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Electron paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR) are used
to identify and characterize electrons trapped by oxygen vacancies and holes trapped by lithium
vacancies in lithium tetraborate (Li,B40;) crystals. Our study includes a crystal with the natural
abundances of '°B and !'B and a crystal highly enriched with '°B. The as-grown crystals contain
isolated oxygen vacancies, lithium vacancies, and copper impurities, all in nonparamagnetic charge
states. During an irradiation at 77 K with 60 kV x-rays, doubly ionized oxygen vacancies trap
electrons while singly ionized lithium vacancies and monovalent copper impurities trap holes. The
vacancies return to their preirradiation charge states when the temperature of the sample is increased
to approximately 90 K. Hyperfine interactions with '°B and ''B nuclei, observed between 13 and 40
K in the radiation-induced EPR and ENDOR spectra, provide models for the two vacancy-related
defects. The electron trapped by an oxygen vacancy is localized primarily on only one of the two
neighboring boron ions while the hole stabilized by a lithium vacancy is localized on a neighboring

oxygen ion with nearly equal interactions with the two boron ions adjacent to the oxygen ion.
© 2010 American Institute of Physics. [doi:10.1063/1.3392802]

I. INTRODUCTION

Lithium tetraborate (Li,B,O;) is a versatile insulating
crystal with important electrical, optical, and mechanical
properties. Applications include nonlinear optics, radiation
dosimetry, and bulk and surface acoustic wave devices. A
large optical gap (transparency extending to 170 nm at room
temperature) and appropriate birefringence make this mate-
rial suitable for frequency conversion of lasers (i.e., har-
monic generation) from the visible to the ultraviolet regions
of the spectrum.'_3 Thermoluminescence peaks associated
with Cu or Ag dopants occur above room temperature and
make Li,B,0, a tissue-equivalent radiation dosimeter.* ™
Also, Li,B,0; may be used as a neutron dosimeter since two
of its naturally occurring nuclei (°Li and 'B) have large
cross sections for thermal neutron capture.7 The mechanical
properties of Li,B,0;, e.g., moderately large piezoelectric
constants and zero temperature coefficients of frequency and
delay, make these crystals suitable for signal processing,
transducer, and frequency control devices.® L12B4O7 also
has an appreciable pyroelectric coefficient and thus may be
used as a thermal sensor.'""?

Many of the optical and dosimetry applications of
Li,B405 crystals are significantly affected by the presence of
point defects. Native defects (i.e., cation and anion vacan-
cies) and impurities are expected in these crystals. A recent

YAuthor to whom correspondence should be addressed. Electronic mail:
john.mcclory @afit.edu.

0021-8979/2010/107(11)/113715/9/$30.00

107, 1137151

combined photoemission and inverse photoemission study
provides supporting evidence for the presence of defects by
suggesting that the Fermi level in nominally undoped
Li,B,0; crystals is above the middle of the band gap." Va-
cancy formation may result from nonstoichiometric growth
conditions or from the volatility of constituents during
growth. Impurities, on the other hand, may be inadvertently
introduced at trace levels during growth or they may be de-
liberately added during growth or during subsequent diffu-
sion treatments. Some point defects lead to increased light
emission by participating in highly efficient radiative recom-
bination paths while other defects introduce unwanted opti-
cal absorption bands that decrease the intensity of the light
propagating through or emitted from the crystal. Electron
paramagnetic resonance (EPR) and electron-nuclear double
resonance (ENDOR) techniques14 are well suited to identify
and characterize paramagnetic point defects in bulk crystals
such as Li,B,05. Information from hyperfine interactions is
especially useful in developing specific models for point de-
fects. Thus far, EPR studies in Li,B,O; have focused on
Cu?*, Co?*, and Mn?* impurities substituting for lithium'>™"
and vacancy-related defects produced by neutron irradiation
at room temperature.'>"”

In the present paper, EPR and ENDOR are used to in-
vestigate isolated oxygen and lithium vacancies in single
crystals of Li,B,O;. We irradiate the crystals at 77 K with
x-rays, and then take EPR and ENDOR data between 13 and
40 K without any intervening warming. The x-rays convert
the nonparamagnetic vacancies in the as-grown crystals to

© 2010 American Institute of Physics
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paramagnetic charge states that are observable with EPR. No
new defects are produced by the ionizing radiation; we only
change the charge state of vacancies that were created during
the growth of the crystal. Two dominant EPR spectra, repre-
senting trapped electrons and trapped holes, are present after
an irradiation at 77 K. The S=1/2 electron center is formed
during the x-ray irradiation when a pre-existing oxygen va-
cancy traps an electron (this electron is primarily localized
on one boron ion neighboring the oxygen vacancy). At the
same time, the S=1/2 hole center is formed when a pre-
existing lithium vacancy stabilizes a hole (this hole is prima-
rily localized on a neighboring oxygen ion with nearly equal
hyperfine interactions with the two adjacent boron ions).
Single crystals of the closely related optical material lithium
triborate (LiB305) have been studied previously with EPR
and ENDOR,**' thus allowing us to compare the electronic
ground states of the x-ray-induced paramagnetic electron and
hole traps in the two crystals (Li,B40; and LiB;Os). Similar
studies have also been reported for electron and hole traps in
B-BaB,O, crystals.22

Il. EXPERIMENTAL

The two single crystals of Li,B4O; used in the present
investigation were grown by the Czochralski technique
(Tme=917 °C) at the Institute of Physical Optics (L’viv,
Ukraine). One crystal was enriched with 10 (greater than
97.3%). The other crystal contained the natural abundances
of boron (19.8% '°B and 80.2% ''B). Copper was an unin-
tentional impurity in both crystals. The dimensions of the
samples used in the EPR and ENDOR experiments were
approximately 1X5X3 mm?3. The Li,B,0, crystals have a
tetragonal structure and belong to the 14,cd space group (the
point group is 4mm) with lattice constants a=9.475 A and
c=10.283 A at room temperature.B_27 A unit cell contains
104 atoms (8 formula units). The basic repeating structural
building block in this crystal is (B4Oq)%".

A Bruker EMX spectrometer was used to take EPR data
and a Bruker Elexsys E-500 spectrometer was used to take
ENDOR data. These spectrometers operated near 9.48 GHz
(the EPR and the ENDOR microwave cavities had slightly
different resonant frequencies). Helium-gas-flow systems
maintained the sample temperature in the 13-40 K range,
and proton NMR gaussmeters provided values of the static
magnetic field. A small Cr-doped MgO crystal was used to
correct for the difference in magnetic field between the
sample and the probe tips of the gaussmeters (the isotropic g
value for Cr** in MgO is 1.9800). An x-ray tube (operating at
60 kV and 30 mA) was used to convert defects in the
Li,B,405 crystals to their paramagnetic charge states. Irradia-
tion times were 30 min. A sample was immersed in liquid
nitrogen during the irradiation and then was quickly trans-
ferred, without warming, into the cold helium gas stream
passing through the microwave cavity. The intensities of the
x-ray-induced EPR spectra indicate that the combined con-
centration of oxygen and lithium vacancies participating in
paramagnetic defects in our crystals is in the 2 to 5 ppm
range. This estimate is based on comparisons with a cali-
brated weak pitch sample from Bruker.
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FIG. 1. EPR spectrum of Cu* ions substituting for lithium in a Li,B,0,
crystal. These data were taken at 20 K with the magnetic field along the
[001] direction. A large nuclear electric quadrupole interaction is responsible
for the asymmetric appearance of the spectrum.

lll. EPR AND ENDOR RESULTS
A. Cu?* ions substituting for lithium ions

Figure 1 shows the EPR spectrum of Cu®* ions in the
unenriched Li,B,O5 crystal. This spectrum was taken at 20
K with the magnetic field along the [001] direction after the
crystal was irradiated at 77 K with x-rays. All of the crystal-
lographically equivalent copper sites are magnetically
equivalent for this orientation of magnetic field. Copper im-
purity ions substitute for lithium ions in the Li,B,O5
lattice," with most of them being in the monovalent charge
state prior to the x-ray irradiation. These Cu* (3d'") ions
convert to Cu®* (3d°) ions during the irradiation as they trap
“free” holes from the valence band. Heating above room
temperature restores the preirradiation distribution of copper
charge states. The spectrum in Fig. 1 is very sensitive to
alignment of the magnetic field (misalignments of less than
0.1° produced observable site splittings). Because of this, the
Cu?* EPR spectrum was used to precisely align the magnetic
field along the [001] direction in the studies of the electron
and hole centers reported in this paper. The effective g value
for the Cu* spectrum in Li,B,0- is 2.4302 (+0.0003) when
the magnetic field is along the [001] direction. A recent EPR
angular dependence study by Corradi et al. 13 provides com-
plete g and A matrices for these Cu* ions.

Normally, an EPR spectrum from Cu?* ions contains
four equally spaced hyperfine lines due to the %Cu and *Cu
isotopes. Both isotopes have [=3/2 and their nuclear mag-
netic moments are similar (**Cu is 69.2% abundant and *Cu
is 30.8% abundant). In many cases, signals from the two
isotopes are resolved and eight lines (two similar sets of four
lines) are observed in the EPR spectrum. The hyperfine pat-
tern in Fig. 1, however, does not resemble a simple four-line
hyperfine pattern because nuclear electric quadrupole inter-
actions produce shifts in the allowed line positions and also
introduce “forbidden” lines. With the magnetic field along
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FIG. 2. EPR spectrum of the electron trap in the unenriched Li,B,O; crys-
tal. The sample was irradiated at 77 K and the data were taken at 25 K. Stick
diagrams indicate the '°B and ''B hyperfine lines in the upper spectrum. The
off-scale signal near the center of the spectrum is due to trapped holes. (a)
Magnetic field is along the [001] direction. (b) Magnetic field is along the
[100] direction. The [100] spectrum has been multiplied by a factor of two
to make it similar in intensity to the [001] spectrum.

the [001] direction in Fig. 1, allowed lines are at 2735, 2775,
2803, and 2838 G and forbidden lines appear between the
first and second and the third and fourth allowed lines. For
directions of the magnetic field other than those near [001],
nuclear electric quadrupole effects are not easily observed in
the Cu®* spectra from Li,B,0; crystals because the hyperfine
term in the spin Hamiltonian becomes considerably larger
than the nuclear quadrupole term.

B. Electrons trapped at oxygen vacancies

Figure 2 shows EPR spectra obtained from the unen-
riched Li,B4,O5 crystal after an x-ray irradiation at 77 K.
These data were taken at 25 K with the magnetic field along
the [001] direction in Fig. 2(a) and along the [100] direction
in Fig. 2(b). Following the irradiation at 77 K, the sample
was immediately cooled to 25 K with no intermediate warm-
ing. The intense signal that goes off-scale near the middle of
these spectra is due to a trapped hole (as discussed below in
Sec. I C). In Fig. 2(a), four lines identified by the upper
stick diagram are easily seen. They have an average separa-
tion between adjacent lines of 112.4 G and the magnetic field
at their center corresponds to a g value of 2.0049 (+0.001).
These four lines are caused by a hyperfine interaction with an
1=3/2 nucleus, with the most likely candidate being a ''B
nucleus (80.2% abundant, I=3/2). Verification that this is the
correct assignment comes from the observation of hyperfine
lines from a '°B nucleus (19.8% abundant, [=3). The outer
two lines of a set of seven lines (illustrated by the second

J. Appl. Phys. 107, 113715 (2010)
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FIG. 3. EPR spectrum of the electron trap in the '°B enriched Li,B,0;
crystal. The crystal was irradiated at 77 K and the data were taken at 25 K
with the magnetic field along the [001] direction. A stick diagram shows the
198 hyperfine lines. The off-scale signal near the center of the spectrum is
due to the trapped hole center.

stick diagram) are found near 3265.4 and 3491.7 G in Fig.
2(a). The average separation between adjacent lines is 37.7 G
in this set of seven lines. The ratio of the average separation
in the set of four and the average separation in the set of
seven is 2.98, which agrees with the expected ratio of 2.99
obtained from the known®® nuclear magnetic moments of ''B
and '°B.

In Fig. 2(b), the set of four EPR lines from the !'B
nucleus have an average separation of 94.1 G between adja-
cent lines. Additional structure, seen in Fig. 2(b) on the first
and fourth lines of this set of four, is tentatively attributed to
a weak hyperfine interaction with a nearby boron or lithium
nucleus. The center of the four-line pattern in Fig. 2(b) cor-
responds to a g value of 2.0045 (+0.001), which is very
close to the g value obtained for the spectrum in Fig. 2(a)
when the estimated error limits are taken into account. A
complete set of angular dependence data describing the four-
line "B spectrum in Figs. 2(a) and 2(b) was not acquired in
the present study because these EPR signals are relatively
broad and it is difficult to accurately resolve the individual
lines that arise from magnetically inequivalent sites of the
responsible defect when the magnetic field is not along the
crystal axes. Comparing the two spectra in Fig. 2 suggests
that the g matrix and ''B hyperfine matrix do not exhibit
significant anisotropy, thus minimizing the need for an
angular-dependence study.

Figure 3 shows the EPR spectrum obtained from the '°B
enriched Li,B,O crystal after an x-ray irradiation at 77 K.
These data were taken at 25 K with the magnetic field along
the [001] direction. This enriched crystal contains very few
B nuclei and the x-ray-induced EPR spectrum is dominated
by a set of seven equally spaced and equally intense lines
due to the hyperfine interaction with one '°B nucleus (I=3).
The intense signal near the middle of the spectrum is again
due to the trapped hole, but it now has a smaller width as a
result of the '°B enrichment. In Fig. 2(a), only the two outer
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FIG. 4. ENDOR spectrum from the electron trap in the '°B enriched
Li,B4O; crystal. These data were taken at 13 K with the magnetic field
along the [001] direction. The magnetic field was set at 3349.9 G, which
corresponds to the third EPR line from the low-field end in Fig. 3.

lines of the seven-line '°B pattern are easily observed,
whereas in Fig. 3, six of the seven lines from the 1B nuclei
are well resolved. The average separation between adjacent
lines is 37.8 G in Fig. 3 and the magnetic field at the center
of the set of seven lines corresponds to a g value of 2.0036
(+0.001). Although this value agrees within experimental
error with the g value for the four-line set in Fig. 2(a), its
lower value suggests that the relaxed configuration of the
defect, and thus the g value, may have a small isotope de-
pendence ("B versus ''B). The unenriched sample in Fig. 2
and the '°B enriched sample in Fig. 3 clearly show that the
electron trap produced in Li,B,O; by ionizing radiation at
low temperature has a dominant hyperfine interaction with
one boron ion.

The ENDOR spectrum in Fig. 4 provides additional evi-
dence that a '°B nucleus is responsible for the set of seven
hyperfine lines in Fig. 3. These ENDOR data in Fig. 4 were
taken from the '°B enriched crystal at 13 K with the mag-
netic field along the [001] direction, while holding the
strength of the magnetic field at 3349.9 G (in the ENDOR
cavity, this value of magnetic field corresponded to the third
EPR line from the low-field side in Fig. 3). The four ENDOR
lines in this spectrum occur at 50.78, 51.20, 54.42, and 54.72
MHz. The complete ENDOR spectrum from an S=1/2, I
=3 spin system consists of 12 lines (two sets of six lines).
The relative positions of these 12 lines provides information
about the hyperfine parameter A, the nuclear electric quad-
rupole parameter P, and the “free” nuclear spin frequency vy
(where vy=gnByH/h). For A> v>P, the 12 lines fall into
two groups of six lines each. To first order, the two sets of six
lines are offset from each other by 2vy and the middle of the
12 lines is at A/2. The separations of the lines within a set of
six are related to P. In our present case, the hyperfine pattern
is well resolved in Fig. 3 and four out of the 12 lines are
observed when ENDOR data is taken while sitting on the
third EPR line. All 12 ENDOR lines are obtained by sequen-
tially setting the magnetic field on each of the seven EPR

J. Appl. Phys. 107, 113715 (2010)
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FIG. 5. EPR spectrum of the hole trap in the unenriched Li,B,0; crystal.
The sample was irradiated at 77 K and the data were taken at 40 K. Stick
diagrams show the ''B hyperfine lines. (a) Magnetic field is along the [001]
direction. (b) Magnetic field is along the [100] direction. This [100] spec-
trum has been multiplied by a factor of 2 to make it similar in intensity to
the [001] spectrum.

lines in Fig. 3. This process gives lines at 50.34, 50.78,
51.20, 51.62, 52.03, and 52.48 MHz for the set of six at
lower frequency and at 54.05, 54.39, 54.71, 55.07, 55.40,
and 55.76 MHz for the set of six at higher frequency. These
results include the four lines shown in Fig. 4. The average of
the third and fourth lines in the lower set is 51.42 MHz and
the average of the third and fourth lines in the higher set is
54.89 MHz. This places the middle of the 12 lines at 53.15
MHz, which when set equal to A/2 gives a value of 38.0 G
for the hyperfine parameter A (this is very close to the 37.8 G
splitting observed in the EPR spectrum in Fig. 3). The sepa-
ration between the middle of the third and fourth lines in the
lower set and the middle of the third and fourth lines in the
higher set is 3.47 MHz. This represents an experimental es-
timate for 2vy. The known value of 2y for a '°B nucleus is
3.07 MHz when the magnetic field is 3349.9 G (known val-
ues of vy at 3500 G for all magnetic nuclei are tabulated in
Appendix A of Ref. 29). Allowing for second-order effects,
our experimental estimate for 2wy is close to the known
value of 2wy for '°B, thus further verifying that a '°B
nucleus is responsible for the hyperfine splitting observed in
the EPR spectrum in Fig. 3.

C. Holes stabilized by lithium vacancies

The EPR spectra in Fig. 5 are assigned to the radiation-
induced trapped-hole center. These data were taken at 40 K
from the unenriched Li,B4O; crystal after irradiating with
x-rays at 77 K. The magnetic field is along the [001] direc-
tion in Fig. 5(a) and along the [100] direction in Fig. 5(b).
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Although these trapped-hole center signals are present in Fig.
2, their structure is not seen in those spectra because the
signals are distorted and are off-scale. By taking the spectra
in Fig. 5 at 40 K instead of 25 K, we reduce microwave
power saturation effects and clearly see the well-resolved
structures that are associated with the trapped-hole center. In
Fig. 5(a), a set of seven lines identified by the upper stick
diagram are easily seen. They have an average separation
between adjacent lines of 5.80 G and the magnetic field at
their center corresponds to a g value of 2.0116 (£=0.0001).
These seven lines are caused by nearly equal hyperfine inter-
actions with two 1=3/2 nuclei (this results in seven equally
spaced EPR lines with intensity ratios of 1:2:3:4:3:2:1). The
ENDOR results presented later in this section show that two
B nuclei are responsible for the hyperfine structure in Fig.
5(a). EPR lines due to 'B nuclei are not resolved in Fig.
5(a).

Two sets of seven EPR lines are observed when the mag-
netic field is along the [100] direction, as shown in Fig. 5(b).
This spectrum indicates that there are two magnetically in-
equivalent sites for the trapped hole center for this direction
of field. The complete higher-field set and two lines of the
lower-field set are easily seen in Fig. 5(b), with the remain-
ing five lines of the lower set hidden by the upper set. For the
higher-field set, the average separation of lines is 5.81 G and
the g value is 2.0083 (*£0.0001). For the lower-field set,
estimates of the average separation of lines and the g value
are 4.79 G and 2.0161 (*£0.0002), respectively. When com-
paring these latter two sets of numbers from Fig. 5(b) with
the corresponding values of 5.80 G and 2.0116 obtained from
Fig. 5(a), we see that the trapped hole center exhibits little
anisotropy in either its hyperfine matrix or its g matrix. The
three sets of seven lines in Fig. 5, with their small positive g
shifts and their nearly isotropic hyperfine interactions, pro-
vide the critical information needed to construct a defect
model for the trapped hole center. A complete set of angular
dependence data was not acquired for this trapped-hole cen-
ter because of the lack of resolution due to strongly overlap-
ping lines.

Figure 6 shows ENDOR spectra obtained from the
radiation-induced hole center in the unenriched Li,B,05
crystal. These data were taken at 25 K with the magnetic
field along the [001] direction. They show that the two ''B
nuclei contributing to the hyperfine pattern in Fig. 5(a) are
slightly inequivalent. In general, the complete ENDOR spec-
trum from an S=1/2, [;,=3/2, [,=3/2 spin system consists
of 12 lines if the hyperfine interactions are unequal (i.e.,
there are two sets of six lines, one set for each nucleus). In
ENDOR spectra, each participating nucleus gives a set of
lines representing that nucleus alone. Within a set of six lines
for one nucleus, the lines divide into two groups of three. To
first order when A>wy>P, the middle lines of the two
groups of three are separated by 2wy and are centered on
A/2. The separations within a group of three are related to P,
the nuclear electric quadrupole parameter.

The four ENDOR traces in Fig. 6 were acquired while
setting on the first, third, fifth, and seventh EPR lines in Fig.
5(a), when counting from low field. As illustrated by the
upper stick diagrams, these four spectra contain six ENDOR
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FIG. 6. ENDOR spectrum from the hole trap in the unenriched Li,B,0O,
crystal. These data were taken at 25 K with the magnetic field along the
[001] direction. As indicated above, the four ENDOR spectra were taken
while holding the magnetic field at the first, third, fifth, and seventh EPR
lines in Fig. 5(a), when counting from low-field.

lines (overlapping lines are present in the middle two spec-
tra). A corresponding set of six lines appears in the region
between 3 and 4 MHz. These lower frequency lines overlap
ENDOR lines from '°B nuclei and from distant ''B nuclei
and thus cannot be unambiguously identified. The six lines in
Fig. 6 are separated into a set of three assigned to nucleus 1
(at 12.32, 12.44, and 12.59 MHz) and a set of three assigned
to nucleus 2 (at 12.37, 12.47, and 12.64 MHz). Nucleus 1
and 2 are labels referring to the two nearly equivalent ''B
nuclei that are responsible for the seven-line EPR hyperfine
pattern in Fig. 5(a). A nuclear electric quadrupole interaction
causes the splitting within each set of three ENDOR lines in
Fig. 6, while the small shift of the two sets of ENDOR lines
relative to each other is a direct measure of slight inequiva-
lency of the two ''B nuclei. If the two !'B nuclei had equal
hyperfine interactions for this [001] direction of magnetic
field, the ENDOR spectra in Fig. 6 would consist of one set
of three lines (with double the intensities). The separation of
30 kHz between the two center lines in Fig. 6, when com-
pared to the A/2 value of 8.1 MHz (half of 5.80 G), suggests
that there is less than 0.4% difference in the hyperfine inter-
actions for the two !'B nuclei participating in the EPR spec-
trum in Fig. 5(a).

The EPR spectrum from the trapped-hole center in the
18 enriched Li,B,0; crystal is shown in Fig. 7. These data
were taken at 40 K with the magnetic field along the [001]
direction. Instead of seven hyperfine lines from two nearly
equivalent ''B nuclei (each with 1=3/2), the EPR spectrum
should now have 13 equally spaced hyperfine lines from two
nearly equivalent '°B nuclei (each with I=3). These lines
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FIG. 7. EPR spectrum of the hole trap in the '°B enriched Li,B,0O; crystal.
The crystal was irradiated at 77 K and the data were taken at 40 K with the
magnetic field along the [001] direction. A stick diagram shows the 13 '°B
hyperfine lines.

will have intensity ratios of 1:2:3:4:5:6:7:6:5:4:3:2:1. The
separation between adjacent lines in this set of 13 is expected
to be approximately 1.94 G [i.e., the 5.80 G separation in
Fig. 5(a) is reduced by the 2.99 ratio of the boron magnetic
moments]. This predicts an overall width of approximately
23.3 G for the trapped hole center in the '°B enriched
sample. In agreement with these expectations, we see that the
width of the EPR spectrum in Fig. 7 is approximately 25 G.
Furthermore, the partially resolved structure on the high field
side of this spectrum has separations of about 2 G between
adjacent lines. The measured g value for the EPR spectrum
in Fig. 7 is 2.0116 (+0.0002).

Figure 8 shows an ENDOR spectrum from the trapped-
hole center in the '°B enriched Li,B,0; crystal. These data
were taken at 28 K with the magnetic field parallel to the
[001] direction. The field was held at 3375.7 G (in the EN-
DOR cavity, this value of magnetic field corresponded to the
center of the EPR spectrum in Fig. 7). The four lines in Fig.
8 at 4.12, 4.18, 4.26, and 4.35 MHz are due to '’B nuclei.
Their linewidths are approximately 40 kHz. Corresponding

distant
7Li nuclei

10B nuclei

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
4.0 4.5 5.0 55 6.0
ENDOR Frequency (MHz)

FIG. 8. ENDOR spectrum from the hole trap in the '°B enriched Li,B,0;
crystal. These data were taken at 28 K with the magnetic field along the
[001] direction. The magnetic field was set at 3375.7 G, which in the EN-
DOR cavity corresponded to the middle of the EPR spectrum in Fig. 7.

J. Appl. Phys. 107, 113715 (2010)

lower-frequency lines are expected near 1.1 MHz, but they
are not easily distinguished from other ENDOR lines appear-
ing in that region. The complete ENDOR spectrum from an
S=1/2, I;=3, I,=3 spin system consists of 24 lines if the
two hyperfine interactions are unequal (i.e., there would be
two sets of 12 lines, one set for each nucleus). Our results in
Fig. 8 indicate that the two 1B hyperfine interactions are
very similar and give rise to only one set of six lines near 4.2
MHz and another set of six lines near 1.1 MHz. Small sepa-
rations of lines are not observed in Fig. 8 that would show
the two '°B nuclei have slightly inequivalent interactions. An
extrapolation of the ''B results in Fig. 6 suggests that these
expected separations from inequivalent nuclei in Fig. 8 are
less than the experimental linewidths. Thus a maximum of
six lines with spacings related to the nuclear electric quadru-
pole interaction should be found in the 4.2 MHz region. Al-
though it is not initially obvious, all six of these expected °B
lines are present in Fig. 8. Acquiring ENDOR spectra while
setting at different values of magnetic field across the broad
EPR signal in Fig. 7 demonstrates that the first and fourth
1B ENDOR signals in Fig. 8 each represent two very
closely spaced lines. The nuclear electric quadrupole mo-
ment of a '°B nucleus is 2.15 times larger than the nuclear
electric quadrupole moment of a ''B nucleus. This makes the
nuclear electric quadrupole term in the spin Hamiltonian
closer in magnitude to the hyperfine and nuclear Zeeman
terms for the trapped hole center in the '°B enriched crystal,
and thus leads to the more complicated quadrupole pattern
for the '°B nuclei appearing in Fig. 8.

The '°B ENDOR results in Fig. 8 and the ''B ENDOR
results in Fig. 6 agree with each other and together show that
the two boron nuclei neighboring the trapped hole have simi-
lar hyperfine interactions (i.e., they are nearly equivalent).
An additional group of ENDOR lines at higher frequency in
Fig. 8 shows that neighboring lithium ions do not play a
primary role in the trapped-hole center. This group of EN-
DOR lines is centered on 5.58 MHz in Fig. 8, and the known
value® of vy for "Li is 5.586 MHz when the magnetic field
is 3375.7 G. This good agreement between the known value
of vy and the measured center frequency of these lines be-
tween 5 and 6 MHz conclusively shows that 'Li is the re-
sponsible nucleus. The hyperfine interactions represented by
these lines are very small (less than 0.6 MHz), which indi-
cates that they are due to “distant” 'Li nuclei located several
lattice spaces away from the trapped hole. There are no ob-
servable ENDOR lines in our spectra that could be assigned
to lithium ions interacting closely with the unpaired electron
spin of the trapped hole center.

IV. DISCUSSION

In Li,B,O crystals, oxygen vacancies and lithium va-
cancies charge compensate each other and are simulta-
neously formed during growth. When a Li,B,0; crystal is
irradiated at 77 K with 60 kV x-rays, a portion of these
vacancies stabilize (i.e., trap) “free” electrons and holes and
form the paramagnetic defects that are observed with EPR.
The radiation-induced electron and hole centers remain
stable in the crystal after an irradiation as long as it is held at
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FIG. 9. (Color online) Schematic representation of the basic (B,Oy) struc-
tural building block in Li,B,O5 crystals. This is an arbitrary projection cho-
sen to best illustrate the two BO; units and two BO, units. The labeling
scheme used to identify the boron and oxygen ions in this figure is also used
in Table I.

a temperature below 77 K. When the crystal is warmed
above the irradiation temperature, holes are released from
their trapping sites near the lithium vacancies and recombine
with the electrons localized at the oxygen vacancies. The
trapped holes become thermally unstable near 90 K, and the
EPR signals associated with the oxygen and lithium vacan-
cies quickly disappear when the sample is briefly taken
above this temperature. The sample must be irradiated again
at 77 K to restore the EPR signals. As expected, we found
that the same trapped electron and trapped hole defects were
produced in the unenriched and the '°B enriched Li,B,0
crystals when irradiated at 77 K with x-rays.

The boron hyperfine interactions observed in our EPR
and ENDOR spectra combined with the known crystal struc-
ture of Li,B,O; allow us to suggest specific models for the
x-ray-induced trapped-electron and trapped-hole centers.
Figure 9 shows a schematic representation of the basic
(B404)%~ building block occurring in the Li,B,0; lattice,
with its two BO; units and two BO, units. The arbitrary
projection plane in Fig. 9 was chosen to best illustrate the
linkages between these BO; and BO, units. The BO; units,
with shorter B-O bond lengths, consist of a B ion sur-
rounded by O;, O,, and O3 ions, while the BO, units, with
longer B-O bond lengths, consist of a B, ion surrounded by
04, O,, O3, and O, ions. Every oxygen ion has two boron
neighbors in the Li,B,O5 lattice (i.e., they are all bridging
oxygen ions). The O;, O,, and O3 ions link B, and B, ions,
while the O, ion links two B, ions. Table I lists the B-O
bond lengths appearing in Fig. 9, and also includes the Li-O
separation distances.””

A. Model of the trapped-electron center

The most characteristic feature of the trapped-electron
center in Li,B,O5 is the large, and nearly isotropic, hyperfine
interaction with one boron neighbor. As shown in Fig. 2 for
the unenriched sample, the four-line ''B hyperfine pattern
has 112.4 and 94.1 G separations when the magnetic field is
along the [001] and [100] directions, respectively. These val-
ues, which are much larger than the g hyperfine separa-
tions occurring in the trapped-hole center, indicate that a sig-
nificant amount of the unpaired electron occupies a
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TABLE I. B-O bond lengths and Li—O separation distances at low tempera-
ture in the Li,B,0; lattice. Results from two recent crystallographic studies
are included.

Bond lengths and separation distances
(A)

(From Ref. 26) (From Ref. 27)

B,-0, 1.351 1.363
B,-0, 1.369 1.379
B,-0; 1.374 1.379
B,-0, 1.454 1.452
B,-0, 1.508 1.526
B,-0; 1.500 1.503
B,-0, 1.451 1.445
Li-0, 2115 2.161
Li-0, 1.970 2.022
Li-0, 2.019 1.998
Li-0, 2.064 2.048
Li-0, 2.643 2.595

hybridized 2s and 2p orbital centered on the primary boron
ion.***! This localization of the trapped electron on a boron
would occur if the boron ion is adjacent to an oxygen va-
cancy. It has previously been observed that an oxygen va-
cancy in lithium triborate (LiB;Os) crystals traps an electron
and forms an EPR spectrum with one dominant ''B hyper-
fine interaction.”®?! Now, a similar behavior is seen in
Li,B,0; crystals.

When refining the model of the electron center in
Li,B,0O,, the questions are which of the two boron ions, B,
or B,, is responsible for the large hyperfine interaction and
which of the neighboring oxygen ions is missing. A series of
first-principles calculations that identify the minimum-
energy configuration of the singly ionized oxygen vacancy
may help answer these questions. Meanwhile, we provide
simple electrostatics arguments that suggest specific answers.
The BOj; units have less negative charge (fewer oxygen ions)
and will not repel a trapped electron as much as a BO, unit.
Also, the BO; units have shorter bond lengths than the BO,
units (see Fig. 9 and Table I). Thus, an oxygen vacancy in a
BOj; unit will be closer to the electron localized on the boron
ion (more precisely, on the BO, unit that remains after the
third oxygen ion is removed) and this extra electron will be
more tightly bound (i.e., have lower total energy). For these
reasons, we suggest that the unpaired spin associated with
the trapped-electron center in Li,B,O; crystals has its large
hyperfine interaction with a B, ion and the oxygen vacancy
is at the neighboring O, position. The B;—0O, bond length is
slightly smaller than the B;—0O, and B;—O5 bond lengths.
We recognize that lattice relaxations will play an important
role in determining the ionic structure of the ground state of
an oxygen vacancy in Li,B,4O5. In this regard, we draw at-
tention to the well-known E,’ center’>? in crystalline SiO,
where an asymmetric relaxation causes the unpaired electron
to be primarily localized on only one of the two silicon ions
adjacent to the oxygen vacancy.

B. Model of the trapped-hole center

The trapped-hole center in Li,B,O, has nearly equal hy-
perfine interactions with two adjacent boron nuclei. As
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shown in Fig. 5(a), the seven-line ''B hyperfine pattern for
the unenriched sample has separations of 5.8 G when the
magnetic field is along the [001] direction. These hyperfine
interactions with boron nuclei are significantly smaller than
the boron hyperfine interaction observed in the trapped-
electron center, which suggests that the unpaired spin asso-
ciated with the trapped-hole center is not primarily localized
on the boron ions. In nearly all insulating oxide crystals, it is
well-known that trapped holes are localized on oxygen ions
with only small hyperfine interactions with the neighboring
cations. These hole centers are formed when a substitutional
O ion traps a hole and becomes an O~ ion (the resulting
unpaired spin occupies an oxygen p orbital). In most cases,
either an adjacent cation vacancy or a nearby impurity on a
cation site provides the needed electrostatic attraction that
stabilizes the hole on the oxygen ion. Trapped-hole centers
of this type are readily found in simple oxides such as MgO,
Zn0O, and Si02.34736 A relevant example for the present study
is a hole trapped on an oxygen ion within a BO, unit that is
formed when a boron ion substitutes for a silicon ion in a
SiO, unit in zircon (ZrSiO,).”’

The requirement that the hole trapped on an oxygen ion
interacts nearly equally with two boron ions restricts the pos-
sible models for this defect in Li,B,0;. According to Fig. 9
and Table I, every oxygen ion in the Li,B,0- lattice has two
boron neighbors. The O;, O,, and O ions have B; and B,
ions as nearest neighbors and the O, ions have two B, ions
as nearest neighbors. The B,—O bonds in the BO, units are
longer than the B;—O bonds in the BO;5 units. A simple elec-
trostatics argument suggests that the hole will be trapped on
the oxygen ion linking two BO, units. The positive hole on
the oxygen ion is repelled by the positive boron ions and thus
the total energy of the defect is minimized when the B-O
separation distances are greatest (the remaining oxygen ions
around the boron ions help to reduce this repulsive effect).
Another supporting argument comes from the fact that the
oxygen ion that links two BO, units is equidistant from its
two neighboring boron ions. This should give rise to hyper-
fine interactions that are nearly equal, and thus in agreement
with experiment. For these reasons, we suggest a model for
the trapped-hole center in Li,B,O; crystals that has the hole
localized in a nonbonding p orbital on an O4 oxygen ion and
has equivalent hyperfine interactions with the two adjacent
B, boron ions.

The small positive shifts observed in the g values for the
trapped-hole center are in agreement with this model of a
hole trapped in a nonbonding p orbital on an oxygen ion.
Three discrete energy levels (E;, E,, and Es, in ascending
order) are produced when the threefold orbital degeneracy of
this °P state (L=1,S=1/2) is removed by the crystalline
electric field. Spin-orbit interactions mix these excited states
with the ground state and give the following first-order ex-
pressions for the expected principal g values.”!

21 =g (1)

2\
E;-E,

2 =g~ , (2)
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2\
E,-E;

237 &~ (3)
The spin-orbit coupling constant N for an O~ ion is
—-135 cm™!. A negative sign for \ gives rise to positive g
shifts. In general, a hole trapped on an oxygen ion has g
values that vary from 2.003 to 2.050.**" Our measured g
values, reported in Sec. III C, are within this expected range.
The energy differences E;—E; and E,—E, appearing in the
denominators in Egs. (2) and (3) correspond to visible and
near-infrared optical absorption bands associated with the
trapped-hole center. These broad absorption bands are re-
sponsible for the brownish color of the Li,B,O; crystals that
is present immediately after irradiating at low temperature
with x-rays. The crystals are clear to the eye before an irra-
diation, and the singly ionized oxygen vacancies are ex-
pected to have one or more optical absorption bands in the
ultraviolet.”

The “effective” negative charge of a nearby lithium va-
cancy stabilizes the hole on the O, oxygen ion. As indicated
in Table 1, a lithium ion is approximately 2.6 A from the O,
ion. Other oxygen ions (O, O,, and O3) are closer to lithium
sites, but the reduction in the total energy of the hole because
a negative lithium vacancy is closer may be more than offset
by the increase in the energy of the hole because the positive
B, ion is also closer. The 90 K decay temperature of the hole
center suggests that it is a shallow trap, and this is consistent
with a well-separated lithium vacancy providing the stabili-
zation energy. Relaxations of the ions participating in the
defect may also contribute to the stabilization energy. A rel-
evant example is the trapped-hole center in LiB3Oj5 crystals
where a large hyperfine interaction is observed with only one
boron ion and the effect of lattice relaxation is shown to play
a major role in the ionic structure of the ground state.”!

V. SUMMARY

Oxygen and lithium vacancies are both present in as-
grown Li,B,O5 crystals. During an irradiation at 77 K with
x-rays, electrons are trapped at the oxygen vacancies and
holes are stabilized by the lithium vacancies. This produces
two distinct S=1/2 paramagnetic spectra that can be moni-
tored in EPR and ENDOR experiments. Hyperfine interac-
tions with '°B and ''B nuclei allow us to suggest models for
these defects. The electron trap has the electron localized on
a boron ion in a BO; unit that contains an oxygen vacancy
(i.e., the electron is trapped by the remaining BO, unit). This
gives rise to a large hyperfine interaction with one boron ion.
The hole trap has the hole localized in a nonbonding p or-
bital on an oxygen ion that serves as the bridge between two
BO, units. This gives rise to smaller, and nearly equal, hy-
perfine interactions with the two boron ions in the adjoining
BO, units. First-principles calculations will help establish
more detailed models for these basic trapped-electron and
trapped-hole centers in Li,B,O; crystals.
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