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ABSTRACT

Electron paramagnetic resonance (EPR) and infrared absorption are used to detect Ir4+ ions in β-Ga2O3 crystals. Mg and Fe
doped crystals are investigated, and concentrations of Ir4+ ions greater than 1 × 1018 cm−3 are observed. The source of the unin-
tentional deep iridium donors is the crucible used to grow the crystal. In the Mg-doped crystals, the Ir4+ ions provide compensa-
tion for the singly ionized Mg acceptors and thus contribute to the difficulties in producing p-type behavior. The Ir4+ ions
replace Ga3+ ions at the Ga(2) sites, with the six oxygen neighbors forming a distorted octahedron. A large spin-orbit coupling
causes these Ir4+ ions to have a low-spin (5d5, S = 1/2) ground state. The EPR spectrum consists of one broad line with a signifi-
cant angular dependence. Principal values of the g matrix are 2.662, 1.815, and 0.541 (with principal axes near the crystal a, b, and
c directions, respectively). Ionizing radiation at 77 K decreases the Ir4+ EPR signal in Mg-doped crystals and increases the signal
in Fe-doped crystals. In addition to the EPR spectrum, the Ir4+ ions have an infrared absorption band representing a d-d transi-
tion within the t2g orbitals. At room temperature, this band peaks near 5153 cm−1 (1.94 μm) and has a width of 17 cm−1. The band is
highly polarized: its intensity is maximum when the electric field E is parallel to the b direction in the crystal and is nearly zero
when E is along the c direction.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5081825

I. INTRODUCTION

Ritter et al.1 have recently reported the presence of Ir4+

ions in β-Ga2O3 crystals doped with Mg acceptors. In the
present paper, electron paramagnetic resonance (EPR) and
infrared absorption are used to further characterize this
important impurity in Mg and Fe doped crystals.2–9 The
iridium ions are an unintentional deep donor in bulk β-Ga2O3

crystals grown with iridium crucibles, by either the
Czochralski method or the edge-defined film-fed growth
method.10–12 In n-type crystals, the iridium is present as Ir3+

ions. In crystals with a lower Fermi level (e.g., Mg or Fe
doped), a portion of the iridium will also be present as Ir4+

ions. In semiconductor terms, the Ir3+ and Ir4+ ions are

neutral donors (D0) and singly ionized donors (D+), respec-
tively. Based on the similar radii of Ga3+, Ir3+, and Ir4+ ions in
sixfold coordinated sites,13 the iridium ions in β-Ga2O3 crys-
tals are expected to be located at the octahedral Ga(2) posi-
tions. The Ga(2) location of the Ir ions is also supported by
computational studies.1

The Ir4+ ions are unique and especially interesting in
β-Ga2O3. They have the [Xe]4f145d5 configuration. In their dis-
torted octahedral environment, a large spin-orbit coupling
and a strong crystal field cause the Ir4+ ions to have a
low-spin (S = 1/2) ground state, as the five d electrons are
placed in the three t2g orbitals (↑↓ ↑↓ ↑).14 This gives rise to an
anisotropic EPR signal and also produces an infrared absorp-
tion signal when an electron is promoted from one orbital to
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another within the three t2g orbitals. In contrast, the Ir3+ (5d6)
ions have no EPR signal as there are three sets of paired d
electrons in the t2g orbitals. In the early years of paramagnetic
resonance, EPR spectra from Ir4+ ions played an important
role when the conceptual understanding of low-spin d5 octa-
hedral complexes and the sharing of spin density (i.e., cova-
lency) with neighboring ions was being developed.15–18

Recently, the study of Ir4+ ions in iridate compounds such as
Sr2IrO4 has revealed new and unusual properties of matter
caused by the combined effects of strong spin-orbit and
Coulomb interactions.19–22

Iridium is a significant donor in β-Ga2O3 crystals grown
in iridium crucibles, as this impurity provides a deep level that
affects the electrical and optical properties of the material. In
the present paper, we investigate the EPR and infrared
absorption properties of Ir4+ ions in this wide-band-gap semi-
conductor. The complete angular dependence of the S = 1/2
EPR spectrum is acquired, thus establishing the principal
values and principal directions of the g matrix. The tempera-
ture dependence and polarization properties of the 5153 cm−1

infrared absorption band are also determined. Correlations of
the intensities of the EPR spectrum and the infrared absorp-
tion band in both Mg and Fe doped samples verify that these
spectral features have a common origin. Combining the EPR
and infrared results allows an oscillator strength to be esti-
mated for the absorption band. A change in the concentration
of Ir4+ ions occurs when a crystal is exposed to above-band-
gap photons (i.e., ionizing radiation) while at or near 77 K. X
rays are used in this study for convenience, but near-band-
edge light from a lamp or a laser is expected to be equally
effective. The ionizing radiation at 77 K causes the Ir4+ EPR
signal to decrease in Mg-doped crystals and to increase in
Fe-doped crystals. Subsequent warming to near or slightly
above room temperature, respectively, restores the pre-
irradiated intensities.

II. EXPERIMENTAL

The bulk β-Ga2O3 crystals used in the present investi-
gation were grown by the Czochralski technique with
iridium crucibles. Crystals doped with Mg were obtained
from Synoptics (a Northrop Grumman company in
Charlotte, NC). The starting material contained approxi-
mately 0.20mol. % of MgO. Crystals doped with Fe were
provided by Kyma Technologies (Raleigh, NC) and had 0.01
mol. % of Fe2O3 added to the starting materials. The
samples were rectangular b plates, approximately 3 × 4mm2

with a thickness ranging from 0.36 to 1.4 mm. EPR and
infrared absorption spectra were obtained from four
samples (two Mg-doped and two Fe-doped), thus allowing
a correlation study. An EPR spectrum from Fe3+ ions is
present in all the samples, very intense in the Fe-doped
samples and smaller, yet easily detected, in the Mg-doped
samples. The a, b, and c crystal directions for each sample
were verified using the angular dependence of the Fe3+

EPR spectrum.23 Errors in aligning the crystals in our
experiments were less than 5°.

A Bruker EMX spectrometer operating near 9.39 GHz was
used to take the EPR spectra. Magnetic fields were measured
with a Bruker NMR teslameter and the temperature of the
sample was controlled with an Oxford helium-gas flow
system. Estimates of the concentration of defects contribut-
ing to an EPR spectrum, valid to within a factor of two, were
based on comparisons to a standard pitch sample provided by
Bruker. A Varian OEG-76H-Rh tube operating at 60 kV and 30
mA was used for the x-ray irradiations. Infrared absorption
spectra were taken with a ThermoScientific Nicolet 8700 FTIR
spectrometer. A white-light (QTH) source, a CaF2 beam split-
ter, and a DTGS detector were used, along with an ultra-
broadband (250 nm to 4 μm) fused-silica wire-grid polarizer
from Thorlabs (Model WP25M-UB). A liquid-nitrogen cryostat
with sapphire windows from Cryo Industries (Model
110-637-DED) and a LakeShore (Model 335) controller were
used to take the low-temperature infrared absorption data.
Effects of surface losses have been removed from the absorp-
tion spectra shown in this paper.

III. EPR RESULTS

Figure 1 shows the EPR spectrum obtained at 30 K from
an Mg-doped β-Ga2O3 crystal. The magnetic field is along the
b direction in the crystal and the microwave frequency is
9.393 GHz. Five intense lines are observed. The broad line at
369.9mT is assigned to Ir4+ ions, while lines at 165.7, 305.1,
607.1, and 1341.8mT are due to Fe3+ ions. Neutral Mg accep-
tors (Mg0Ga) are not present in the spectrum in Fig. 1, as these
acceptors8 are all compensated and thus in their singly
ionized charge state (Mg�Ga). Large zero-field splittings,

FIG. 1. EPR spectrum taken at 30 K from an Mg-doped β-Ga2O3 crystal. The
magnetic field is along the b direction and the microwave frequency is 9.393
GHz. The Ir4+ line is at 369.9 mT. The other four sharper lines are from the
S = 5/2 Fe3+ ions.
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comparable in energy to our 9.39 GHz microwave photons,
are responsible for the complex Fe3+ spectrum.23 These Fe3+

(3d5) ions have the high-spin S = 5/2 ground state, with the B2

and B4 coefficients for the Stevens operators in the mono-
clinic spin Hamiltonian having large values. This causes multi-
ple Fe3+ lines, as the distinction between allowed and
forbidden transitions is no longer valid. Also, significant shifts
in the positions of lines occur when the direction of the mag-
netic field is changed. In contrast, the Ir4+ (5d5) ions have the
low-spin S = 1/2 ground state. As seen in Fig. 1, the EPR spec-
trum of the Ir4+ ions in β-Ga2O3 crystals is much simpler with
only an MS = +1/2 to −1/2 transition. The concentration of
ions responsible for the Ir4+ EPR signal in Fig. 1 is estimated to
be approximately 7.0 × 1018 cm−3. (Note that the linewidth of
the Ir4+ signal is about 12.0mT, whereas the linewidths of the
Fe3+ signals are about 1.5mT.) Above 115 K, the Ir4+ EPR signal
broadens because of a short spin-lattice relaxation time.
Below 20 K, a long spin-lattice relaxation time causes the Ir4+

line to show signs of saturation with increasing microwave
power. During our study, we did not observe an EPR spectrum
that could be assigned to Ir2+ (5d7) ions. Spectra from Ir2+

ions, however, have been reported in other materials.24,25

Figure 2 shows the angular dependence of our Ir4+ EPR
spectrum. The position of the line was measured at 5° inter-
vals as the direction of the magnetic field was rotated in the
a-b, b-c, and c-a* planes, where the b direction is normal to

the mirror plane. Because a and c are 103.8° apart in these
crystals,26,27 a* and c* directions are introduced (a* is
perpendicular to b and c, whereas c* is perpendicular to a
and b).28 The space group for monoclinic β-Ga2O3 is C2/m,
thus allowing for two distinct, crystallographically equivalent,
orientations of the principal axes of the g matrix for point
defects located at sixfold Ga(2) sites. There are two cases to
be considered since these two orientations of the g matrix
may or may not be magnetically equivalent. In the first case,
where the principal axes of the g matrix are along arbitrary
directions, the two orientations of the g matrix will be mag-
netically equivalent when the magnetic field is aligned along
the a, b, or c directions and at all angles in the a-c plane (i.e.,
the mirror plane) and will not be magnetically equivalent
when rotating in the a-b and b-c planes. This results in a
single line in the a-c plane and two distinct lines in the a-b
and b-c planes. Site splitting of this type in a monoclinic
material has been seen in the angular dependence of Sb2+

(5s25p1) impurity ions at Sn sites in photorefractive Sn2P2S6
crystals.29 In the second case, where the principal axes of the
g matrix are along the a, b, and c directions, the two orienta-
tions of the g matrix are always magnetically equivalent and a
single line will be observed in all three planes of rotation. Our
experimental results in Fig. 2, with no detectable splittings in
the a-b and b-c planes, correspond to this second case, thus
indicating that the principal-axis directions of the g matrix for
the Ir4+ ions must be near the crystal’s a, b, and c directions.

As illustrated by the angular dependence in Fig. 2, the
Ir4+ ions have a highly anisotropic g matrix. The EPR line
moves from a low magnetic field of 253mT to a high field of
1235mT during the rotations. Turning points near a and c
identify two of the principal-axis directions of the g matrix,
with the third principal axis along the b direction (i.e., per-
pendicular to the mirror plane). A spin Hamiltonian with an
electron Zeeman term ðH ¼ β~S � g �~BÞ describes the angular
dependence and allows the four parameters that define the g
matrix to be determined. In the a, b, c* coordinate system,
these parameters are the three diagonal elements and one
off-diagonal element. The 32 discrete points in Fig. 2, along
with their corresponding microwave frequencies, were used
as input data for a “least-squares” fitting procedure. The
energy eigenvalues of the 2 × 2 spin Hamiltonian matrix were
repeatedly calculated as the g-matrix parameters were sys-
tematically varied during the fitting process. Best-fit values
for the four parameters are given in Table I. Final principal g
values and principal-axis directions (X, Y, Z) were obtained
when the upper matrix in Table I was diagonalized. The solid
curves in Fig. 2 were generated using these final parameters.
Our g values for the Ir4+ ions in β-Ga2O3 crystals are similar to
those reported for Ir4+ ions in TiO2 (see Table I).30

The average of our three principal g values for Ir4+ in
β-Ga2O3 is 1.673. Sharing of the Ir4+ d electrons with the six
neighboring oxygen ions (and also with the Ga ions beyond
these six oxygen ions) is responsible for this averaged g value
being considerably less than the free spin value of 2.0023.14–18

If an Ir4+ ion is located at the center of a perfect (i.e., cubic)
octahedron, the g matrix will be isotropic. The observed

FIG. 2. Angular dependence of the Ir4+ EPR spectrum in a β-Ga2O3 crystal.
Data were taken in the a-b, b-c, and c-a* planes. The discrete points are experi-
mental results, and the solid lines are computer-generated using the g values
listed in Table I. Magnetic field values along the left vertical axis correspond to
a microwave frequency of 9.401 GHz.
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anisotropy in the g matrix with large shifts of the three princi-
pal values from the averaged value indicates that, as expected,
the oxygen octahedron surrounding the Ir4+ ion is signifi-
cantly distorted in the monoclinic β-Ga2O3 crystal. The fol-
lowing equations describe the g values of an Ir4+ ion in a low
symmetry site:14,17,31,32

gz ¼ cos2θ{gesin2α � (ge þ 2k)cos2α} þ (2k� ge) sin2 θ, (1)

1
2
(gx þ gy) ¼ � cos2 θ gesin

2α þ 2
ffiffiffi
2

p
k cos α sin α

n o
, (2)

1
2
(gx � gy) ¼ sin 2θ ge cos α þ

ffiffiffi
2

p
k sin α

n o
, (3)

tan (2α) ¼ 2
ffiffiffi
2

p
λ

λ � 2Δ
: (4)

In Eqs. (1)–(3), k is the orbital reduction factor (an indicator of
covalency), and α and θ describe the linear combination of d
orbitals that form the ground state doublet of the Ir4+ ion. In
Eq. (4), λ is the spin-orbit coupling constant and Δ is the infra-
red absorption energy. As discussed in Ref. 17, there are two
choices for the relative signs of gx, gy, and gz. (Note that these
signs are not experimentally determined.) We find that the fol-
lowing relative signs (gx =−2.662, gy =−1.815, and gz = +0.541)
give realistic values for the three Ir4+ parameters k, α, and θ in
β-Ga2O3. Our best-fit results using Eqs. (1)–(3) are

k ¼ 0:646, α ¼ 58:5�, θ ¼ �6:7�:

The small value for k reinforces our expectation that there is
significant sharing of the d electrons with the six neighboring
oxygen ions. Equation (4) provides a connection between the

EPR spectrum and the infrared absorption peak position and
allows us to determine a value for λ. Using α = 58.5° and Δ =
5153 cm−1 from Sec. IV gives λ = 4215 cm−1. This value for λ is
within the range of 3000 to 4500 cm−1 often invoked for Ir4+

ions.30,33,34

Many of the EPR spectra reported for Ir4+ ions in various
materials have resolved hyperfine structure from the 191Ir and
193Ir nuclei.35–38 These isotopes have I = 3/2 nuclear spins and
similar nuclear magnetic moments.39 Their natural abun-
dances are 37.3% and 62.7%, respectively. In all reported
cases, the hyperfine matrices are nearly isotropic, with prin-
cipal values (in energy units) near 25 × 10−4 cm−1. The EPR line
in Fig. 1 from the Ir4+ ions is very broad, approximately
12.5 mT, with no resolved hyperfine structure from 191Ir and
193Ir nuclei. This lack of resolved hyperfine lines in the
β-Ga2O3 Ir4+ spectrum is not surprising. In addition to a
broadening of the four expected lines as a result of superhy-
perfine interactions with the nearest 69,71Ga nuclei, the
nuclear electric quadrupole interactions for the 191,193Ir nuclei
must also be considered. Large nuclear electric quadrupole
moments for the 191,193Ir nuclei39 and a large electric field gra-
dient at the Ga(2) sites in this low-symmetry crystal will cause
the Ir4+ ions in β-Ga2O3 to have a complex hyperfine pattern
consisting of strongly overlapping allowed and forbidden
lines. This, together with the Ga superhyperfine interactions,
produces the observed broad almost structureless EPR line.
We attribute the very slight distortion at the mid-point of the
Ir4+ EPR line, when the magnetic field is along the b direction,
to underlying nuclear electric quadrupole effects (see Figs. 6
and 7). The EPR spectra from Ir4+ ions in MgO and CaO crys-
tals have been fully analyzed and the results of large nuclear
quadrupole interactions have been clearly illustrated.35 We
anticipate that future electron-nuclear double resonance
(ENDOR) experiments will provide similar complete sets of
191,193Ir hyperfine parameters for Ir4+ ions in β-Ga2O3 crystals.

IV. INFRARED ABSORPTION RESULTS

Figure 3 shows the infrared absorption spectrum from
Ir4+ ions in an Mg-doped β-Ga2O3 crystal. This infrared band,
first observed by Ritter et al.,1 is a d-d transition within the t2g
orbitals of the low-spin Ir4+ ions. Similar sharp absorption
bands in the 4500 to 5300 cm−1 region have been reported in
the past for Ir4+ ions in various host crystals.30,33,36,40,41 As
illustrated in Fig. 3, the width and thus the intensity of this
band in β-Ga2O3 is strongly temperature dependent. At room
temperature, the band peaks at 5153 cm−1 (1.94 μm) and its
full-width-at-half-maximum (FWHM) is 17 cm−1. The band
sharpens as the temperature is lowered. At 80 K, the peak
shifts to 5148.1 cm−1 and the FWHM reduces to 1.2 cm−1. In
Fig. 3, the right vertical scale goes with the room temperature
spectrum and the left vertical scale goes with the 80 K spec-
trum. The Ir4+ absorption band in Fig. 3 has a Lorentzian
shape and represents a weakly allowed electronic transition.
Vibronic structure near the main peak was not observed.

Figure 4 shows that the 5153 cm−1 infrared absorption
band is polarized. The maximum intensity occurs when the

TABLE I. Parameters describing the g matrix of Ir4+ ions in β-Ga2O3 crystals. The
g matrix is first given in the a, b, c* coordinate system and then in its diagonal
form. Principal-axis directions are specified by a polar angle Θ and an azimuthal
angle Φ. The polar angle Θ is defined relative to the c* direction and the azimuthal
angle Φ is defined relative to the a direction with positive rotation from a toward b
in the c* plane.

g matrix (in a, b, c* coordinate system)
2.644 0 −0.195

1.815 0
0.559

Principal values
gXX gYY gZZ
2.662 1.815 0.541

Principal directions
X Y Z

Θ 95.3° 90° 5.3°
Φ 0° 90° 0°

g matrix (principal values) for Ir4+ ions in rutile TiO2 (from Ref. 30)

2.397 1.707 0.418
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electric field vector E of the incident light is parallel to the b
direction in the crystal. With the electric field E near c*, the
intensity of this absorption band decreases to near zero.
Figure 5 shows the change in the intensity of the infrared
absorption band as the direction of the electric field is varied
from a to c*. The solid curve in Fig. 5 is generated using I(θ) =
A + Bcos2θ for the intensity (i.e., the transition probability) of
the absorption band,42 where θ = 0° when E is along a and θ =
90° when E is along c*.

A primary result of the present study is the correlation of
the intensities of the EPR signal and the infrared absorption
peak for Ir4+ ions in β-Ga2O3. Data were obtained from four
crystals. Two are Mg-doped (labeled Mg1 and Mg2) and two
are Fe-doped (labeled Fe1 and Fe2). The results are presented
in Table II. The forth column is the room-temperature
absorption coefficient α for the 5153 cm−1 infrared band.
These values were acquired with light propagating along the b
direction and the electric field E along the a direction. The
fifth column is the concentration N of Ir4+ ions obtained from
EPR spectra taken at 40 K with the magnetic field along the b
direction. Larger values of α and N are expected for the
Mg-doped crystals since a greater portion of the iridium ions
are in the 4+ charge state when Mg acceptors are present. In
the sixth column of Table II, the ratios of N and α for the four
crystals are used to determine if a correlation exists. As can
be seen, this ratio is very nearly the same for the four
samples, thus providing evidence that the infrared absorption

band and the EPR line are from the same defect. The devia-
tions from the average value of 2.4 × 1018 cm−2 for the N/α
values in Table II are less than 9%. In future investigations, if
one of the two quantities N or α is known, then the other can
be estimated using the equation N = (2.4 × 1018 cm−2)α.

Combining EPR and optical absorption data from the
same crystal allows us to determine an oscillator strength f
for the Ir4+ infrared absorption band. The EPR spectrum in
Fig. 1 and the room-temperature absorption spectrum in
Fig. 4 were taken from the same Mg-doped crystal (referred
to as crystal Mg1 in Table II). Smakula’s equation, given in
Eq. (5) for a Lorentzian line shape, relates the product of
defect concentration N and oscillator strength f to the inten-
sity and FWHM of the absorption band and the index of
refraction n of the material,43,44

Nf ¼ (1:29 x 1017)
n

(n2þ 2)2
αmaxW: (5)

The concentration N of Ir4+ ions from the EPR spectrum
in Fig. 1 is 7.0 × 1018 cm−3, and αmax and W from the

FIG. 3. Infrared absorption band from Ir4+ ions in an Mg-doped β-Ga2O3

crystal. Spectra were obtained at room temperature (blue curve) and at 80 K
(red curve). Light propagated along the b direction with the electric field vector
E along the a direction.

FIG. 4. Polarization dependence of the infrared absorption band from Ir4+ ions
in an Mg-doped β-Ga2O3 crystal. These spectra were taken at room temperature
with the electric field E along the b direction (spectrum 1), the a direction (spec-
trum 2), and the c direction (spectrum 3). Light propagated along the c direction
for spectrum 1 and the b direction for spectra 2 and 3.
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maximum absorption data in Fig. 4, taken with the electric
field along the b direction, are 6.2 cm−1 and 2.2meV, respec-
tively. Near the 1.9 μm position of the peak, the index of
refraction n of β-Ga2O3 is 1.9.45 Substituting these quanti-
ties into Eq. (5) gives an oscillator strength f = 1.5 × 10−5

for the Ir4+ infrared absorption band in β-Ga2O3. If the
refractive index and local field correction factors are
ignored, f becomes 2.5 × 10−4. These results for f are con-
sistent with expected values of oscillator strengths for d-d
transitions.46

V. EFFECTS OF ABOVE-BAND-GAP PHOTONS

Ionizing radiation (i.e., above-band-gap photons) was
found to change the concentration of Ir4+ ions in the
Mg-doped and Fe-doped β-Ga2O3 crystals. We used x rays,
but near-band-edge light from a lamp or a laser is also
expected to produce similar effects. In our experiments, the
above-band-gap photons form “free” electrons and holes. At
77 K, the majority of these electrons and holes immediately
recombine, but some become trapped at existing deep donors
and acceptors. These electrons and holes remain trapped for
long periods of time when the crystal is kept at a sufficiently
low temperature.

FIG. 5. Intensity of the Ir4+ infrared absorption band in an Mg-doped β-Ga2O3

crystal when the direction of the electric field E is rotated from a to c* in the
crystal. The solid line represents a cos2θ dependence.

FIG. 6. EPR spectra from an Mg-doped β-Ga2O3 crystal taken at 40 K before
and after an irradiation at 77 K with x rays. Identical spectrometer settings were
used when acquiring the two spectra. (a) Before the irradiation, only the Fe3+

and Ir4+ signals are present. (b) After the irradiation, and with no warming step,
the Mg0Ga signal is present and the Fe

3+ and Ir4+ signals have decreased.

FIG. 7. EPR spectra from an Fe-doped β-Ga2O3 crystal taken at 40 K before
and after an irradiation at 77 K with x rays. The upper left (Fe3+) and upper right
(Ir4+) spectra were taken before the irradiation. The lower left (Fe3+) and lower
right (Ir4+) spectra were taken after the irradiation. One set of spectrometer oper-
ating conditions was used for the two Fe3+ spectra and a different set was used
for the two Ir4+ spectra. The two Fe3+ spectra can be directly compared and the
two Ir4+ spectra can be directly compared.
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Figure 6 shows the effects of a 77 K x-ray irradiation on
an Mg-doped β-Ga2O3 crystal. These spectra were taken at
40 K with the magnetic field along the b direction. In Fig. 6(a),
the spectrum taken before the exposure to x rays shows EPR
signals from Fe3+ and Ir4+ ions, but not from Mg acceptors.
The Mg acceptors are not present in Fig. 6(a) because they
are all in their singly ionized nonparamagnetic charge state
(Mg�Ga), compensated in large part by the Ir4+ ions. This is
consistent with the large concentration of Ir4+ ions observed
in Fig. 1 and listed in Table II. After the irradiation at 77 K with
x rays, the Mg-doped crystal was cooled to 40 K, with no
intervening warming, and the EPR spectrum in Fig. 6(b) was
taken. The characteristic spectrum8 from the neutral Mg
acceptors (Mg0Ga) is now present and the intensities of the Fe3
+ and Ir4+ signals have both decreased by 41% from their pre-
irradiated values. The following is a possible explanation for
these observations. During the 77 K irradiation of the
Mg-doped crystal, the Fe3+ and Ir4+ ions trap electrons and
become Fe2+ and Ir3+ ions while, at the same time, the singly
ionized Mg acceptors (Mg�Ga) trap holes and become neutral
acceptors (Mg0Ga).

The effects of x rays are quite different for the
Fe-doped β-Ga2O3 crystals. EPR spectra were taken at
40 K from an Fe-doped crystal before and after an irradia-
tion at 77 K with x rays. These results are shown in Fig. 7.
Because of the large difference in the intensities of the
Fe3+ and Ir4+ signals (due to the high level of Fe doping),
the before and after Fe3+ spectra were taken with one set
of spectrometer conditions and the before and after Ir4+

spectra were taken with a different set of spectrometer
conditions. For the Ir4+ spectra, higher microwave power
and larger modulation amplitude were used. After the irra-
diation, the intensity of the Fe3+ EPR signal is reduced by
a factor of 1.7 (i.e., the signal is 40% less than its pre-
irradiated value) whereas the Ir4+ EPR signal is a factor of
3.2 larger than its pre-irradiated value. This decrease of
the Fe3+ signal and increase of the Ir4+ signal is consistent
with the Fe ions being acceptors4,6,7 and the Ir ions being
donors. Specifically, Fe3+ ions trap electrons during the
irradiation and become Fe2+ ions while nonparamagnetic
Ir3+ ions trap holes and become Ir4+ ions. The Fe3+ and Ir4+

ions slowly revert to their pre-irradiation concentrations
when the crystal is returned to room temperature. This
recovery was 60% complete after the crystal was held for
5 min at room temperature.

VI. SUMMARY

Large crystals of β-Ga2O3 are often grown by the
Czochralski or edge-defined film-fed methods using iridium
crucibles and thus contain significant concentrations of iso-
lated iridium ions. These unintentional deep donors are
present as Ir3+ (5d6) ions in n-type crystals. When the Fermi
level is lower, Ir4+ (5d5) ions will also be present. We use EPR
and infrared absorption to observe these Ir4+ ions in Mg and
Fe doped crystals. The Ir4+ ions occupy Ga(2) sites with the
six oxygen neighbors forming a distorted octahedron.
Because of a large spin-orbit interaction, these 5d5 ions have
a low-spin S = 1/2 ground state. Principal g values of the
resulting anisotropic EPR spectrum are 2.662, 1.815, and 0.541.
Also, the Ir4+ ions have a room-temperature infrared absorp-
tion band peaking at 5153 cm−1. This d-d band has a small
oscillator strength and is highly polarized. In the Mg-doped
crystals, the Ir4+ ions are the primary source of compensation
for the Mg acceptors. The presence of the iridium ions is
expected to make p-type doping of bulk-grown crystals more
difficult. Of special interest are the photon-induced changes
in the charge state of the iridium donors. During an exposure
at 77 K to ionizing radiation (x rays in our experiments), the
concentration of Ir4+ ions decreased in Mg-doped crystals
and increased in Fe-doped crystals. These results suggest
that the Fe impurities behave as acceptors and prefer to be in
the Fe3+ or Fe2+ states and the Ir impurities behave as donors
and prefer to be in the Ir4+ or Ir3+ states.
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