. The two absorption bands attributed to Ir*" ions, at
2.90 eV and 3.48 eV in the “before light” spectrum in Sample 1 (see Fig. 10), are not observed in
the “before light” spectrum from Sample 2. This result indicates that the Fermi level is higher in

Sample 2, with most of the iridium present as Ir*" ions (i.e., neutral donors).

VII. THERMAL RECOVERY RESULTS
The decay of the Cu** EPR spectrum and Cu*" optical absorption bands and the recovery
of the Cu** EPR spectra have been monitored as a crystal is heated stepwise above room tempera-

ture. These results for Samples 1 and 2 are shown in Figs. 12, 13, 14, and 15. Before beginning
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each series of thermal annealing steps, the crystal was reset by heating to 500 °C. This removed
the effects of previous illuminations and restored the crystal to its as-grown state. Then, the crystal
was exposed at room temperature to 275 nm light for 2 min. Next, the crystal was heated in 25 °C
steps, from 75 to 375 °C. For each step, after pre-heating a small tube furnace to a set temperature,
the crystal was quickly positioned at the center of the furnace and removed after 2 min. Following
the 2 min anneal, the crystal was either placed in the microwave cavity and an EPR spectrum was
taken at 40 K or placed in the spectrophotometer and an optical absorption spectrum was taken at
room temperature. After recording the spectrum, the process was repeated at the next higher tem-
perature. For each sample, EPR data were collected during one series of heating steps and optical
absorption data were collected during an identical, but separate, series of heating steps.

Data describing the thermal decay of the Cu** optical absorption bands in Sample 1 (CZ-
grown) are shown in Fig. 12. These spectra were taken with light propagating along the a direction
in the crystal and polarized with E Il 5. With this polarization of the spectrometer light, the bands
peaking at 365, 422, and 486 nm are all present and strongly overlap. Although spectra were taken
every 25 °C, only a subset of these spectra are plotted in Fig. 12. A similar set of absorption data
for Sample 2 (VGF-grown) is shown in Fig. 13. The absorption bands in Figs. 12 and 13 are very
similar, both in shape and intensity, which agrees with our observations in Section V that the con-
centrations represented by the Cu®* EPR signal are nearly the same in Sample 1 and Sample 2.
This leads us to conclude that the photoinduced optical absorption bands in Figs. 11 and 12 and
the EPR spectrum in Fig. 7 are from the same defect, namely, the isolated Cu®" neutral acceptor at
an octahedral Ga site.

The thermal decay results for the EPR spectra observed in Sample 1 are shown in Fig. 14.
Intensities of the Cu**(A), Cu?*(B), Cu**, and Ir** EPR spectra are plotted as a function of heating
temperature. Starting on the left side of the plot, the first two sets of data points represent intensi-
ties of the EPR spectra before and immediately after the exposure to the 275 nm light. The intensi-
ties of the Cu**(A), Cu**(B), and Ir*" spectra are normalized to their initial values before 275 nm

light and the intensity of the Cu®" spectrum is normalized to its value immediately after illuminat-
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ing with the 275 nm light. Heating steps begin with the data points at 75 °C. Normalized produc-
tion and decay results for the optical absorption (measured at 422 nm in Fig. 12) are also included
in Fig. 14. The Ir** and Cu**(A) EPR spectra both decrease by more than half and the Cu*" EPR
and optical absorption spectra appear when the 275 nm light is turned on, whereas heating in the
275-375 °C region restores the initial Ir*" and Cu?"(A) spectra and destroys the Cu*" spectra.
Although 275 nm light initially reduces both of their intensities, the Cu**(A) and Cu?'(B) ions
have significantly different recovery behaviors during the subsequent heating. There is a small
decrease in the Cu®" EPR spectrum in the 75 to 200 °C region that appears to correlate with the
recovery of the Cu?*(B) ions.

Acrelatively simple explanation of the primary photoinduced process emerges from the data
in Fig. 14. In Sample 1, with a lower Fermi level, electrons and holes produced by the 275 nm
light are trapped at Ir*" ions and Cu*(A) ions, respectively, and form Ir** ions (neutral donors) and
Cu** ions (neutral acceptors). In other words, the light transfers electrons from the singly ionized
Cu**(A) acceptors to the singly ionized Ir*" donors (e.g., an electron from the valence band is
excited to an Ir*" ion and the hole left in the valence band is trapped by a Cu®" ion). Upon heating,
the Ir** and Cu** ions become thermally unstable between 275 and 375 °C. One (or both) of these
neutral defects release charge that then moves to the other defect, thus restoring the Ir*" ions and
Cu?*(A) ions to their pre-illumination concentrations. We use the approximation E ~ 25kTm to
estimate a thermal activation energy for this recovery process.*’° Here, Tm corresponds to the
temperature where half of the neutral Cu®" acceptors have decayed and half the Ir** ions have
recovered. From Fig. 14, Tm is near 315 °C (or 588 K). This gives a thermal activation energy
near E=1.27eV.

Since the Ir**/#* donor level has been experimentally determined to be 2.25 eV below the
conduction band minimum,>! we attribute the decay of the Cu®" ions and recovery of the Ir** ions
in Fig. 14 to the thermal excitation of electrons from the valence band to the neutral Cu acceptors
(or equivalently, the release of holes to the valence band). With this interpretation, our analysis of

the Cu®* thermal decay places the (0/-) level of the isolated Cu acceptor approximately 1.27 eV

17



AIP

Publishing

above the valence-band maximum. Recently, Cai et al.* predicted that the (0/-) level of Cu in -
Gaz20s3 is 2.02 eV above the valence band maximum. These experimental and calculated values
for the Cu (0/-) acceptor level are in reasonable agreement and follow the trend seen for the Mg
and Zn (0/-) levels in p-Ga203 of experimental values being lower than computational values.!>2

We now turn to Sample 2, grown by the VGF method, and show the thermal decay and
recovery of photoinduced defects in Fig. 15. As was noted earlier, there are significant differences
between Samples 1 and 2. In Sample 2, the initial concentration of Cu®*(B) ions is 12 times greater
than the concentration of Cu?*(A) ions, whereas the initial concentrations of these two defects are
nearly equal in Sample 1. Also, Sample 2 has a higher Fermi level that causes nearly all the iridium
donors to initially be in the non-EPR-active neutral Ir>" charge state. In contrast, most of the irid-
ium ions in Sample 1 are initially present as singly ionized Ir*" ions. Infrared absorption gave a
value of 1.0 x 10! cm™ for the “before light” concentration of Ir** ions in Sample 2, compared to
a “before light” value of 4.0 x 10'® cm™ for Ir** ions in Sample 1.

In Fig. 15, the intensities of the Cu?"(B) and Cu** EPR spectra are plotted as a function of
heating temperature after an exposure to 275 nm light. Production and decay results for the Cu*"
optical absorption (measured at 422 nm in Fig. 13) are also included. The Cu?**(A) EPR data have
been added in Fig. 15 but are not normalized because the intensities are much reduced compared
to Cu?"(B) and do not change significantly with temperature. Figures 14 and 15 can be directly
compared since the same steps were followed when taking data. As can be seen, Sample 2 is very
different from Sample 1. The Cu®’(B) ions play a central role in Sample 2. Their decrease with
light and their thermal recovery directly correlates with the production and decay of the Cu** ions.
This is different from Sample 1 where there was little connection between the Cu** and Cu?(B)
ions during heating.

The results in Fig. 15 suggest that 275 nm light converts Cu?*(B) ions to Cu** ions in Sam-
ple 2. Since the concentration of Ir*" ions is small in Sample 2, another defect must be serving as
the electron trap during the illumination. Both observations can be explained if Cu?’(B) ions play

a dual role (i.e., if the probability for a Cu**(B) ion to trap a hole and become a Cu" ion is nearly
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equal to the probability for a Cu?’(B) to trap an electron and become a Cu* ion). Unfortunately,
the mechanisms that lead to this dual behavior have not been clearly identified. One possible
scenario that would be consistent with much of the data is based on an OH™ ion being the adjacent
defect for the Cu**(B) ions. The 275 nm light could cause the OH™ ion to disassociate into an O*~
ion and an H*, with the H" moving away from the Cu?" ion and bonding to a more distant oxygen
ion.>3* After the dissociation of the OH™ ion, the Cu?" ion, now with no adjacent defect, could
trap a hole and become a Cu®" ion. The remaining Cu®*(B) ions, with the adjacent OH™ ion, could
trap electrons and become Cu* (3d'?) ions. These Cu" ions would have no unpaired spins and thus
no EPR signal (this would account for the lack of an observable electron trap in Fig. 15). Electrons
thermally released from these Cu” ions in the 75-175 °C range would recombine with holes at the
Cu’" ions. Another possible scenario begins with an H™ ion trapped within an oxygen vacancy as
the adjacent defect for the Cu**(B) ions. This latter model has been explored by Jesenovec et al.’
A final determination of the mechanisms leading to the production and thermal decay of the Cu**
ions in VGF-grown crystals, such as Sample 2, must await further experimental and computational

results.

VIII. SUMMARY

Two S = 1/2 EPR spectra, labeled Cu**(A) and Cu?(B), are observed in as-grown Cu-
doped B-Ga203 crystals grown by the CZ and VGF methods. The Cu?*(A) ions occupy Ga(2) sites
with no nearby defect and have the unpaired spin in a (3z% — r?) orbital. The Cu?*(B) ions, also at
Ga(2) sites, have the unpaired spin in an (x? — y?) orbital because of a defect located at a neighbor-
ing oxygen site in the b-c plane. ENDOR provides further characterization of the Cu?*(A) ions.
Exposure at room temperature to 275 nm light produces Cu®* ions and decreases the intensities of
the Cu?*(A) and Cu?*(B) spectra. The Cu*" ions have an S = 1 EPR spectrum and are responsible
for broad optical absorption bands peaking near 365, 422, 486, 599, and 696 nm. Spin-Hamil-
tonian parameters are determined for the three EPR spectra.

A series of stepwise thermal anneals after an illumination show that the decay of the Cu®"

ions and the recovery of the Cu**(A) and Cu**(B) ions happens in the 75 to 375 °C range, with the
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CZ-grown and the VGF-grown crystals having quite different responses. The CZ-grown crystal
has a simple behavior, as expected for high-quality material containing few unintentional defects.
When the 275 nm light is on the CZ crystal at room temperature, singly ionized Ir** donors convert
to neutral Ir** donors by trapping electrons and singly ionized Cu®*(A) acceptors convert to neutral
Cu’" acceptors by trapping holes. Subsequent heating, without light, allows the Cu** acceptors to
release holes to the valence band near 315 °C. An activation energy for this process is estimated
to be 1.27 eV. This, in turn, places the (0/-) level for Cu acceptors in -Ga203 approximately 1.27
eV above the valence band maximum.

The behavior of the VGF crystal during an illumination and subsequent heating is more
complex and reflects the presence of large concentrations of unintentional defects (possibly hydro-
gen and/or oxygen vacancies). In contrast to the CZ crystal, where the Cu®" ions decay near 315
°C when they release holes, the Cu** ions in the VGF crystal decay near 125 °C when electrons
are released from an unidentified electron trap (most likely Cu® ions). Details of the mechanisms
involved in the formation and decay of Cu®" ions in VGF material are not well understood at this

time.
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Table I. Spin-Hamiltonian parameters for Cu**(A) ions in p-Ga203. Units for the principal hyper-
fine parameters are MHz. Uncertainties are estimated to be +0.001 for the g values, +2.0 MHz for

the A principal values, and £1° for the angles.

Principal Principal-axis Directions
values directions in crystal
6 (deg) ¢ (deg)
g matrix
g1 2.016 86.2 2.0 near a
2 2.261 90.2 92.0 near b
23 2.325 3.8 179.1 near c*
A hyperfine matrix (combined **Cu and **Cu)
Al 195 76.3 0.0 near a
Az 124 90.0 90.0 near b
As 176 13.7 179.9 near c*

Table II. Spin-Hamiltonian parameters for Cu?*(B) ions in B-Ga203. Units for the principal hyper-
fine parameters are MHz. Uncertainties are estimated to be +0.001 for the g values, +2.0 MHz for

the A principal values, and £1° for the angles.

Principal Principal-axis Direction in
values directions crystal
6 (deg) ¢ (deg)
g matrix
gl 2.053 69.6 340.0
22 2.099 123.3 55.8
23 2.387 40.6 95.7 between b and c*
A hyperfine matrix (combined **Cu and **Cu)
= Al 0 89.2 358.7
A= Az 7 130.1 88.0
Z = As 354 40.1 89.7 between b and ¢ *
I~
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Table III. Spin-Hamiltonian parameters from ENDOR for Cu?*(A) ions in p-Ga203. Units for the
principal hyperfine parameters are MHz. Uncertainties are estimated to be +0.5 MHz for the A
principal values, 0.2 MHz for the P principal values, and £1° for the angles.

Principal Principal-axis Directions
values directions in crystal

6 (deg) ¢ (deg)
A hyperfine matrix for **Cu

A 198.8 83.3 0.0 near a
Ao 106.7 90.0 90.0 near b
Az 172.6 8.7 180.0 near c*

P nuclear electric quadrupole matrix for **Cu

Py 19.78 89.8 0.0 near a
P2 —-6.99 90.0 90.0 near b
P3 -12.79 0.2 180.0 near c*

Table IV. Spin-Hamiltonian parameters for Cu** ions in -Ga203. Units for the zero-field parame-
ters are GHz. The values for g, D1, and D2 were determined by fitting experimental results. D3 is
obtained from D1 and D2, using the traceless nature of D. Uncertainty in the D values is estimated
to be £0.2 GHz.

Principal Direction of
values principal axis

g matrix (isotropic)

g 2.086
D matrix (zero-tfield parameters)
- D 22.18 near a
£ D> 3.31 near b
% g Ds ~25.49 near c*
&
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Figure Captions

FIG. 1. EPR spectra from Cu®"(A) ions in Sample 1 (a Cu-doped B-Ga203 crystal grown by the
Czochralski method). The spectra were taken at 40 K with a microwave frequency of 9.379 GHz.
(a) Magnetic field along the a direction. The stick diagram above this spectrum identifies the **Cu
and *Cu hyperfine lines. (b) Magnetic field along the b direction. (c) Magnetic field along the c*

direction.

FIG. 2. Angular dependence of the EPR spectrum from Cu?**(A) ions. The direction of the mag-
netic field is rotated from a to b, b to c*, and c* to a. Discrete points are from experiment. The

solid lines were generated using the parameters in Table I.

FIG. 3. EPR spectra from Cu?*(B) ions in Sample 1, taken at room temperature with a microwave
frequency of 9.385 GHz. Stick diagrams above the spectra identify the ®*Cu and ®*Cu hyperfine
lines. Lines marked with asterisks are from Fe®" ions at octahedral Ga(2) sites. (a) Magnetic field
along the a direction. (b) Magnetic field along the b direction. (c) Magnetic field along the c*

direction.

FIG. 4. Angular dependence of the EPR spectrum from Cu?’(B) ions. The direction of the mag-
netic field is rotated from a to b, b to c*, and c* to a. Discrete points are from experiment. The

solid lines were generated using the parameters in Table II.

FIG. 5. ENDOR spectra from ®*Cu and ®*Cu nuclei in Cu*"(A) ions. These spectra were taken at
13 K from Sample 1. The microwave frequency was 9.490 GHz and the magnetic field was along
the a direction. Labels above the lines identify the responsible Cu nucleus. (a) Magnetic field
fixed at the second (next-to lowest) EPR line in Fig. 1(a). (b) Magnetic field fixed at the third
(next to highest) EPR line in Fig. 1(a).

FIG. 6. Angular dependence of the **Cu ENDOR lines from the Cu?’(A) ions. The direction of
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the magnetic field is rotated from a to b, b to c*, and c¢* to a. Discrete points are from experiment.

The solid lines were generated using the parameters in Table I11.

FIG. 7. EPR spectrum from Cu** ions in Sample 1 (a CZ-grown B-Ga203 crystal). The Cu®* ions
were produced at room temperature with 275 nm light. This spectrum was taken at room tempera-
ture with the magnetic field along the a direction and a microwave frequency of 9.377 GHz. The

four lines in each set represent **Cu and ®Cu hyperfine interactions.

FIG. 8. Angular dependence of the Cu*" EPR spectrum. (a) The direction of the magnetic field is
rotated in the a-b plane. (b) The direction of the magnetic field is rotated in the b-c* plane.
Experimental results are represented by discrete points. The solid lines were generated using the
parameters in Table IVV. There are no experimental points above 1.40 T in the lower plot because

of the high-field limit of the magnet.

FIG. 9. Energy levels as a function of magnetic field for Cu®>* ions (S = 1) in a Cu-doped B-Ga203
crystal. Observed transitions (i.e., EPR lines) are indicated by red vertical lines. (a) Magnetic

field along the a direction. (b) Magnetic field 12° from a toward b.

FIG. 10. Optical absorption spectra from Sample 1, taken at room temperature with unpolarized
light propagating along the a direction in the crystal. Spectrum 1 was taken before exposure to

light. Spectrum 2 was taken after exposure to 275 nm light.

FIG. 11. Polarization effects in the optical absorption from Cu’*" ions in Sample 1. Spectrum 1
(with E I ¢*) and spectrum 2 (with E Il b) were taken before exposure to 275 nm. Spectrum 3 (with
E Il ¢*) and spectrum 4 (with E Il 5) were taken after exposure to 275 nm. The inset shows the

difference spectrum produced when spectrum 3 (E ll ¢*) is subtracted from spectrum 4 (E Il 5).

FIG. 12. Thermal decay of the Cu®* optical absorption in Sample 1. Spectra were taken at room

temperature with light polarized E Il b and propagating along the a direction in the crystal. Spec-
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trum a was taken before exposure to 275 nm light. Spectrum b was taken after exposure to 275

nm light. Spectra c, d, e, and f were taken after heating to 225, 250, 300, and 325 °C, respectively.

FIG. 13. Thermal decay of the Cu®* optical absorption in Sample 2. Spectra were taken at room
temperature with light polarized E Il b and propagating along the a direction in the crystal. Spec-
trum a was taken before exposure to 275 nm light. Spectrum b was taken after exposure to 275
nm light. Spectra c, d, e, f, and g were taken after heating to 100, 125, 150, 175, and 325 °C,

respectively.

FIG. 14. Thermal decay and recovery of EPR and optical absorption spectra in Sample 1 (CZ
grown). Intensities of Cu*(A) EPR (black squares), Cu*"(B) EPR (blue squares), Cu*" EPR (red
closed circles), Cu®" optical absorption (red open circles), and Ir*" EPR (green diamonds) are

shown.
FIG. 15. Thermal decay and recovery of EPR and optical absorption spectra in Sample 2 (VGF

grown). Intensities of Cu**(A) (black squares), Cu?’(B) EPR (blue squares), Cu®*" EPR (red closed

circles), and Cu®" optical absorption (red open circles) are shown.
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Figure 13
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Figure 15
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