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Electron paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR) are used to iden-
tify and characterize neutral fluorine donors in TiO, crystals having the rutile structure. The fluorine ions
substitute for oxygen and are present as unintentional impurities. Isolated singly ionized fluorine donors in an
as-grown (fully oxidized) crystal convert to their neutral charge state during exposure to 442 nm laser light at
6 K. These donors return to the singly ionized charge state within a few seconds when the light is removed. In
contrast, the neutral fluorine donors are observed at 6 K without photoexcitation after a crystal is reduced at
600 °C in flowing nitrogen gas. The angular dependences of the EPR and ENDOR spectra provide a complete
set of spin-Hamiltonian parameters (principal values are 1.9746, 1.9782, and 1.9430 for the g matrix and
—0.23, 0.47, and 5.15 MHz for the '°F hyperfine matrix). These matrices suggest that the unpaired electron is
localized primarily on one of the two equivalent neighboring substitutional titanium ions, i.e., the ground state

of the neutral fluorine donor in rutile-structured TiO, is a Ti** ion adjacent to a F~ ion.
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I. INTRODUCTION

Titanium dioxide (TiO,) is a versatile wide-band-gap
semiconductor with applications ranging from solar energy
conversion to self-cleaning hygienic surfaces.'”0 A strategy
presently being used to optimize TiO, for specific applica-
tions involves modification of the optical and electrical prop-
erties of this material by adding or removing selected donors
and acceptors (impurities as well as native defects). Success
in these efforts, however, requires a complete understanding
of the fundamental characteristics of the donors and accep-
tors in TiO,, including their electronic structure and optical
responses. Although much of the recent experimental work
in TiO, has focused on powders, thin films, nanoparticles,
nanotubes, nanowires, etc., it is more informative to use bulk
crystals to initially and fully investigate the point defects.
Electron paramagnetic resonance (EPR) and electron-nuclear
double-resonance (ENDOR) techniques are well suited to
study paramagnetic point defects in bulk crystals.” Informa-
tion obtained from a bulk crystal can then be used to inter-
pret the EPR spectra observed in various TiO, powders and
nanostructures. We have recently used this approach to study
the photoinduced paramagnetic charge states of oxygen va-
cancies in TiO, (rutile) crystals.® An important result of our
earlier work was to show experimentally that the ground
state of the neutral oxygen vacancy is magnetic (i.e., the
neutral oxygen vacancy has S=1). The two electrons trapped
at the vacancy are localized on two of the three neighboring
titanium ions and are coupled ferromagnetically.® These ob-
servations may help explain the ferromagnetic behavior re-
ported in recent studies of Ti0O,.°!!

In the present paper, EPR and ENDOR are used to deter-
mine the electronic structure of the neutral fluorine donor in
single crystals of TiO,. Fluorine ions substitute for oxygen
ions in this lattice!>!> and act as shallow donors. In a fully
oxidized sample, these isolated fluorine donors are initially
in the singly ionized charge state (with no unpaired electrons
to give an EPR signal). At low temperature, 442 nm laser
light populates the neutral charge state (thus producing an
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S=1/2 EPR signal). This EPR signal in a fully oxidized
sample quickly decays at low temperature after removing the
light when self-trapped holes thermally release and recom-
bine with the electrons at the neutral fluorine donors. In con-
trast, the neutral fluorine donor EPR signal is present at low
temperature without photoexcitation in a sample that has
been reduced at high temperature. The principal values and
directions of the principal axes for the g matrix and the '°F
hyperfine matrix are obtained from the angular dependences
of the EPR and ENDOR spectra. A model consisting of a
substitutional Ti** ion adjacent to a substitutional F~ ion is
established for the ground state of the neutral fluorine donor
in TiO,, i.e., the unpaired spin is localized primarily on a
neighboring titanium ion instead of being centered on the
fluorine ion.

II. EXPERIMENTAL

The TiO, crystals used in this investigation have the rutile
structure and were purchased from MTI Corporation (Rich-
mond, CA). They were grown by the four-mirror floating-
zone method. Three EPR-sized samples for this study, one
with dimensions of 3 X5 X 1 mm? and two with dimensions
of 2X2X 1 mm?, were cut from a larger [001] plate (10
X 10X 1 mm?) provided by MTI. Fluorine was present in all
the crystals supplied by MTI and, to our knowledge, was an
unintentional contaminant. Its concentration level in our
crystals, estimated from EPR, was less than one ppm by
weight. The crystals received from MTI were colorless at
room temperature and only exhibited EPR signals from Fe**
and Cr** ions, thus indicating that they were fully oxidized.
Subsequent reducing treatments in our laboratory consisted
of placing a sample in flowing nitrogen gas while heating to
high temperature.

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 9.47 GHz.
Helium-gas-flow systems maintained the sample temperature
in the 4—15 K range and proton NMR gaussmeters provided
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FIG. 1. EPR spectrum of the photoinduced neutral fluorine do-
nor in a fully oxidized TiO, (rutile) crystal. These data were taken
at 6 K with the magnetic field along the [001] direction. (a) Spec-
trum taken in the dark after cooling in the dark (there is no signal).
(b) Spectrum taken during exposure to 442 nm laser light.

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 gaussme-
ters (the isotropic g value for Cr** in MgO is 1.9800). Nar-
row slots in the end of the Bruker TE,,, rectangular micro-
wave cavity allowed optical access to the sample.
Approximately 15 mW of 442 nm light from a He-Cd laser
was incident on the sample during the low-temperature illu-
minations.

III. EPR RESULTS

Figure 1 shows the EPR doublet produced at 6 K in our
fully oxidized 3X5X 1 mm?® TiO, sample during exposure
to 442 nm laser light. These spectra were taken with the
magnetic field along the [001] direction. There were no EPR
signals in this magnetic field region before illumination, as
shown in Fig. 1(a). The photoinduced EPR doublet in Fig.
1(b) has a splitting of 0.180 mT and linewidths of 0.045 mT
for this orientation of magnetic field. ENDOR experiments,
described in Sec. IV, identify a hyperfine interaction with a
YF nucleus (/=1/2, 100% abundant) as the cause of the
splitting. This, in turn, leads us to assign the EPR signal in
Fig. 1(b) to a neutral fluorine donor.

We determined, with EPR, that trace amounts of Fe3* and
Cr** ions substitute for Ti** ions in our samples.!®~'8 These
trivalent transition-metal ions act as deep singly ionized ac-
ceptors and provide compensation for the singly ionized
fluorine donors in the as-received crystals (i.e., one trivalent
transition-metal ion charge compensates one F~ ion replacing
an oxygen ion). Additional electronlike EPR signals appear
in our fully oxidized samples during illumination at low tem-
perature, including singly ionized oxygen vacancies, neutral
oxygen vacancies, Ti**-Si** centers, and Ti** self-trapped
electrons.® Significant concentrations of self-trapped holes
are also produced during illumination.® All of these EPR sig-
nals are easily saturated with microwave power at tempera-
tures below 15 K and thus, although present, are not readily
observed under the conditions used to obtain the spectra in
Fig. 1. Self-trapped hole centers in TiO, (rutile) consist of a
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FIG. 2. Production and decay of the neutral fluorine donor EPR
spectrum in a fully oxidized crystal as the 442 nm laser light was
turned on and off. The monitoring temperature was 4.6 K.

hole localized on one or two oxygen ions in an otherwise
perfect region of the crystal with lattice relaxation providing
the trapping potential. These self-trapped hole centers are
important in the present study as they are the source of the
photoexcited electrons that temporarily convert the singly
ionized fluorine donors to their neutral charge state at the
very low temperatures. Monitoring the Fe** and Cr** EPR
signals shows that they are not the primary source of elec-
trons to form neutral fluorine donors when the temperature
during illumination is below 15 K.

The production and thermal decay of the neutral fluorine
donor in our fully oxidized 3X5X1 mm?® sample is illus-
trated in Fig. 2. These data were acquired by fixing the mag-
netic field at the peak of the derivative for one of the com-
ponents of the fluorine doublet (see Fig. 1) and then
monitoring the intensity of this EPR signal as a function of
time while the 442 nm laser light was turned on and off.
During this experiment, the temperature was maintained near
4.6 K and the magnetic field was along the [001] direction.
The EPR signal reaches saturation within 5 s after the laser is
turned on (the production rate depends on the incident laser
power and the temperature). At 4.6 K, the EPR signal decays
over tens of seconds when the laser is turned off and the
sample is held in the dark. Raising the temperature slightly
results in a faster decay of the EPR signal. At 7 K, the photo-
induced EPR signal drops to a barely detectable level within
a few seconds when the laser light is removed. We suggest
that the rapid decay of the EPR signal in Fig. 2 occurs when
holes are thermally released from the photoinduced self-
trapped hole centers.® These thermally released holes move
to the neutral fluorine donors and recombine with the trapped
electrons, thus converting the neutral fluorine donors back to
their singly ionized state. This release of holes in the dark at
temperatures below 15 K is not a property of the fluorine
donors in TiO, and does not provide information about the
ionization energy of these donors. Instead, the rapid decay of
the neutral fluorine EPR signal at very low temperature in-
dicates that the ionization energy of the self-trapped hole
center is about 10-15 meV.
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FIG. 3. EPR spectra taken at 6 K after reducing a TiO, crystal
for 90 min at 600 °C in flowing nitrogen gas. The magnetic field
was along the [001] direction. (a) Spectrum taken in the dark after
cooling in the dark. (b) Spectrum taken during exposure to 442 nm
laser light.

Following the characterization of the neutral fluorine EPR
signals in the fully oxidized sample, one of the two smaller
samples cut from the larger as-received TiO, plate was held
at 600 °C for 90 min in flowing N, gas and then placed in
the EPR spectrometer. The EPR signal from the neutral fluo-
rine donor was easily observed in this reduced sample even
though there was no light incident on the crystal during cool-
ing or at low temperature prior to or during the time the
spectrum was taken. These data are shown in Fig. 3(a) where
the measuring temperature is 6 K and the magnetic field is
along the [001] direction. The EPR signal became more in-
tense when this sample was illuminated with 442 nm laser
light while at 6 K, as shown in Fig. 3(b). A similar reducing
treatment of the second smaller sample at 650 °C resulted in
an even more intense fluorine EPR signal without light and
there was no increase in the EPR signal when the sample was
exposed to 442 nm light at 6 K. In general, heating in a
nitrogen atmosphere introduces shallow donors (i.e., neutral
oxygen vacancies), thus making the TiO, crystal more n type
and significantly increasing the number of free carriers. At
the low temperatures where we take EPR data, a portion of
these electrons “freeze out™ at the fluorine sites and produce
the neutral fluorine donors that we observe with EPR in the
absence of light. In other words, the reducing treatment
raises the Fermi level and populates the neutral fluorine do-
nors.

An interesting feature present in both spectra in Fig. 3 is
the weak EPR signal near 348.6 mT (corresponding to an
effective g value of 1.9408 when the magnetic field is paral-
lel to the [001] direction). We also observe this EPR line in
TiO, crystals that do not contain detectable amounts of fluo-
rine donors. ENDOR spectra taken in our laboratory show
that this EPR line at g=1.9408 when the magnetic field is
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FIG. 4. Angular dependence of the g matrix for the neutral
fluorine donor. These EPR data were acquired in the three high-
symmetry planes using a reduced TiO, crystal. Single points at the
centers of doublets are used for those angles where the fluorine
hyperfine is resolved in the EPR spectra.

along the [001] direction has an unresolved hyperfine inter-
action with one hydrogen (I=1/2, nearly 100% abundant).
We suggest that the responsible defect is a Ti** ion adjacent
to an OH™ molecular ion (i.e., a neutral hydrogen donor in
rutile-structured TiO,).

A complete angular dependence of the neutral fluorine
donor EPR spectrum was taken at 6 K using the sample
reduced at 600 °C for 90 min. As shown in Fig. 4, data were
acquired in all three high-symmetry planes of the crystal.
The sample was illuminated with 442 nm light during the
measurements. These plots provide information about the
principal values of the g matrix and the directions of the
principal axes. The discrete points in Fig. 4 are experimental
results and the solid curves are computer generated using the
final set of “best” parameters for the g matrix. Fluorine hy-
perfine splittings are resolved in the EPR spectra for orien-
tations of the magnetic field within approximately 60° of the
[001] direction. At these angles, we have plotted the center
positions of the resolved doublets. Thus, there is no hyper-
fine information in Fig. 4. The '°F hyperfine matrix is ana-
lyzed in detail in Sec. IV. For completeness, we note that the
low-field EPR line during the rotation from [001] to [110] in
Fig. 4 has the larger fluorine hyperfine splitting.

The following spin Hamiltonian, expressed as a 2 X 2 ma-
trix, was used to determine the parameters describing the
angular-dependence data in Fig. 4:

H=4S g B. (1)

Only two crystallographically equivalent sites are required to
explain the g matrix angular-dependence patterns in Fig. 4
(in contrast, four crystallographically equivalent sites are re-
quired to explain the angular dependence of the higher-
resolution fluorine ENDOR spectra in Sec. IV). In Fig. 4, the
two sites are magnetically equivalent when rotating from
[010] to [001] and are magnetically inequivalent when rotat-
ing in the other two planes. The two resolved sites are asso-
ciated with the two equivalent distorted TiOg octahedra that
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TABLE I. Spin-Hamiltonian parameters for one site of the neu-
tral fluorine donor in a TiO, (rutile) crystal. The principal axes
associated with g; and A are parallel to the elongation direction of
the distorted TiOg octahedron (specified to be [110] for the site
described below). Directions of the principal axes for A, and A5 are
in the (110) plane (see the model in Fig. 7). The uncertainty in the
directions of principal axes is *1°.

Principal value Principal-axis direction

g matrix
g1 1.9746 = 0.0001 [110]
2 1.9782 +0.0001 [110]
83 1.9430+0.0001 [001]
PF hyperfine matrix
A -0.23+0.01 MHz [110]
A 0.47+0.01 MHz 13.8° from [110]
Aj 5.15+0.01 MHz 13.8° from [001]

are present in the TiO, (rutile) lattice. These two TiOg units
are elongated in directions perpendicular to the [001] direc-
tion with the six oxygen ions separating into a set of two
along the elongation direction and a set of four perpendicular
to the elongation direction. The two octahedra are related by
a 90° rotation about the [001] direction. Figure 4 shows that
the directions of the principal axes of the g matrix for the
fluorine donor are along (or very near) high-symmetry direc-
tions in the crystal. Principal values of 1.9746, 1.9782, and
1.9430 are obtained from the magnetic fields measured at the
turning points in Fig. 4, i.e., the two turning points at [110]

and [110] and the one turning point at [001]. The principal
axis associated with the 1.9430 principal value is along the
[001] direction in the crystal. Our ENDOR results in Sec. IV
show that the principal axis associated with the 1.9746 prin-
cipal value is along the elongation direction containing the
two equivalent oxygen ions in a TiOg octahedron. We specify
the elongation direction of this octahedron as [110]. The
principal values and the directions of the principal axes for
the g matrix at one site are summarized in Table 1. Our
model for the neutral fluorine donor, presented in Sec. V,
does not require principal axes of the g matrix to be along

the [001] and [110] directions. However, the lack of addi-
tional splittings in our EPR angular dependence, other than
those shown in Fig. 4, places an upper limit on the deviations
of these g-matrix principal axes from the high-symmetry di-
rections. Taking into account our EPR linewidths, we esti-
mate that the uncertainties in the principal-axis directions of
the g matrix in Table I are less than 1°. Future studies, where
EPR spectra are taken at higher microwave frequencies, may
help determine if the principal-axis directions of the g matrix
are exactly along the high-symmetry directions in the crystal
or whether they deviate slightly from these directions.

IV. ENDOR RESULTS

The [001] ENDOR spectrum of the neutral fluorine donor
is shown in Fig. 5. These data were taken at 5 K from the
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FIG. 5. ENDOR spectrum from the neutral fluorine donor in a
reduced TiO, crystal. Data were taken at 5 K with the magnetic
field parallel to the [001] direction. The weak signals near 15 MHz
are due to protons associated with the hydrogen-related donor dis-
cussed in Sec. III.

sample that had been reduced at 650 °C. This choice of
sample eliminated the need to use the 442 nm laser light at
low temperature to maximize the fluorine donor EPR signal.
The two lines in Fig. 5 are separated by 4.915 MHz and are
centered on 13.986 MHz. Their linewidths are 55 kHz. For a
weak hyperfine interaction, the first-order ENDOR spectrum
from an /=1/2 nucleus consists of two lines separated by the
hyperfine parameter A and centered on the “free” nuclear-
spin frequency vy (where vy=gnByH/h). The ENDOR
spectrum in Fig. 5 was taken at a magnetic field of 348.724
mT and the corresponding value of vy for a '°F nucleus is
13.976 MHz (values of vy for all nuclei are tabulated in
Appendix A of Ref. 19). This known value of vy for '°F is
very close to the experimental value for the center of the two
lines in Fig. 5 and thus conclusively shows that a '°F nucleus
is responsible for the hyperfine splitting observed in the
[001] EPR spectrum.

Figure 6 shows the angular dependence of the 'F EN-
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FIG. 6. Angular dependence of the hyperfine matrix for the
neutral fluorine donor. These ENDOR data were acquired in the
three high-symmetry planes using a reduced TiO, crystal.
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DOR spectrum. Results from all three high-symmetry planes
are included. The discrete points are experimental data taken
at 5 K with no illumination and the solid curves are computer
generated using the final set of best parameters. Four crys-
tallographically equivalent sites are needed to describe the
9F hyperfine matrix. Two of these sites are associated with
one distorted TiOg octahedron and two are associated with
the second distorted TiOg octahedron generated from the first
by a 90° rotation about the [001] direction. As shown in Fig.
6, the four sites are pairwise magnetically equivalent when
the magnetic field is rotated from [100] to [010] and from
[010] to [001]. The four sites divide into three sets (with
degeneracies of one, two, and one) when rotating the mag-
netic field from [001] to [110]. Along the [110] direction of
magnetic field in Fig. 6, the outer pair of ENDOR lines at
13.38 and 14.14 MHz are obtained from the EPR line at
343.39 mT while the inner pair of ENDOR lines at 13.68 and
13.89 MHz are obtained from the EPR line at 344.01 mT.
This inner pair of ENDOR lines comes from the two sites
that are magnetically equivalent when the magnetic field is
rotated from [001] to [110].

The following spin Hamiltonian, with electron Zeeman,
hyperfine, and nuclear Zeeman terms, was used to analyze
the angular-dependence data in Fig. 6:

H=5S-g - B+I-A-S—gy5\I B. )

Final values for the hyperfine parameters were obtained from
a least-squares fitting procedure that involved exact diago-
nalizations of the 4X4 Hamiltonian matrix (S=1/2,/
=1/2). The computer programs used to fit our EPR and EN-
DOR angular-dependence data were developed in house.
When fitting the ENDOR data, the g matrix was fixed at the
values and directions given in Table I. From the data in Fig.
6, one of the principal axes of the '°F hyperfine matrix must
be along the [110] direction. Specifically, we find that the
1.9746 principal g value and the —0.23 MHz principal hy-
perfine value have principal axes along the [110] direction
(i.e., the elongation direction containing the two equivalent
oxygen ions in a distorted TiOg octahedron). Turning points
in Fig. 6 indicate that the remaining two hyperfine principal
axes are not along high-symmetry directions of the crystal.
These principal axes must, however, be in the (110) plane
and one angle suffices to define their directions. Thus, during
the ENDOR fitting process, only four parameters were varied
(three principal values and one angle). Results obtained from
fitting the experimental data in Fig. 6 are listed for one site in
Table 1.

V. DISCUSSION

Fluorine ions substitute for oxygen ions in TiO, (rutile)
and form shallow donors. All of the fluorine donors are in the
singly ionized charge state (with no unpaired spins and thus
no EPR signal) in fully oxidized crystals cooled in the dark
when a sufficient number of deep transition-metal-ion accep-
tors are present to provide compensation. Photoexcited elec-
trons produced during an illumination at very low tempera-
ture convert a portion of these fluorine donors to the neutral
charge state which is EPR active. However, unlike a classic
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FIG. 7. Model of the neutral fluorine donor illustrating the lo-
calization of the unpaired electron on a neighboring titanium ion.
This is a projection on the (110) plane. The g, and A, principal axes
are along the [110] direction.

donor, the unpaired electron associated with the neutral
charge state of the fluorine donor is not centered on the fluo-
rine ion in a hydrogenlike wave function that spreads out
over many shells of neighboring ions and reflects the sym-
metry of the lattice. Instead, we find that the unpaired elec-
tron is localized, to a first approximation, on one titanium ion
immediately adjacent to the fluorine ion. In other words, it is
energetically more favorable to have the “extra” electron in a
d orbital on the titanium ion than delocalized in an effective-
mass (i.e., hydrogenlike) wave function centered on the fluo-
rine ion.

Our primary evidence for a Ti’* model for the neutral
fluorine donor comes from the fluorine hyperfine matrix.
Table I shows that the '°F matrix has significant anisotropy,
with the principal axis associated with the largest principal
value (5.15 MHz) deviating 13.8° from the [001] direction. If
a hydrogenic model for the fluorine donor were correct, then
all of the principal axes of the fluorine hyperfine matrix
would be along high-symmetry directions in the crystal and
the anisotropy would be minimal. A model for the neutral
fluorine donor is shown in Fig. 7, including principal axes of
the g and "°F hyperfine matrices. A substitutional fluorine ion
in TiO, has three nearest-neighbor titanium ions. The two
neighboring titanium ions along the [001] direction are
equivalent and they are closer to the fluorine ion than the

remaining titanium ion along the [110] direction. In the regu-
lar TiO, lattice at room temperature, these Ti-O distances are
1.9485 and 1.9800 A, respectively.? As we show in Fig. 7,
the neutral fluorine donor has the electron localized on one
of these two titanium ions along the [001] direction. The
Coulomb energy is minimized in this configuration. If the
electron was localized on the slightly more distant titanium

ion along the [110] direction, this Coulomb energy would be
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FIG. 8. (a) Distorted TiO4 octahedron (the center ion is the Ti**
ion, the six smaller dark solid circles are oxygen ions, and the eight
larger shaded circles are Ti** ions). The x, y, and z coordinate
system is used in the g matrix analysis. (b) Energy ordering of the
five d orbitals.

5 1o

higher and, more importantly, the YR hyperfine matrix would
not exhibit the observed 13.8° angle.

The measured g matrix is also consistent with our model
of a substitutional Ti** ion next to an F~ ion. The EPR and
ENDOR angular-dependence data in Figs. 4 and 6 and the
parameters in Table I show that the two principal-axis direc-
tions of the g matrix in the (110) plane are along (or very

near) the [001] and [110] high-symmetry directions, and thus
differ considerably from the two corresponding principal-
axis directions of the fluorine hyperfine matrix. This is con-
sistent with the expectation that the d orbitals on the Ti** ion
will not be strongly perturbed by the presence of the neigh-
boring fluorine ion and allows us to derive simple expres-
sions for the principal values of the g matrix. Figure 8(a)
shows one of the two equivalent distorted TiO4 octahedra in
the TiO, (rutile) lattice. The Ti** ion is at the center and the
six neighboring oxygen ions are represented by the dark
solid circles. We consider the case when six oxygen ions are
present (replacing one of the four equivalent oxygen ions in
the (110) plane with a fluorine does not change our analysis).
The x, y, and z coordinate system in Fig. 8(a) has x along the

[110] direction, y along the [001] direction, and z along the
[110] direction. The five d orbitals can be written as

2,2) -

ey) = = ~=(12,2) = 2, 2)), 3)
V2

2,-1)-

k2 = = 21)), @)
V2
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|yz>=%(2,— 1+[2,1)), (5)
V2
12y = =([2.2) +]2.-2)), (6)
V2
|2%) =2,0). (7)

Note that the x and y axes do not point toward the nearest-
neighbor negative ions in Fig. 8(a). The choice of coordinate
system and the positions of the nearest-neighbor negative
ions in Fig. 8(a) produce the relative energy ordering shown
in Fig. 8(b) for these five d orbitals (|x>*~y?) is lowest in
energy and |z%) is highest in energy). As described by
Kasai,”! the [x?—y?) orbital is lowest in energy because of
two nearest-neighbor Ti** ions along the [001] direction, one
above and one below the Ti** ion. The g matrix for a d'
electron is then given, to first order, by the following

expressions:??

{ R G|L; L|G
g=g1+2\A  where A;j=- 2 M
ntG  E,—Eg

(8)

The equation for A;; involves matrix elements of the orbital
momentum operators L; (i=x,y, and z) between the ground
state G, with energy Eg, and the four higher states n, with
energies E,. Evaluating these matrix elements leads us to the
principal values of the g matrix,

2\ 2\ 8\

gx=ge_?2’ gy=ge_?1’ gzzge_X' (9)
The energy differences &), &, and A are defined in Fig. 8(b).
In Eq. (9), g,=2.0023 and \ is the spin-orbit coupling con-
stant (+154 cm™! for a free Ti** ion). To partially account
for covalency, an orbital reduction factor k is introduced that
reduces the spin-orbit constant (A’ =k\). We take k to be 0.6,
thus making \'=92.4 cm™!. The measured g;, g,, and g3
values in Table I correspond to g, g,, and g,, respectively.
Substituting these measured g values into Eq. (9) and replac-
ing X with N\’ gives 6,=3120 cm™', §,=7670 cm™', and A
=26 700 cm~!. A cursory examination of the measured prin-
cipal g values in Table I suggests that the g matrix is very
nearly axial. Our analysis, however, verifies the orthorhom-
bic nature of the titanium site and shows that a fortuitous
splitting of the d levels causes g; and g, to have similar
values.

An additional source of evidence to support a Ti** model
would be resolved hyperfine lines from *’Ti and **Ti nuclei.
Unfortunately, information of this type is not available from
our EPR spectra. The signal-to-noise ratios of the EPR sig-
nals in Figs. 1 and 3 are not large enough to permit an un-
ambiguous identification of surrounding *'Ti and *’Ti lines
(these hyperfine lines will be at least 46 times smaller than
the central pair of fluorine lines). As a further complication,
weak EPR signals from unidentified point defects are also
present in this magnetic field region and may overlap the
*TTi and *°Ti lines. We expect that TiO, crystals containing
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larger concentrations of fluorine ions will provided detailed
information about the *'Ti and *’Ti hyperfine interactions.

VI. SUMMARY

A detailed EPR and ENDOR study of the neutral fluorine
donor in TiO, (rutile) bulk crystals is reported. These neutral
donors, along with self-trapped hole centers, are produced in
fully oxidized crystals by illumination with below-band-gap
laser light (442 nm) at low temperature (10 K and below).
The EPR signals from these defects quickly decay at the low
temperatures when the light is removed, as holes thermally
release from the self-trapped hole centers and recombine
with electrons trapped at the fluorine ions. Reducing a TiO,
crystal at high temperature in a nitrogen atmosphere intro-
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duces neutral oxygen-vacancy donors that raise the Fermi
level and populate the neutral fluorine donors. In the reduced
crystal, electrons are available from these oxygen vacancies
to form the neutral fluorine donors and photoexcitation is not
needed. From the angular dependences of the EPR and EN-
DOR spectra, we determine that the neutral fluorine donor in
TiO, consists of a substitutional Ti** ion adjacent to a F~ ion
substituting for an oxygen ion. Our analysis of the principal
values of the g matrix suggests that the unpaired d electron
on the Ti** ion occupies a |x>—y?) orbital.
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