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Electron paramagnetic resonan&R and electron-nuclear double resonaflEBlDOR) have been used to
characterize two distinct hole centers in single crystals o0O8(commonly referred to as LBOIrradiating
a crystal at 77 K with x rays produces an intense four-line holelike EPR signal, with the structure arising from
the hyperfine interaction with on€B nucleus. Warming the crystal to approximately 130 K destroys the first
hole center and allows a second less intense four-line holelike EPR signal to be olfaé&swedteracting with
one !B nucleus. The second hole center decays between 150 and 200 K. EPR and ENDOR angular depen-
dence data were used to determinedmeatrix and the*'B hyperfine and nuclear quadrupole matrices for each
hole center. We suggest that the fiflsiss thermally stabjecenter is a self-trapped hole. In this defect, the hole
is localized primarily on an oxygen ion between a threefold bonded boron and a fourfold bonded boron, and the
self-trapping occurs because of a significant relaxation of the neighboring fourfold boron away from the hole.
GAUSSIAN 98 calculations, using a @®,H,)° cluster to represent the defect and the nearby lattice, support this
self-trapping mechanism. A similar model is suggested for the second hole center, except in this case a
neighboring lithium vacancy is included to provide the increased thermal stability. These trapped-hole centers
are of interest because of their possible role in the unwanted transient optical absorption produce®in LiB
crystals at room temperature by high-power pulsed ultraviolet lasers.
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I. INTRODUCTION double resonancgENDOR), optical absorption, and thermo-
luminescence to determine the effects of ionizing radiation.

Lithium triborate (LiB;Os), better known as LBO, is a They found that two prominent paramagnetic centers, one
widely used nonlinear optical material. It has a wide ultra-holelike and the other electronlike, appeared when a device-
violet transmission range, a relatively high optical damagequality crystal was irradiated with x rays at 77 K. A broad
threshold, and a moderate nonlinear optical coefficiént. optical absorption band peaking near 300 nm was formed at
These unique properties, when combined with excellent methe same time. Subsequent heating caused the induced EPR
chanical hardness and chemical stability, make lithium tribosignals and the absorption to decay in the 100—-150 K range,
rate the material of choice for a variety of harmonic generawith an accompanying thermoluminescence glow peak near
tion and optical parametric oscillator applications in thel26 K. This early report on point defects in single crystals of
ultraviolet, visible, and near infrared. As is often the caseliB ;05 has been accompanied and followed by a series of
with laser materials, point defects in the LiBs crystals can in-depth studie®>~*? initiated by Ogorodnikov and co-
affect the performance of devices, especially when highlyworkers at Ural State Technical University and involving
energetic photons are present. High-power laser systems, inellaborators at other institutions. Many of their efforts have
corporating LiBOs as a nonlinear optical element and oper-focused on the luminescence properties ofJ0B, and they
ating in a pulsed mode with one or more beams in the ultrahave used both electron beams and synchrotron radiation as
violet, can produce unwanted transient absorption bands iexcitation sources to study the time-resolved nature of the
the LiB;O5 crystals that extend from below 200 nm to aboveemissions. In addition to these various defect-related studies,
400 nm?® These transient absorption bands are believed tthere have also been several reports of first-principle calcu-
occur when “free” holes and electrons formed by two- lations of the electronic structure and nonlinear optical prop-

photon or three-photon absorption evefasresult of high erties of regular unperturbed LiBs crystalst®~2°
laser power become temporarily localized in the lattice, ei- In the present paper, we describe the results of an EPR

ther self-trapped or trapped at pre-existing defect sites sucaind ENDOR study of two trapped hole centers in single
as lithium and oxygen vacancies. Minimizing the transientcrystals of LiB;Og. The first of these hole centefwhich we
absorption phenomenon, and thus optimizing the overall deabel Hole Cente) is produced at 77 K by an x-ray irra-
vice performance of this nonlinear optical material, requiresdiation. This center thermally decays near 130 K and a sec-
a complete understanding of all the point defects in lithiumond hole centeflabeled Hole CenteB) is then observed.
triborate. Each center has a large interaction with one boron neighbor,
In an early investigation of LigOs, Scripsicket al® used and ENDOR is used to determine complete setd'8f hy-
electron paramagnetic resonan¢EPR), electron-nuclear perfine and nuclear quadrupole parameters. Both centers con-
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sist of a hole localized primarily at one oxygen ion. Self-

trapping occurs in Hole Centéx because of a strong lattice

relaxation of one of the two boron ions neighboring the hole. (a)
The major hyperfine interaction with only one boron, instead
of nearly equal interactions with two borons, requires this
significant lattice relaxation. A similar defect model is pro-
posed for Hole CenteB, but with the addition of a nearby
lithium vacancy to provide greater thermal stability.

In their preliminary study of what is now referred to as
Hole CenterA, Scripsicket al®* took EPR and ENDOR data
only along one high-symmetry crystal direction and, thus,
did not determine the principal values and the principal axes
of theg matrix and the''B hyperfine and nuclear quadrupole
matrices. Based on their limited set of data, these investiga-
tors tentatively suggested that the center had the hole local-
ized on an oxygen ion adjacent to a stabilizing entity such as
a lithium vacancy. With much more data, we now recognize
that the model suggested by Scripsitkal* corresponds to
Hole CenterB. Porotnikovet al® and Ogorodnikowet al*? FIG. 1. Theb-axis EPR spectra of trapped hole centers in
have also reported EPR results from a hole center in@B | ijB,0.. Hole CenterA (tracea) was taken at 45 K after a 77-K
They did not perform ENDOR experiments and they did notjrradiation with x rays. The crystal was held at 130 K for 5 min, and
provide B hyperfine and nuclear quadrupole parametersthen Hole CenteB (traceb) was taken at 8 K. The lower spectrum
Furthermore, their principal values for tlgematrix deviate has been enhanced by a factor of 10 to allow easier comparison.
significantly from the results in the present paper. In all of

these earlier studies of hole centers in MB,**?the im-  these experiments, a §E cylindrical cavity was used and
portant question of why there is only one large boron hyperthe rf field was frequency modulated at 12.5 kHz. An Oxford
fine, instead of similar large interactions with two boron |nstruments ESR-900 helium-gas flow system maintained the
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ions, was not addressed. sample temperature in the 8—60 K region while taking EPR
and ENDOR data, and also was used to anneal samples be-
Il. EXPERIMENTAL DETAILS tween 80 and 200 K without removing them from the cavity.

The ENDOR coil was helical and was attached to the Oxford

The crystal structufé?? of LiB3Os is orthorhombic  Instruments glassware extending through the ENDOR cavity.
(space grougPna2;) with a=8.447 A, b=7.3789 A, and
c=5.1408 A. We are using the convention followed by the
nonlinear optical community, but an equivalent description
can be based on then2,a space group where tHeandc Irradiating a LiB;O5 crystal at 77 K with x rays produces
axes are interchanged relative to our choice. This crystal hasne large holelike EPR spectrum and one electronlike EPR
36 atoms in a unit cell; these separate into four sets of ningpectrum, both witls=1/2. The holelike spectrum is shown
atoms that transform into each other according to the symin Fig. 1(a). These data were taken at 45 K, with the mag-
metry elements of the crystal. In general, the 4GB lattice  netic field along theb axis of the crystal and a microwave
has one lithium site, three inequivalent boron sites, and fivédrequency of 9.45 GHz. The preliminary ENDOR study by
inequivalent oxygen sites. The LiBs crystals used in our Scripsicket al* demonstrated that the resolved four-line hy-
investigation were grown in Frandat Cristal Laserand in  perfine pattern in this spectrum is due to an interaction with
China(at Fujian Castech CrystalsSamples for the EPR and a B nucleus (=3/2, 80.2% abundahtin the remainder of
ENDOR experiments were rectangular in shape and hathe present paper, we will refer to the defect responsible for
nominal dimensions of 2)83x 3.5 mn? along thea, b, and  the EPR spectrum in Fig.(d as Hole CenterA. The
c axes, respectively. The trapped hole centers were produceddiation-induced electronlike EPR spectrum is shown in
in our samples by irradiating for 30 min at 77 K with x rays Fig. 2. Compared to Fig.(&), the data in Fig. 2 were taken
(60 kV, 30 mA. with a larger modulation amplitude, a lower microwave

The EPR data were obtained using a Bruker ESP 30@ower, and a slightly higher temperature. A lai@g@proxi-
spectrometer operating near 9.45 GHz with agbFectan- mately 120 G hyperfine interaction with oné'B nucleus is
gular cavity and 100-kHz static field modulation. A Varian the major feature in this electronlike spectrum, and the re-
E-500 digital gaussmeter was used to measure the magnesponsible defect is believed to be an oxygen vacancy with an
field and a Hewlett-Packard 5340A counter was used to measnpaired electron localized primarily on one of the two
sure the microwave frequency. A small MgO:Cr crystal wasneighboring boron ion$.
used to correct for the difference in magnetic field between After being formed at 77 K with x rays, Hole Centér
the LiB;O5 sample and the gaussmeter préthe isotropicg ~ becomes thermally unstable when the 4GB crystal is held
value for CF* in MgO is 1.9800. The Bruker ESP 300 near 130 K for 5 min. A seconf= 1/2 hole center, also with
spectrometer also was used to obtain the ENDOR data. la four-line hyperfine pattern caused by#B nucleus, is

IIl. RESULTS
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FIG. 3. EPR data showing the angular dependence arising from
N PR TP BRI BRI T the g matrix for Hole CenteA. Results are presented for all three
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FIG. 2. EPR spectrum showing Hole Centerin the central  INg the “best” values obtained for thg-matrix parameters.
portion of the scanand the electronlike centgiith the larger [N general, for an arbitrary direction of the magnetic field,
120-G splitting. The data were taken at 60 K with the magnetic there are four magnetically inequivalent, but crystallographi-
field parallel to the b axis. cally equivalent, orientation§.e., site for Hole CenterA.

These four become pairwise degenerate when the magnetic

observed when Hole Centérdisappears. This second center field is restricted to th@-b, b-c, andc-a planes, as shown
thermally decays when the temperature reaches the 150-200 Fig. 3. All four sites are degenerate when the magnetic
K region. The EPR spectrum from this second hole centeffield is along thea, b, or c axes.
taken & 8 K with the magnetic field along thb axis, is The experimental data in Fig. 3 were fit to a spin Hamil-
shown in Fig. 1b). We will, from now on, refer to the defect tonian containing only an electron Zeeman term. Values of
responsible for the EPR spectrum in Figb)las Hole Center theg matrix parameters for Hole Cent@rare given in Table
B. Because Hole Cent& is a smaller signal than Hole Cen- |. Because there are two sets of parameters that equally well
ter A, we have enhanced the spectrum representing Holt the in-plane data shown in Fig. 3, an EPR measurement
CenterB in Fig. 1(b) by a factor of 10 to allow easier com- Was made at one out-of-plane orientation of the magnetic
parison. The similarities in the EPR spectra from Hole Cenfield to determine which was the correct set. The directions
ter A and Hole CenteB strongly suggest that the two defects of the principal axes are specified by, () pairs of angles,
are only slightly modified versions of the same basic strucwhere the polar anglé is measured relative to the ¢ di-
ture. The only significant difference between the two centergection and the azimuthal angieis measured relative to the
concerns the optimum temperature to best observe their EPRa direction in thec plane with positive rotation being from
signals(near 45 K for Hole CenteA and near 8 K for Hole +a to +b. Note that the principal-axis directions given in
CenterB) and arises because Hole Centehas a consider- Table | correspond to only one of the four possible sites for
ably longer spin-lattice relaxation time. Hole CenterA. The principal values are the same for each of
One possible scenario to explain the formation of Holethe four sites, but the principal-axis directions vary for each
CenterB follows. When the anneal temperature approachesite since they must reflect the symmetry elements of the
130 K, holes that were initially trapped in the form of Hole LiB3Os lattice. The pairs of angles needed to describe the
CenterA begin to migrate through the lattice. A majority of directions of the principal axes at the other three sites are
these holes encounter an electron trapped next to an oxyg@btained from the initial site as follows.
vacancy, where they recombine and restore the crystal to its Site 1: (6, ¢)
preirradiated state. However, a small portion of these migrat- Site 2: (#, 180°— ¢) Reflection in thea plane
ing holes(about 5% in our crystalssncounter a stabilizing Site 3: (4, 360°— ¢) Reflection in theb plane
entity, where they become trapped and form Hole CeBter Site 4: (9, 180°+ ¢) Reflections in both planes
In an alternative scenario, it is possible that Hole CeBtexr Typical ENDOR spectra representing the primat in-
formed during the initial 77-K irradiation, but its EPR spec- teraction for Hole CenteA are shown in Fig. 4. These data
trum is not easily detected immediately after that irradiationwere taken at 40 K with the magnetic field along thexis
because of the presence of the much larger overlapping sigf the crystal. The spectrum in Fig(a} was taken while
nal from Hole CenteA. In this latter case, Hole Cent8&ris  sitting on the higher field line of the two middle lines in the
observed only after the thermal anneal to near 130 K haEPR spectrum, and the spectrum in Figh)4vas taken while
removed Hole CenteA. sitting on the lower field line of the two middle EPR lines.
A complete set of angular dependence dhtith EPR and  As demonstrated by Scripsiait al,* the ENDOR spectra
ENDOR) was collected for Hole Centek. Figure 3 shows from this center show significant splittings due to a nuclear
the EPR results used to determine thmatrix. The discrete quadrupole interaction, and the specific ENDOR lines ob-
data points in this figure represent the magnetic field valueserved in a particular scan depend on which EPR line is
measured at the middle of each set of hyperfine lines in theelected. Thus, the combined spectra in Fig. 4 illustrate the
EPR spectra, and the solid lines are computer-generated usvo sets of three lines each that are expected for an interac-
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TABLE I. Experimentally determined principal values and prin-
cipal axis directions of thg matrices, the hyperfine matrices, and J

the nuclear quadrupole matrices for Hole Cetemnd Hole Center _‘V (@)

B in LiB3;O5. These principal-axis directions correspond to one of
the four possible symmetry-related sites of each center. Error limits
for the g, A, and Q parameters are-0.0003, =0.01 MHz, and
+0.005 MHz, respectively. Error limits for th@ and ¢ angles
associated wittg and A are =0.5°. Error limits for thed and ¢
angles associated wil) are +2°.

b
Principal values Principal-axis directions i
: ¢ [ [
Hole Center A
o 2.0021 50.5° 259.1° o
9 92 2.0101 62.4° 143.6° 12 14 16 18 20 22 24
9 2.0456 51.9° 29.4° ENDOR Frequency (MHz)
A; —34.49 MHz 56.8° 266.2°
A(MB) A, —-3853MHz  534° 147.2° FIG. 4. ENDOR spectra from Hole Centdr illustrating the
A; —19.84 MHz 54.0° 24.6° primary 1B interactions. Data were taken at 40 K with the mag-
Q; —0.138 MHz 40° 350° netic field along thé axis of the crystal(a) The magnetic field was
Q(MB) Q, —0.288 MHz 82° 250° set on the next to highest EPR lit&f the set of four EPR lings(b)
Qs 0.426 MHz 51° 153° The magnetic field was set on the next to lowest EPR line.
Hole Center B o1 20016 59 g° 259 9° measured fre_quencies, and the solid lines are computer-
20102 50 6° 143.5° genergted using the “best” set of values o.btal.ned for thg
9 92 ' b - hyperfine parameters. These ENDOR data in Fig. 6 contain
9 2.0569 52'00 16.9 . information about the anisotropy of both thenatrix and the
ACIB) 21 :431(1323 m:; gé'go iigéo 1B hyperfine matricesi.e., since a different magnetic field
2 : : . was used for each of the angles where ENDOR data were
Az —21.16 MHz 49.5° 20.9° taken. We have fit the data in Fig. 6 using the following spin
Q1 —0.167 MHz 40° 320° Hamiltonian and the appropriatgy value for the 'B
Q(¥'B) Q, —0.258 MHz 97° 239° nucleus:
Qs 0.425 MHz 51° 155°

H=p£S-g-B+I-A-S+1-Q-1—gyByl - B. (1)

These terms in the spin Hamiltonian have their usual

tion with one !B nucleus. These two quadrupole-split triplet gefinitions?* The fitting procedure that was used to deter-
sets of ENDOR lines are, to a first approximation, centered

at A/2 and separated by (wherevy, the “free” nuclear
resonance frequency, is equalggQByB/h). The experimen-
tally observed separation of 9.173 MHz in Fig. 4 is in good
agreement with the expected @ value of 9.231 MHz for the
1B nucleus(at a magnetic field near 3378 GHole CenteA

has additional ENDOR lines at lower rf frequencies, as
shown in Fig. 5. These data were taken at 30 K with the
magnetic field parallel to tha axis of the crystal, and they
represent weaker interactions with neighboring lithium and
boron nuclei. The largest of these interactions, illustrated by
the stick diagram in Fig. 5, is due to one nearly nucleus.
This set of ENDOR lines consists of two barely resolved
triplets located near 2.60 and 8.43 Mkiz., they are cen-
tered atvy and separated b). Their center position of
5.51 MHz agrees well with the 5.48 MHz value of; ex- L T
pected for a’Li nucleus (for a magnetic field of 3316 G 2 3 4 5 & 7 8 9
The slight splitting of approximately 0.05 MHz within each ENDOR Frequency (MHz)

of the triplets is due to a small nuclear quadrupole interac- FiG. 5. Low-frequency ENDOR spectrum from Hole Center
tion. showing weak interactions with neighboring lithium and boron nu-

The angular dependence of the ENDOR spectra representtei. Data were taken at 30 K with the magnetic field along ahe
ing the primary 1B hyperfine interaction associated with axis. The stick diagram represents the set of ENDOR lines from the
Hole CenterA is shown in Fig. 6. The discrete points are nearest-neighbofLi nucleus.

"L
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FIG. 6. ENDOR data showing the angular de-
pendence of the primary/B interactions for Hole
CenterA. Results are presented for each of the
three high-symmetry planes.

ENDOCR Frequency (MHz)

Angle { Degrees)

mine theA and Q matrices involved repeated diagonaliza- ter B are similar. Spin-Hamiltonian parameters for Hole Cen-
tions of the 8<8 Hamiltonian matrix 6= 1/2,1=3/2). Dur-  ter B were extracted from these data in Figs. 7 and 8, follow-
ing these “fitting” runs, the parameters describing the ing the same procedure as for Hole CernterThe “best”
matrix were fixed at the values given in Table I. An ENDOR values for the parameters are included in Table |. Because of
spectrum was taken at one out-of-plane orientation of théhe smaller concentration of Hole Centrwe did not ob-
magnetic field to determine the correct final set'& hy-  tain usable ENDOR data from weak interactions with other
perfine parameters, from a choice of two sets that fit theneighboring nuclei.

in-plane data shown in Fig. 6. The “best” values of the pri-

mary B hyperfine and nuclear quadrupole parameters for

Hole CenterA are listed in Table I. As was done earlier for IV. DISCUSSION

theg matrix, the directions of the principal axes for theand We have acquired the EPR and ENDOR spectra from two
Q matrices are specified in Table | by, ) pairs of angles. yery similar hole centers in single crystals of LiBs;. Hole

The absolute signs of the hyperfine and nuclear quadrucentera is formed during an irradiation at 77 K with x rays,
pole principal values for Hole Centér (see Table)lcannot  and becomes thermally unstable when the crystal is heated to
be determined directly from the EPR and ENDOR angularzpproximately 130 K. Hole Centd, the more stable of the
data. We do know, however, from the experimental data inwo, is observed after the first center has been thermally
Fig. 6 that the signs oA;, Ay, andAg are the saméi.e.,  destroyed. Combining the experimentally determined spin-
these three parameters are all positive or they are all neggtamiltonian parameters and geometry-optimized quantum-
tive). Also, the data in Fig. 4 tells us th@; andQ; have the  mechanical cluster calculations allows us to establish models
same signs ad\;, A;, andAz. There are several observa- for these two hole centers. In this section, we begin with the
tions that lead us to suggest that the signs given in Table | argructure of the perfect lattice and the basic anionic group,
the correct set of absolute signs for the principal values othen describe the physical constraints introduced by the EPR
Hole CenterA. First, we note that the isotropic part of the and ENDOR results, and finally present the results from our
hyperfine matrix has an “anomalous” signe., the sign is  ¢luster calculations.
opposite to that ofjy) for many of the trapped hole centers  The 36 atoms that form a unit cell of Li®s can be
in oxide materials;~*° including boron-associatétl and  divided into four related sets of nine atoms each. Starting
aluminum-associated centéfsThis phenomenon has been with one set of nine atom positions, it is possible to generate
attributed to a core-polarization mechani%gmf a similar another set of nine atom positions by applying one of the
behavior occurs for Hole Centé¥ in LiB3Os, then its hy-  transformations representing a symmetry element of the
perfine principal values should all have negative sigsce  crystal(these three elements are two glide planes and a screw

gy is positive for the™B nucleus. Note that the same argu- axis). The lattice positions given in Table Il correspond to
ment will also apply to Hole CentdB. Second, strong sup-

port for negative signs for the principal values of the hyper- 3380
fine matrix comes from ouBAUSSIAN 98 cluster calculations
described in the following section. In these calculations, a§ 3360
negative Fermi contact parameter is predicted for the primaryg
118 interaction associated with Hole Center g

The EPR and ENDOR spectra from Hole CenB(ob-
served in a LiBOg crystal after an initial irradiation with x
rays at 77 K and a subsequent anneal near 138l$0 have
been studied as a function of angle. Figure 7 shows the an T T S
gular dependence of thgema_tnx, and Fig. 8 shows the an- 3280 a2 a0 8 b 30 s o 3 o a
gular dependence of the primafyB hyperfine and nuclear An

. . . . gle (degrees)

guadrupole interactions. These data were acquired in all
three high-symmetry planes. A comparison of Figs. 3 and 7 FIG. 7. EPR data showing the angular dependence arising from
(for the g matrice$ and a comparison of Figs. 6 and(®r  the g matrix for Hole CenteiB. Results are presented for all three
the B interaction$ show that Hole Centek and Hole Cen-  high-symmetry planes. Hyperfine splittings are not included.

3340

3320

3300

Magnetic Field
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ENDOR Frequency (MHz)

three high-symmetry planes.

Angle ( Degrees)

FIG. 8. ENDOR data showing the angular de-
pendence of the primary/B interactions for Hole
CenterB. Results are presented for each of the

one of these sets of nine atoms. There are two additionacribed byf#=54.5° and¢$=25.1°, whered and ¢ are de-
atoms(denoted by primgsincluded in Table Il that are part fined in Sec. Ill. In the view provided in Fig(8), the O(5)
of other sets of nine atoms. An important feature of theatom is located well above the plane and the Q(&om is

LiB 305 lattice is the existence of both BGnd BQ, units.

located well below the plane, while thgD, O(3), O(4), and

These units combine to form;B; anionic groups that are Li(1) atoms are slightly above the plane and the@)Cand
linked to each other in an endless network within the crystalO(5) atoms are slightly below the plane. Within this®,
The seven oxygen atoms and three boron atoms in Table Yroup, two of the boron atoms are threefold bonded and one

form one BO; group. In Fig. 9a), these ten atoms and the
adjacent lithium atom are shown in a projection onto the
plane defined by the three boron atoms. This plane contain-
ing the three boron atoms is not simply related to #hd,

and c axes of the crystal. The normal to this plane is de-

TABLE II. Fractional coordinates of atoms in LiBs (given in
units of thea, b, andc lattice parametejs The first nine atoms in
this table represent one-quarter of a unit cell. Positions of the re-
maining 27 atoms are obtained from these nine positions by appli-
cation of the three symmetry elements of the cry%fEhe last two
atoms in this table, each denoted by a prime, are part of other
symmetry-generated sets of nine. These three boron and seven oxy-
gen atoms listed below form az;B; group. (This table was con-
structed using information in Ref. 21.

Atom xla y/b Zlc

Li(2) 0.5873 0.4333 0.9548
B(1) 0.9903 0.3356 0.3098
B(2) 0.8056 0.5567 0.5063
B(3) 0.8430 0.2514 0.6895
o) 0.9136 0.4957 0.3022
0(2) 1.1163 0.2951 0.1535
o) 0.9419 0.2018 0.4848
0(4) 0.7610 0.4098 0.6902
0O(5) 0.8390 0.1250 0.8840
0(2") 0.8837 0.7049 0.6535
o(5") 0.6610 0.6250 0.3840

&The following transformations allow the additional sets of nine
atoms to be generated from an initial $etich is arbitrarily la-
beled Set L

Set 1:(x, y, 2

Set 2:(1/2—x, 1/2+y, 1/2+2z) Reflection through tha plane and
translation of 1/2 alondp andc.

Set 3:(1/2+x, 1/2—y, 2) Reflection through thé plane and trans-
lation of 1/2 alonga.

Set 4:(—X,
transformations and translation of 1/2 alonig
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FIG. 9. (8) Schematic representation of the basiOB anionic
group in the LiBOs lattice, projected onto the plane formed by the
three boron atoms. Five of the seven oxygen atoms lie close to this
plane. A neighboring lithium ion is also close to this plane, and is
included. (b) Proposed model of the self-trapped hole center in
LiB30s5. Atom labels are the same as in p@t The hole is prima-

—y, 1/2+2) Sequential application of the two previous rily localized on G4). Both O4) and B2) relax from their initial
positions, thus allowing the hole to be self-trapped.
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boron atom is fourfold bonded. course, no absolute reasons why a particular principal-axis
Several experimental observations must be taken into adirection should be close to a bond direction in a low-
count when constructing models for the two trapped holesymmetry crystal that has significant covalency, such as
centers in LiBOs. Theg matrices described in Table | have LiB,0. Also, a complicating factor in our case is the exis-
small, but Significant, positive shifts of the order expected fOf’[ence of four Crysta”ographica”y equiva|ent sites in the
a hole localized primarily on an oxygen ion. In a simple | jg .0, lattice for each of the trapped hole centers, and we
ionic picture (which ignores the high degree of covalency cannot say with certainty which one of these four sites cor-
within the borate units in LigOs), the O |or12that ;;ontalns responds to the specific set of parameters in Table |. How-
the hole would have af® configuration (25, 2py. 2P.)  ever, despite these concerns, we did find a strong correlation
"ZV'th L=1, S=1/2. The threefold orbital degeneracy of this \ith the crystal structure for several of the experimental
P stgte.of the O ion is then removed by the crystalline rincipal-axis directions. We focus on tha®, group illus-
electric field. In ascendmg order, the. th'ree energy level rated in Fig. 9a) and arbitrarily label the hole center found
would beE,, E,, andEs. Shifts of the principal values from in this group as site {and we assign the parameters listed in

the free-spin value d,=2.0023) are caused by spin-orbit : A -
interactions that admix excited states to the ground stat(;r able | 1o the defect site located in this groLiphe principal

This very simple analysigbased on the ionic picturere- dxis associated with the unique principal hyperfine value for
dicts the followingg values: Hole CenterA (i.e., the —19.84 MHz valug¢ is almost ex-

actly normal to the plane formed by the three boron atoms in

01=0e, (2)  this B3O; group. Specifically, it makes an angle of 0.7° with
this normal. Le Henaffet al?® have shown that there is a
2N mr-electron transfer from the oxygen atoms to theorbitals
92=09e~ E__g," (3 of the threefold-bonded boron atoms in LiBs. This 7 mo-
lecular orbital will transfer spin density to the boron when a
2\ hole is trapped on the adjacent oxygen, and the resulting
03=0c— B, E (4)  anisotropic hyperfingi.e., dipole-dipolg interaction will be

controlled, in large part, by the partially occupipgd orbital

The spin-orbit coupling constaitfor the O™ ion is approxi- ~ of the boron in the planar BOunit.** These observations
mately —135 cm 1. One experimentaj value (see Table)l  provide experimental verification that the larf® hyperfine
for each of the hole centers is very closegtg as predicted observed in both Hole Centérand Hole CenteB is with a
by Eq.(2). Also, Egs.(3) and(4) predict small, and different, threefold-bonded boron atom, and suggest that the boron
positiveg shifts for the other twa values, in general agree- atom undergoing the large relaxati¢see the previous para-
ment with experiment. The energy differences appearing igraph is fourfold bonded. Turning to the principal-axis di-
the denominators in Eq$3) and (4) are expected to corre- rections for theg matrix of Hole CenteA, we find additional
spond, in an approximate sense, to optical absorption band@®rrelations with the BO; group in Fig. 9a). The direction
associated with the hole centers in the visible and near infraf the largesg value(i.e., the 2.0456 valyemakes an angle
red. of 4.3° with the normal to the plane formed by the three

Additional experimental evidence that has a significantooron atoms in this BO; group, and the direction of the
influence on the choice of models for the two hole centersmallestg value (i.e., the 2.0021 valyemakes an angle of
comes from the observed hyperfine interactions. Each holé.3° with the line joining the @} and B2) atoms.
center has a strong interaction with only one boron nucleus. The GAUSSIAN 98 ab-initio molecular orbital computer
Since every oxygen atom in the LiBjs lattice has two boron prograni has helped to clarify the electronic and atomic
neighbors, the initial expectation would have been for astructure of the trapped hole centers in 4@. The cluster
trapped hole to exhibit significant interactions with both of approach to the calculation of the electronic structure of
its boron neighbors. A dominant interaction with only one point defects in insulators has recently been described in de-
boron can be explained if one of the neighboring boron attail by Pacchioniet al** A (B3O;H,4)° cluster, consisting of
oms is missingdi.e., a boron vacancy exister if one of the one BQ, and two BQ units along with four hydrogens to
boron atoms undergoes a large relaxation away from the oxyterminate the outer oxygens, was selected for our calcula-
gen containing the hole. Our cluster calculations, describetlons. This cluster contains 75 electrons and represents the
later in this section, directly support models based on thdasic anionic group illustrated in Fig(&). The four hydro-
large lattice relaxation of one boron neighbor. The borongens were placed 0.98 A from oxygeng2D O(5), O(2'),
vacancy model is considered to be a less likely possibilityand O(8) with their directions aligned along the oxygen-
because of the observed low thermal stability of the twoboron bonds they replace. A 6-31G basis set was used in our
trapped hole center@ole CenterA decays near 130 K and unrestricted Hartree-Fock electronic structure calculations.
Hole CenterB decays between 150 and 200.K The initial calculation was done with the three boron and

It is often possible in EPR and ENDOR studies of pointseven oxygen atoms fixed at positions that duplicated the
defect$®3%31 to find correlations between the crystalline regular lattice. Then a series of geometry-optimization calcu-
bond directions and the experimentally determined principaliations were performed in which only one atom was allowed
axis directions of they and hyperfine matrices, and thus ob- to move per calculation. ThesaussiAN 98 results are sum-
tain supporting evidence for proposed models. There are, gharized in Table IIl.
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TABLE lIl. Summary ofcAussiaN 98 results for the (BO;H,)° ation of the nearest-neighbor fourfold-bonded boron will ac-
cluster. For comparison purposes, the experimental results in Tabllompany the localization of a hole on one oxygen in the
I give a Fermi contact value of 30.95 MHz for the primary boron | jB ;05 lattice. Both Hole CenteA and Hole CenteB have
hyperfine interaction for Hole Centéx this lattice distortion, which in each case is demonstrated by
the observation of only one dominant boron hyperfine inter-

Total Fermi contactMHz) action. To distinguish between Hole Centeand Hole Cen-
Geometry- lon energy ter B, we need to focus on the difference in the stabilizing
optimized? ~moved (Hartre¢ ~ B(1)  B(2) B(3) mechanism for each center. The observatmee Fig. 5 that
No None —6004692 —6.36 —40.03 —40.31 a nearby lithium ion partic_ipates in HoI_e Cenmsuppor_ts a
Yes B3) —6004887 —3.34 —28.26 —26.22 self-trapped model for this center. With the magnetic field
Ves B2) -6005288 —1.07 —13.38 —40.01 along thea axis of the crystal, we found é|._| hyperfine
Ves Q4) 6005459 —1.97 -3.62 —52.50 splitting of 5.83 MHz. This large value indicates that the

nearest-neighbor lithium ion shown in Figa®is present in
Hole CenterA, and that there is not an adjacent lithium va-

All of our GAUSSIAN 98 calculations show the hole to be €a@ncy to provide a stabilizing force for Hole Centér
primarily localized on a single oxygen, specificallf4pin ~ Hence, the large relaxation predicted by theussian 98
Fig. %a). The distinguishing features of each calculation arec@lculations is the only stabilizing.e., trapping influence
the total energy and the relative values of the Fermi contadr this center. Hole Centds, on the other hand, should have
parameter for the three boron atoms. In Table IlI, the firs@ Stabilizing entity(since two separate self-trapped hole cen-
entry is the calculation done with all of the boron and oxygenf€rs are not expectgdand a lithium vacancy is the prime
atoms fixed at their regular positions. In this case, the Fernffandidate for this neighboring defect. We note that the data
contact values for the two boron atoms neighboring the hold? Fig- 2 shows the presence of the trapped electron center in
are large and nearly equal. This clearly does not agree witRUr LiB3Os crystals, and this allows us to conclude that our
experiment. In the second entry in Table IIl, the threefold-CryStals contain oxygen vacancies. If oxygen vacancies are
bonded boron B3) was allowed to move while the other Present, then lithium vacancies must also be present because
atoms remained at their regular positions. The minimum enthese two vacancies are expected to provide charge compen-
ergy is reached when(B) has moved 0.16 A from its initial Sation for each other in the as-grown crystdlsere are no
position, in the direction between(® and G5) and away ~Known impurities present at significant concentrations to
from O(4). This cluster, with B3) relaxed, still gives nearly Serve in this rolg Since lithium vacancies are almost cer-
equal, although smaller, Fermi contact values for the twd@inly in our crystals, we consider it reasonable to assign a
boron atoms adjacent to the hole, and thus does not agréeodel to Hole CenteB that includes a lithium vacancy as
with experiment. In the third entry in Table IlI, the fourfold- the stabilizing entity.
bonded boron B) was allowed to move while the other

atoms were fixed in their regular lattice positions. The mini- V. SUMMARY
mum energy is reached wher(B has moved 0.38 A from '
its starting position, in the direction betweer(1) O(2"), Two similar trapped hole centers, labeled Hole Cedter

and O(5) and again away from @). This relaxation places and Hole CenteB, have been investigated in single crystals
B(2) nearly in the plane of @), O(2'), and O(8), and of LiB3Os. Hole CenterA is observed after the crystals are
effectively converts B) from being fourfold bonded to be- irradiated at 77 K with x rays, and Hole Centis observed
ing threefold bonded. After @) relaxes, the Fermi contact after the irradiated crystals are annealed to 130 K. A com-
parameters for the two boron atoms are no longer nearlplete set of spin-Hamiltonian parameters is determined for
equal. In our final calculation, described by the fourth entryeach of the centers, including tleematrix and the!'B hy-
in Table 11l, O(4) was allowed to move while ) was fixed perfine and nuclear quadrupole matrices. In both of these
at its final optimized positiotireached in the previous step hole centers, a hyperfine interaction with o8 nucleus
and all the other atoms were fixed at their original latticedominates the EPR spectra. We suggest that Hole Cariger
positions. A minimum energy occurs wheri4bhas moved a self-trapped hole centéie., the hole is stabilized on one
0.31 A from its starting position in the direction away from oxygen as a result of a significant relaxation in the surround-
B(2). The distance between(® and B?2) has increased to ing lattice, with no other point defects neaybjrour out of
2.05 A in this final relaxed configuration, compared to anthe five inequivalent oxygen atoms in the LiBs lattice
initial unrelaxed separation of 1.49 A, while the distancehave a threefold bonded boron neighbor and a fourfold
between @) and B3) has only increased to 1.39 A in the bonded boron neighbor. When a hole is localized on one of
final configuration, compared to an initial unrelaxed separathese oxygen atoms, the boron atom that was initially four-
tion of 1.36 A. Also, the Fermi contact value fofB is now  fold bonded relaxes a large distance away from the hole and
more than an order of magnitude larger than the Fermi conforms an “effective” planar threefold bonded unit with its
tact value for B2). These relative values are now in good remaining three oxygen neighbors and contributes to the
agreement with experiment. The final relaxed configuratiofowering of the total energy for the defect. The hole is left to
predicted by ouGAUSSIAN 98 calculations is shown in Fig. interact significantly only with its initial threefold bonded
9(b). boron neighbor. This model is extended in the case of Hole
Our GAUSSIAN 98 calculations show that a large relax- Center B to include a neighboring lithium vacancy. Hole
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Center A and Hole CenterB have very similar spin- creased if efforts are made to reduce the number of oxygen
Hamiltonian parameters, thus their structures must be simivacancies that serve as the corresponding primary electron
lar. We suggest that the large lattice relaxation proposed fatrap in this lattice. Without a long-lived electron trap, the
Hole CenterA also occurs for Hole Centds, and that the self-trapped holes will have very short lifetimes, and signifi-
neighboring lithium vacancy simply provides additional ther-cant concentrations cannot build up on millisecond time
mal stability for Hole CenteB. scales. Thus, we suggest that modifications in the crystal
A major goal of our present study was to understand thgrowth process designed to minimize the number of oxygen
point defects that participate in the transient optical absorpvacancies may help alleviate problems arising from transient
tions produced in LiBOs when these crystals are used in ultraviolet absorption bands in nonlinear optical devices uti-
frequency conversion applications involving ultraviolet lizing LiB 30s.
beams from high-power pulsed lasers. Our self-trapping
model for the dominant low-temperature hole center suggests
that this defect will be formed in every Li®s crystal and,
because of its intrinsic nature, cannot be eliminated simply This work was supported at West Virginia University by
by improvements in crystal growth. However, the “steady-the Air Force Office of Scientific ResearctGrant No.
state” concentration of self-trapped holes formed during op+49620-00-1-0301 The authors wish to thank K. T. Stevens
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