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When slightly oxygen-deficient, #-Ga,0, is an n-type semicon-
ducter with conduction clectrons exhibiting a bistable spin reso-
nance. In this paper, we discuss the relation between the electronic
structure of gallium oxide and this peculiar magnetic property.
The electron band structure of B-Ga,0, is computed with the
cxtended Hiickel method. The calculations show that the conduc-
tion band has a strong 4s gallium character (= 60%), with a quasi-
exclusive contribution of the octahedral gallium ions to the band
edge. The conduction band alse exhibits a quasi-one-dimensional
character with bandwidths much larger along the b* axis than
along the a* or c* axes. Therefore, conduction electrons are essen-
tialty delocalized along the octahedral chains of the structure,
whereas the surrounding tetrahedral chains are not occupied. The
low-dimensional character of the electronic structure of #-Ga,0,
is confirmed by ESR and ENDOR spectroscopies of Ti** ions in
substitutional octahedral sites, which provide evidence [or predom-
inant Ti~Ga superhyperfine interactions extending as far as the
second neighboring Ga in the chain direction. it is also shown that
the two conditions necessary for the existence of bistable conduction
electron spin resonance, i.e., a strong dynamic nuclear polarization
and a narrow ESR line, can be quantitatively accounted for by
the important 45 gallium character of the conduction band and by

its pronounced anisotropy. © 1994 Academic Press, Ine.

1. INTRODUCTION

Gallium 8-Ga, 04 oxide is normally an insulator, with a
forbidden energy gap ol 4.84 eV. However, it is gcncrally
an #-type semiconductor due 10 oxygen vacancies individ-
vally compensated by two electrons, forming shallow do-
nors with ionization encrgy Fy = 0.03-0.04 ¢V (1). Con-
duction electrons in solids can often be detccted by elec-

' To whom correspondence should be addressed.

tron spin resonance, and give invariably a more or less
broad single line as the result of the motional narrowing
of the spin—spin interactions (2). The conduction electron
spin resonance (CESR) line of semiconducting gallium
oxide crystals exhibits several interesting features: (i} its
width AB is very small, slightly sample-dependent, with
a mean value of about 0.05 mT at room temperature and
at low microwave power (3); (ii} the saturation of the
CESR line produces a strong dynamic nuclear polariza-
tion of gallium nuciei, resulting in a nuclear magnetic field
B, which adds to the external magnetic field B,. This is
the so-calied Overhauser effect (4), which produces a shift
of the CESR line toward low field by an amount equal to
B,. The Overhauser shift has been recently studied in 8-
(Ga,0, and was found to be surprisingly strong, about 0.4
mT at 150 K and 0.2 mT even at room temperature (5).
The observation of this phenomenon at room temperature
is, to our knowledge, unexpected for an inorganic semi-
conductor, but it has recently been studied in several one-
dimensional organic conductors (6). In the latter case,
however, the Qverhauser shifts are almost three orders
of magnitude lcss than those for 8-Ga,0,4. The most inter-
esting feature of the CESR of 8-Ga, 0, is that it is bistable,
which means that the CESR line exhibits hysteresis upon
sweeping up and down the external magnetic ficld By, (3}.
Hysteresis of the CESR intensity was also observed upon
increasing and decreasing variations of the microwave
power (5). It has been demonstrated (7) that this bistability
is a consequence of both the small CESR linewidth and the
strength of the Qverhauser effect. Lineshapes of bistable
CESR signals were successfully simulated with a model
of noninteracting free electrons in the conduction band
of 8-Ga,O, (5), indicating that bistability and hysteresis
can exist at the ievel of isolated electrons.
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Ga (tetrahedral)

. Gay; {octahedral)

FIG. 1. Structure of 8-Gay0;.

Bistable conduction electron spin resonance (which will
hereafter be referred to as BCESR) can be observed in
$-Ga,0; even at room temperature (5), and it does not
seem to have been reported earlier for other conducting
materials, except for an isolated observation in small me-
tallic lithium particles at 4 K (8). Owing to the ease of
observation of this phenomenon with a standard ESR
spectrometer, it can be anticipated that BCESR is proba-
bly not a general property of semiconductors and metals,
and its sole observation in 8-Ga,0, should be related
to a peculiar feature of the electronic structure of this
compound, We deduced from the equation governing the
bistable hysteresis that conduction electrons of a conduct-
ing material may possess this property if they move in a
conduction band with an important contribution from s
orbitals of the element containing the nuclear spin, and
if the CESR line is very narrow (7). In semiconductors
and metals, the latter condition is generally fulfilled when
the dimensionality of the material is low, since the narrow-
est ESR lines are found for 1D organic (6} and organomet-
allic conductors (9, 10},

However, from the mere structural standpoint, 8-Ga,0;
cannot be considered to be a low-dimensional material.
It is monoclinic with space group C2/m and with lattice
parameters a = 12.23 A, b = 3.04 &, ¢ = 5.80 A, and
B = 103.7° (11). The lattice is composed of two types of
gallium ions, hereafter referred to as Ga; and Gay, located
respectively in tetrahedral and octahedral coordination
sites (Fig. 1}, and three kinds of oXygen ions, referred to
as Oy, Oy, and Oy;. Oxygens O; and Oy lie respectively
in and out of the symmetry plane. They are both ina three-
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fold coordination while Oy is in tetrahedral coordination.
The B-Ga,0, structure is made up of double chains of
edge-sharing octahedra runing along the b axis. These
chains are linked to single chains of tetrahedra along b in
such a way that each double octahedral chain is sur-
rounded by six tetrahedral chains. Despite this linear ar-
rangement along b, low dimensionality is not obvious if
we consider gallium-gallium distances. As can be seen
from Table 1, distances from a gallium ion Ga; or Gay; to
its first six neighbors vary within a very small range, 3.04
to 3.61 A. Therefore a given gallium is surrounded by
many closely spaced neighbors either in octahedral or
in tetrahedral sites, so that we would not expect low-
dimensional interactions on the sole basis of structural
considerations.

Since CESR bistability is possible only for strong Over-
hauser shifts and very narrow CESR linewidths, which are
both conditioned by the orbital composition and the anisot-
ropy of the conduction band, it is of primary interest for a
deeperunderstanding of magnetic bistability of conduction
electrons in 8-Ga,0, to determine the gross features of its
band structure. In Section 11, we describe the electronic
structure of 3-Ga,0, calculated in the crystalline extension
of the extended Hiickel method (12), where it becomes evi-
dent that the conduction band exhibits a strong 1D charac-
ter and conduction electrons move along chains principally
made of 4s orbitals of gallium ions in octahedral coordina-
tion. Direct evidence of low-dimensional electron struc-
ture of a conducting material is usually provided by the
study of the transport properties, such as conductivity and
Halleffect. Despite the fact that several works have already
been devoted to conductivity and Hall measurements on 3-
Ga,0, (1, 13), the anisotropy of the electronic conductivity
has not yetbeen studied, Moreover, toour knowledge, only
one paper gives data on conductivity at low temperatures
(1). Pulsed ESR spectroscopy is also well adapted to deter-
mine the anisotropy of ¢lectronic conductivity (6, 14).
However, to our knowledge, such experiments on 8-Ga,0,
have not been performed so far.

TABLE 1
Distances (in A) from a Gallium Ga, or Gay
to the First Six Neighbors

Site
ith Neighbor Gay Gayy
1 Gy, (2) 3.4 Gay; (2) 3.04
2 Gay 3.28 Gay (2) 3.11
3 Gay (2) 3.30 Ga, 3.28
4 Gay (2) 3.33 Gay (2) 3.30
5 Gay (2) 3.45 Gag (2) 3.33
6 Gay 3.61 Ga; (2) 3.45
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A simpie and direct method to identify anisotropic ¢lec-
tronic interactions is to measure the superhyperfine (shf)
interaction between a paramagnetic impurity as for exam-
ple a transition metal element and the nearest neighbor
nuclei. Particularly, the parameter of interest is the Fermi
contact term of the shf interaction, which is directly re-
lated to covalency parameters (15). If this interaction is
too small to be observed on the ESR spectrum, a consider-
able resolution enhancement is achieved by using electron
nuclear double resonance (ENDOR) spectroscopy (16).
Since the first elements of the 34 transition metals have
the smallest contraction of d orbitals in the series, they
are more sensitive to orbital interactions with their neigh-
bors. In Section IV, we use Ti*" as a paramagnetic probe
to study the anisotropy of cation—cation interactions. Sur-
prisingly, it is found that titanium-gallium interactions
along b are so strong that they are directly observed on
the ESR spectrum of Ti**, We show, by combining ESR
and a preliminary ENDOR study of ®Ga and "'Ga nuclei,
that there is a significant Fermi contact interaction up to
the second neighbor gallium ions along the b direction.
This interaction is larger than the interaction with the
first neighbor along other directions. The evidence of 1D
cation—cation interactions in 8-Ga,0, having been demon-
strated in Section IV, we finally discuss in Section V the
relations between the structure of the conduction band
and the magnetic parameters at the origin of the BCESR
phenomenon in this compound.

II. EXPERIMENTAL

Crystal Growth

Single crystals of §-Ga,0;: Ti were gown by the Aoat-
ing zone method in an image furnace (17) or by the
Verneuil method (18) under slightly reducing conditions
(H,/O, = 2.2). The starting Ga,0; powder, purchased
from Rhdéne-Poulenc, was 99.99% pure and was mixed
with a TiO, powder in such proportions that Ti/Ga ==
0.2%. The following mechanism for the insertion of Ti**
into 3-Ga,0, can be proposed. It is similar to the one
suggested by Harwig et al. (13¢) for the insertion of Zr#*:

3TiO,— 3Ty, + VI, + 605 (1]
2TiO, — 2Tig, + O! + 305, 12]

This mechanism assumes a substitutional position for
Ti**, which will be justified in Section IV, Ti** ions are
deep levels, which can trap the electrons released by the
formation of oxygen vacancies,

05— V5 +2e” +1/20, [3]

Ti'* + e~ > Ti*", [4]
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leading to Ti** ions. A ratio Ti/Ga = 0.2% corresponds
to [Ti] = 8 x 10" cm™. As electron concentration does
not exceed 10'%-10" cm3, all the electrons are trapped
on Ti*" ions. This explains why no CESR signal is ob-
served, but only a broad ESR line corresponding to spins
localized in the vicinity of Ti ions.

ESR and ENDOR Measurements

ESR spectra were recorded at 110 K under nitrogen
flow on an X-band 220D Bruker spectrometer equipped
with a TE,,, cavity. ENDOR spectra were recorded at 20
K with an Oxford Instruments ESR 9 continuous flow
helium cryostat, a Bruker cavity working in the TM,,,
mode, and a 100 W ENI broadband power amplifier.
ENDOR spectra were detected using frequency modula-
tion at 2.5 kHz of the rf carrier. In the following, the
NMR frequencies and the nuclear g-factors will be noted
respectively vy7,, .7 for 7'Ga and vy, gn6 for #¥Ga.

Band Structure Calculations

The band structure of 8-Ga,0, was computed in the
crystalline extension of the extended Hiickel method. For
each Slater-type atomic orbital (AO) ¢, a corresponding
Bioch sum b, (k) is built as follows:

1 & .
b, k) = V_-A—h; e*Rgp (r — R,). [5]

Here the sum is made over the N cells in the solid and k
is the wave vector of the Bloch state. The crystal orbitals
(k) are expanded as linear combinations of the basis
Bloch sums,

n

gk} = D, ¢, k)b, k), (6]

p=1

where n is the number of Bloch functions (i.e., the number
of AOs in the cell) in the basis set. The Eigen energies
e,(k) and the unknown coefficients c;,(k) are given by the
sohutions of the secular equations;

det[H(k) — S(k}e,(k}] =0 (71
(H(k) — S(k)e;k)C =0 fori=1ton. [8]
here C is a vector, the components of which are the

¢;.(k)’s. 8(k) is the overlap matrix, and H(k) is the hamilto-
nian matrix. Their respective elements are defined by

S = (b, (k)| b,(K) 9]
H,, (k) = (b, (&) |HT| b,(K)). (10]
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TABLE 2
Parameters Used in Extended Hiickel
Calculations

Hi
(eV) L
Ga*t 4p -6 2.20
45 —-15 2.59
or 2p —14.8 2.275
25 -32.3 2.275

Note. HEI and [ are respectively the diagonal
elements of the effective hamiltonian, and the
Slater exponents.

The expansion of §,,(k) contains overlap integrals (¢,
@ — R)|é,(r ~ R)) which were in practice neglected
when [R, — R | > 8 A. Similarly, the H (k) expand on
the (¢, |H*T| ¢,) terms. The parameters in these calcula-
tions are the Slater exponents { of the Slater orbitals and
the diagonal clements of the effective hamiltonian HeF,
(b.|H|,). These parameters are given in Table 2, The
off-diagonal elements of the hamiltonian are calculated
according to the modified Wolfsberg—Helmboltz approxi-
mation (19). Slater exponents for Ga were increased as
compared with the standard parameters (20) in order to
fit the calculated band gap with the experimental gap
E, =~ 4.84 ¢V. This is equivalent to give an ionic character
to gallium. The orientation axes (x, y, z) for the atomic
orbitals, making an orthonormal referential, were chosen
such as x and z are along a and b, respectively. A 128 k-
point mesh of the irreducible part of the Brillouin zone
was used to compute the density of states curves and
crystal orbital overlap populations for the 3D solid. For
the individual chains, a 64 k-point mesh was used. Disper-
sion curves were plotted after calculations at & = 0, 0.05,
0.1, ..., 0.5 along each reciprocal axis.

III. BAND STRUCTURE OF GALLIUM OXIDE

The band structure of 8-Ga,0; was computed in the
energy range —35 to —5 eV and its main features are
summed up in Fig. 2 and 3. This energy range includes
all the valence bands (Fig. 3) and the conduction bands
(Fig. 2) originating from the 4s states of gallium. The
crystal states originating from the 4p gallium states calcu-
lated to be above —3 eV are not represented on the graphs.
The band folding at & = 0.5 in Figs. 2a and 2b is a conse-
quence of the screw axis along b and the glide plane
perpendicular to b of the monoclinic C2/m cell, The dis-
persion curves (Figs. 2a to 2¢) and the density of state
(DOS) curves (Fig. 2d) clearly show that the conduction
states are split into two main groups: the lower one be-
tween —9.70 and —8.26 ¢V and the upper one between
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—7.56 and —5.32 eV, separated by an indirect 0.70-eV
gap along b*. The projection of the DOS on the 4s Ga;
or the 45 Ga,; AOs (Fig. 2d) is the total DOS weighed by
the contribution cf; + Z; ¢,,¢;5;4, of a 45 AO to every
crystal state in the energy range investigated and averaged
over the Brillouin zone. Thus, Fig. 2d reveals two im-
portant points: first, the weight of the 45 gallium AQOs in
the conduction bands between —10 and —5 eV is very
strong, up to 60%; the second feature is a neat separation
between the contributions of octahedral and tetrahedral
gallium ions. The 45 Ga;; AOs belong to the states below
—8.26 ¢V, while the 45 Ga;, AOs belong to the states
between —7.56 and —5.32 eV. In the valence band, crystal
states are separated into two groups (Fig. 3). States be-
tween — 18 and — 14 eV are mainly oxygen 2p in composi-
tion, while states below —32 ¢V originate from oxygen
2s states, DOS projected on each type of oxygen (sum of
the contributions of all AQs centered on a given atom)
are represented in Figs. 3a to 3c. These curves show that
whatever the energy, oxygen ions contribute equally to
the total DOS, though their coordination numbers are dif-
ferent.

In order to explain the origin of the splitting between
the 4s tetrahedral and the 4s5 octahedral states in the con-
duction band, we carried out molecular orbital calcula-
tions on tetrahedral GaOj  and octahedral GaO{~ clusters
with the same geometries as in the solid. The 4s level in
the tetrahedron (—6.69 eV) lies about 2.24 eV above the
4s level in the octahedron (—8.93 eV). If the 3D solid is
considered, the cluster levels are broadened into bands
by intercell overlaps, which are centered on the original
cluster levels. This justifies the higher position of the 4s
Ga, bands in the solid and shows that this particular fea-
ture of the band structure is a consequence of the local
geometries of tetrahedral and octahedral sites. There is
thus a discrepancy with the conclusions of Tippins (21).
On the basis of a strict]y electrostatic model, this author
calculated that the octahedral 4s gallium states should be
higher in energy than the tetrahedral 4s gallium states
because of the larger coordination number of the octahe-
dral site. In fact, these calculations did not consider the
differences in bond lengths between both kinds of clus-
ters. However, Ga-0O bonds are significantly shorter in
tetrahedral sites (mean distance 1.83 A) than in octahedral
sites (mean distance 2.01 A). This results in overlap inte-
grals S;; between gallium 4s and oxygen 2s or 2p AOs
slightly larger in tetrahedral than in octahedral sites. Typi-
cal values for 5, 5, in GaOj~ and GaO?™ are 0.14 and
0.10, respectively, and for §,,_,, overlaps values amount
to 0.156 in GaOj;~ and to 0.126 only in GaOg°. As a conse-
quence, we may expect a higher degree of covalency for
Ga;—0 bonds than for Ga;;—O bonds in gallium oxide. In
this perspective, overlap populations were computed for
electron occupation of the crystal orbitals up to Eg and
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(a) Dispersion curves in the conduction band of 8-Ga,(, along a*, (b) along b*, and (c) along ¢*. (d) Density of states (DOS) in

arbitrary units. Dotted line, total DOS; dashed line, projected DOS on 4s Ga; AOs; full line, projected DOS on 4s Ga;; AOs.

are reported in Table 3 along with bond lengths. Overlap
populations are correlated to bond lengths, and the higher
the population, the shorter the bond. There is, however,
an exception for Ga;—0,. Besides, the highest values cor-
respond to the Ga;—O bonds; this fact is evidence of the
higher covalency in tetrahedral sites than in octahedral
sites. These conclusions are consistent with Raman spec-
troscopy (22}, which showed that Ga,-O bonds are
stronger, with force constants ranging from 1.62 to 2.25
mdyn - A~!, than Gay—O bonds, for which force constants
range from 0.44 to 1.27 mdyn - A~1. The existence of cova-
lent interactions destabilizes the 45 levels into antibonding

b c

e,
> ‘‘‘‘‘ i
i
e
free”

o -18
% = e —
W] ] i

DOS

FI1G. 3. Density of states (in arbitrary units) in the valence band of
B-Ga0,. Dotted line, total DOS; full lines, projected DOS on (a) Oy,
(b} Oy, and (c) Oy;. DOS below —32 eV are multiplied by a factor 2.

states, all the more strongly because overlap integrals
with the surrounding oxygens are important, and thus
explains why the 45 octahedral states are lower than the 4s
tetrahedral states, whether in the clusters or in the solid.

As shown by dispersion curves calculated along a*, b*,
and c¢* for the 3D solid (Figs. 2a to 2c), the conduction
band is strongly anisotropic, with 45 Ga; bands much
wider along b* than along the other reciprocal axes. This
indicates that if conduction electrons are present in the
conduction band edge, they should be much more delocal-
ized along b than perpendicularly to this direction, and
thus strongly suggests low-dimensional properties of gal-
lium oxide. In order to confirm this low-dimensional char-
acter, we computed the band structure of a tetrahedral
single chain and that of an octahedral double chain having
the same geometries as in the solid (Figs. 4a and 4b} and
compared them to that of the whole solid. For both kinds
of chains, the dispersion curves (Figs. 5a and 5b) are very
similar in shape and position to the dispersion curves of
the 3D solid, calculated atong b* in the 45 Ga, and the 4s

TABLE 3
Overlap Population Summed up to the Fermi
Level and Bond Lengths for the GA-O Bonds

in B-G3203

Summed

overlap Bond length

Bond population A)

Ga,—-Oy 0.26 1.80
GaI—OH 0.30 1.83
Ga]—Om 0.29 1.85
Gau—OH 0.23 1.95
GaHO] 0.20 1.98
Ga—-Oyy? 0.%7 2.02
Gap-Op® 0.14 2.08

“ Qut of the (b, ¢) plane.
b In the (b, <) plane.
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(c)

(d)

FIG. 4. Structural models for the extended Hiickel calculations on
chains. (a) Single tetrahedral chain, (b} double octahedral chain, (c)
deuble octahedral chain surrounded by two tetrahedral chains, and (d)
double octahedral chain surrounded by six tetrahedral chains, The chain
directions {crystallographic vector b) are perpendicular to the figure
plane.

(a;; bands, The same remark holds for the DOS curves
(Figs. 5e¢ and 5f). In particular, the shape of the DOS
curve for the isolated octahedral double chain (Fig. 5f)
with a maximum at both band edges, which is typical of
one-dimensional DOS, is found again for the DOS of the
4s Gay, bands of the 3D solid. These strong simifarities of
dispersion and DOS curves between the 1D isolated
chains and the 3D solid indicate that the crystal states
making up the conduction bands in 8-Ga,0, are practically
the electronic states of isolated tetrahedral single chain
and octahedral double chain. Figures 5c and 5d show the
dispersion curves obtained when the octahedral double
chain is surrounded respectively by two and by six tetra-
hedral chains (Figs. 4c and 4d). As shown by the corre-
sponding DOS curves (Figs. 5¢ and 5h), states below —8
eV are mainly 45 Ga,; in composition and those above are
4s Ga;. When the environment of the octahedral double
chain is progressively completed by the tetrahedral
chains, calculations show only slight alterations of disper-
sion and DOS curves of each kind of chain. States affected
by the interaction between chains are essentially in the
vicinity of & = 0, in particular, those labeled 8, v', and
v". The upper tetrahedral levels are shifted upwards, re-
sulting in a tail for the DOS above —6 eV while the upper
octahedral levels are lowered below ~8 eV, widening the
gap between the 4s Ga, and the 4s Ga;; bands. The fact
that these modifications are small shows that the different
chains are weakly interacting and thus the energy shifts
and the tops of the tetrahedral and octahedral bands re-
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spectively may be appropriately described by the usual
perturbation formula {23),

5 (1]

where the s represent the unperturbed energies for
isolated tetrahedral and double octahedral chains and S;;
are the overlap integrals. A quantitative use of this equa-
tion is out of purpose but it emphasizes the fact that the
energy shifi is all the more pronounced as the interacting
states are close in energy. This explains why the upper
octahedral state 8 is much more affected than the lower
lying states. This is reflected by the respective weights
of 45 Ga; AQs in states a and 8. In the 3 state, coefficients
of 45 Ga, are about 0.13-0.20, whereas they are at most
of the order of 1072 in @, with values of 0.65 for the
coefficients of 45 Ga,, in both @ and 8. In other words,
electrons in the bottom of the conduction band of gallium
oxide are absolutely not affected by the interaction be-
tween chains, and they should move as if they were in
isolated octahedral double chains and thus should have
1D properties.

These band structure calculations confirm that 8-Ga,0,
fulfills the conditions mentioned in the Introduction for
the existence of the CESR bistability, that is, to know an

(a} {b) {d)

E (ev)
3
=

-10 ~ 1
® x gamb’y VSO0 2mpty U50 (2xh") @50 (2rbY 0.8

(e) n (g} (h}

[ PR

E {e¥)

DOS DOS DOS

FIG. 5. The four top figures are dispersion curves and the four
bottom figures are DOS curves: (a) and {e) caorrespond 1o a tetrahedral
single chain, (b) and (f) to a double octahedral chain, {¢) and {g) to a
double octahedral chain linked to two tetrahedral chains, and (d) and
(h) to a double octahedral chain linked to six tetrahedral chains. Dotted
lines, total DOS; dashed hines, projected DOS on 4s Ga; AOs; full lines,
projected DOS on 4s Ga; AOs.
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important contribution (up to 60% of the total DOS) of
the 45 orbitals in the conduction band, accounting for a
strong nuclear polarization, and a pronounced anisotropy
of the conduction band that must be at the origin of the
narrow EPR linewidth encountered in #-Ga,(0,. Both
points will be discussed in Section V. Moreover, shallow
donor states are generally described as a linear combina-
tion of the wavefunctions of the bottom of the conduction
band; this implies that electrons must have almost the
same properties whether they are in donor states or in
the conduction band. In particular, this explains why the
Overhauser shift and its bistability are observable in the
whole temperature range 4-300 K (5).

IV. ESR AND ENDOR OF Ti** IN 8-Gaj0,: EVIDENCE QF
1D CATION-CATION INTERACTIONS

General Features

Figures 6a and 7c show two examples of ESR spﬁctra
at 110 K of a 8-Ga,0, : Ti (0.2%) single crystal. The spec-
trum is composed of a single broad line with well resolved

342.8 mT
P
(a) P—
10 mT
x 80 MHz
VRIS
10 MHz
2¥ney 2vnry
LLFY] ar2
40 MHz
nr
*-\11-\“-“4

g

10 MHz

545 N/!Hzlik/
Nia

FIG. 6. (a) ESR spectrum of a 8-Gay0;: Ti(0.2%) single crystal with
B, perpendicular to the (b, ¢) plane (y direction of the g-tensor). (b) and
(c) are respectively the high frequency and the low frequency parts of
the ENDOR spectrum with Bg close to the vy direction. The inset shows
the line marked with an asterisk when B, lies in the {(a, ¢) plane and
makes an angle of 20° with c.
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CALCULATED
_ (a)
Ga - Ti - Ga
Ga - Ga - Ti - Ga - Ga (b)

EXPERIMENTAL

(c)

10 mT

|

FIG. 7. f{(a) Calculated ESR spectrum of the linear cluster
[GalV~Ti**—-Gall] with "A" = 5.48 mT and AR, = 1 mT. (b) Calculated
ESR spectrum of the linear ¢luster [Gaﬁ’—-Ga{}g—Tia*—Gaﬁ’—Gaﬁ’] with
A = 548 mT, "A® = 2.22 mT, and AB,, = 2.25 mT. Gaussian
lineshapes functions are used in the calculations, (c) Experimental ESR
spectrum of a 8-Ga,05: Ti (0.2%) single crystal with By||b {z direction
of the g-tensor).

structure, and characterized by an anisotropic g-tensor
with principal values g, = 1.853, g, = 1.927, and g, =
1.952. The z and x axes of the g-tensor are paralle] to the
crystallographic axes b and ¢, respectively, and the y axis
is perpendicular to the (b, ¢) plane. These values are
typical of Ti** in an octahedral environment. This is con-
firmed by UV-visible absorption spectroscopy, showing
the existence of a broad band peaking at 510 nm. This
absorption corresponds to the °T,, — 2E, absorption of
Ti** in octahedral symmetry and is very similar in shape
to the absorption band at 485 nm found for Ti*" in octahe-
dral sites of Al,Q; (24). The fact that the g axes are parallel
to the crystallographic axes and the lack of site splitting of
the ESR spectrum show that Ti** ions occupy octahedral
sites without neighboring defects. The hyperfine structure
is composed of about 10 to 17 apparent lines when the
magnetic field B, is parallel to x and y (Fig. 6a). This
structure is more complicated for B, | z, and may contain
up to 25 resolved lines (Fig. 7¢). A first possible explana-
tion for this splitting is hyperfine interaction with ¥Ti
(I = 5/2, 7.4% natural abundance) and **Ti (I = 7/2, 5.4%
natural abundance) nuclei. However this interpretation
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must be definitely ruled out because we expect in that
case an intense central line flanked by eight weak satellites
due to the superposition of *'Ti and “*Ti hyperfine lines.
This simple picture contrasts with the multiplicity of lines
and the lack of pronounced central line observed in 8-
Ga,0;. The other possible explanation is a superhyperfine
(shf) interaction with neighboring gallium nuclei. The ex-
istence of two abundant gallium isotopes, ®*Ga (I = 3/2,
g, = 1.34439; 60.1% natural abundance) and "'Ga (I =
3/2, g, = 1.70818, 39.9% natural abundance) are¢ likely to
be responsible for the complexity of the spectrum and the
lack of strong central line since there is no gallium isotope
with zero nuclear spin.

A definitive identification of the nuclei responsible for
the shf (superhyperfine) structure cannot be obtained from
ESR alone since this technique does not give a direct
measurement of the nuclear frequency g, f8,B,, which is
the only parameter giving unambiguous identification of
a nucleus, However, the nuclear frequency can be accu-
rately obtained from ENDOR spectroscopy (16, 25). An
ENDOR spectrum is obtained by partial saturation of an
ESR line while sweeping the radiofrequency radiation
through nuclear resonance transitions. We thus detect
NMR transitions of nuclei with nonzere nuclear spin inter-
acting with the unpaired electron spin. In this work we
present only preliminary results because ENDOR spectra
of 8-Ga,0,: Ti** were found to be very complex and con-
tain more than 140 lines at frequencies ranging from about
0.5 MHz to about 80 MHz. A relative simplification is
however obtained for a B, orientation close to (but not
exactly parallel to) the y axis. Figures 6b and 6¢c show the
high and low frequency parts of the ENDOR spectrum
recorded with a magnetic field set at the center of the
ESR spectrum (marked with an arrow in Fig. 6a). Let us
first consider the high frequency ENDOR spectrum
shown in Fig. 6b. For this orientation of By, all the
ENDOR lings really collapse into four ensembles charac-
terized by the frequencies

Vg = h! |msAm - ganBﬂls (12}
with m, = £1/2 and where A is the shf interaction corre-
sponding to this field orientation. We thus obtain two
sets of lines for each gallium isotope. One set at high
frequencies is centered about "'A"/2, where "'A"W is the
shf interaction with the first neighbor "'Ga nucleus, and
split by an amount equal to 2v,;,, where v, = #~ g7, 8.8,
is the nuclear frequency of 'Ga. The other set of lines is
centered about ®AM/2, with TAW/SAD = g /g o and
with a splitting equal to 2p,,. It thus appears evident that
Ti** exhibits a strong shf interaction of about 130 MHz
with neighboring gallium nuclei. Upon rotation of B, in
the (x, y) plane, i.e., for B; L b, the different sets of lines
are further split by quadrupolar interaction, with 7'A"
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TABLE 4
Superhypetfine Parameters for Interactions between Ti** and
First (1) and Second (2) Neighbor Gallium Atoms along b
in 3-Ga,0,4

Af A At AL
(MHz) (mT) (MHz) (mT) (MHz) (mT) {(MHz) (mT)
NGall  128.32 4.76 126.8  4.64 142 5.48
®Ga’ 1009 3.74 99.7 3.65 109  4.20
NGat? n.m. n.m. n.m. 59.3  2.20
BGal n.m. n.m. n.m. 4.7 1.73

Note. n.m., not measured.

“ Determined from ENDOR spectra.

# Determined from ESR spectrum with By||b.

¢ Determined from ENDOR spectrum with By in the (b, ¢) plane and
making an angle of 20° with ¢.

and ®A" remaining nearly constant. Upon rotation of B,
from the (x, ) plane to z, all the ENDOR lines are split
and shifted toward high frequencies. This indicates that
the shf tensor has a symmetry axis parallel to b, showing
unambiguously that the gallium nuclei interacting with
Ti3* are the first neighbor gallium Gay, located at 3.04 A
along the octahedral chain (b axis). The most important
part of the low frequency ENDQOR spectrum (Fig. 6c)
exhibits a complex angular variation, with no revolution
symmetry around b. This indicates that these lincs belong
to Ga, and Ga,; neighbors of Ti** which are placed outside
the octahedral double chain running along b. There is,
however, an exception with the line marked by an asterisk
in Fig. 6c. This line has a nearly constant position upon
rotation of B, around b. It also exhibits a quadrupolar
splitting, which is maximum for B, || x in the case of the
angular variation around b (s¢e inset in Fig. 6c}. This
peculiar angular variation shows that these lines, centered
around 34 MHz, belong to the next nearest Ga neighbors
if Ti** along the b axis, located at 6.08 A. 1f we consider
the Ti-Ga distances, these Ga ions correspond in reality
to the 20th neighbors. The line marked by an asterisk
occurs at a frequency ""A® + v_;,, where "'A? is the shf
interaction with the 20th neighbor 'Ga nuclei of Ti**
(which is also the second neighbor along b). The other
lines at "TA? — y,, and ¥A® = y are hidden by the
strong lines of the other Ga neighbors and are thus not
easily observed. This preliminary ENDOR study essen-
tially shows that Ti**—Ga shf interactions occurs mainly
along b, since the interaction with the 20th neighbors,
placed along b, is larger than the interactions with neigh-
bors 2 to 19. The shf parameters deduced from ENDOR
are reported in Table 4. This predominant Ti’**~Ga inter-
action along b justifies the assumption made in the experi-
mental part that Ti*" is in substitutional position since
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TABLE 5
Conlfigurations of the Three Spectroscopically Different Clusters
of Ti with First Neighbor Ga Atoms along b

No. of No. of ESR

Cluster configurations Probability transitions
®Ga-Ti-%Ga 1 0.365 7
"Ga-Ti-"Ga 1 0.157 7
¥Ga-Ti-"'Ga 2 0.478 16

the octahedral interstitial sites in 8-Ga, 0, have no gallium
neighbor along b.

Simulation of the ESR Spectrum

Despite the preliminary character of this ENDOR
study, it shows that the Ti**—Ga interactions along b
largely exceed interactions perpendicular to b. One can
thus consider Ti** in B-Ga,0, as a [Gal~Ga{’-Ti**-
Gaj-Gal®} cluster oriented along b. Here Ga{ and
Gal? indicate respectively the first and second neighbor
of Ti** along an octahedral chain, Recalling that gallium
possesses two different isotopes, we thus expect 16 differ-
ent configurations for this cluster, which implies an ESR
spectrum containing 900 different transitions as will be
shown below, determined by only the two shf parameters,
AW and T"A®| the shf interactions with the first and the
second neighbor "'Ga nuclei along b, respectively. The
corresponding interactions for Ga nuclei are obtained
from the relation "'AW/$°A% = 1.2706, the ratio of the g,
factors. The simulation of the ESR spectrum thus pro-
vides a severe test for this defect model. Since the best
ESR resolution was achieved for B, | b (Fig. 7c), this
field orientation was chosen for the simulation. The latter
was performed in two steps. In the first one, we calculated
the ESR spectrum by taking into account only the first
neighbor gallium nuclei, which corresponds to the case
of a linear cluster [Ga{P-Ti**~Ga{!']. Three different iso-
tope configurations (Table 5) contribute to the total spec-
trum, which give a resulting ensemble of 30 transitions
as shown by the stick diagram represented in Fig. 8. The
theoretical spectrum of Fig. 8 is governed by only one
parameter which is the shf interaction A!" with one of the
two gallium isotopes in first neighbor position 'A% =
5.48 mT. Figure 7a shows the spectrum calculated from
the stick diagram of Fig. 8 by using a gaussian lineshape
function with peak to peak linewidthAB = 1 mT. Although
the overall width of the total spectrum is close to the
experimental one, shown in Fig. 7c, and the major lines
of the shf structure are present, it is clear that there is
a net discrepancy between calculated and experimental
spectra. In particular, the calculated spectrum contains
only I7 lines instead of 25 in the experimental one, and
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the broad component of the experimental spectrum is not
obtained in the calculated one. Taking a larger linewidth
provokes a collapse and a reduction of the number of
lines without introducing any wide background line, while
a smaller linewidth only splits the shf lines into their com-
ponents without providing any better agreement with the
experimental spectrum.

If we now take into account the next nearest neighbors
along b, the species considered is a linear cluster
[GalP-Gall-Ti**-GalP-Gal], which possesses 16 differ-
ent isotopic configurations, with a total number of transi-
tions which amounts to 900 (Table 6). Figure 9 shows
the corresponding stick diagram, calculated with the shf
parameters "'A" = 5.48 mT and 'A% = 2.22 mT. Because
of the great number of lines, it was impossible to label
the nuclear quantum number of the transitions, as is the
case with the cluster [Gal]'-Ti**-Ga{l] (Fig. 8). The total
spectrum shown in Fig. 7b was calculated from the stick
diagram of Fig. 9 by using gaussian lineshape functions
with peak to peak linewidth AB = 2.25 mT. Despite the
fact that the agreement between experimental and calcu-
lated spectrais not perfect, some important improvements
have been made as compared with the previous one. Six
lateral supplementary lines have appeared as well as a
wide background line, and the relative intensities of the
shf lines are in better agreement than in the first simula-
tion. Moreover, it is noteworthy that the gross features
of the spectrum are contained in a spectrum of 900 transi-
tions calculated with only one adjustable parameter, the
linewidth (AB). The small discrepancies could be due to
contributions from gallium nuclei located outside the lin-
ear cluster [Ga’-Ga{)-Ti**-Ga{'-Ga?']. Such interac-
tions are in fact expected from the low frequency ENDOR
spectra (Fig. 6¢).

Interpretation of the Superhyperfine Parameters

The knowledge of the shf coupling constants can pro-
vide important information on the orbital composition of
the ground state of Ti** in 8-Ga,0;, in particular, on the
degree of admixture of the Ti 34 orbitals with the 4s
orbitals of the neighbor gallium ions along b. In the most
general way, the wave function |¥;) of the ground state
of Ti¥" can be expanded as follows:

o) = alWs) + 2601 ) + 250 D)

N {13]
+ > 261§D + W),
=3

Here |W¥,,) is a linear combination of the 3d AOs of Ti
appropriate to the site symmetry Cj, [ {)) are the 45 AOs
of the ith neighbors along b, and |} is a linear combination
of other AOs interacting with Ti*". It is of great interest
to calculate the »'°s for it gives an idea of the extension
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FIG. 8. Stick diagram showing the ESR transitions of the linear cluster [Ga{P-Ti**-Ga{l']. ®m; and "'m;, correspond respectively to the nuclear
spin quantum numbers of “Ga and "'Ga. For the sake of clarity, the values of ¥m; are not indicated; they range from +3/2 to —3/2 by step of 1
from the left end to the right end of each rake. M| labels correspond to the sum of the nuclear spin quantum numbers of both neighbors for the

- one-isotope clusters.

of the ground state wave function of Ti** along b. If the
clectron in the ground state of Ti** is partially delocalized
in the 4s AOs of the neighboring gallium ions, it creates
an electron spin density pg, at their nuclei, which is re-
sponsible for a Fermi contact interaction:

69/71 4 () —
180

8 .
3 EBEomBuplh. [14]

This interaction gives the isotropic contribution to the shf
tensor corresponding to the ith neighbor along b. The spin
density p{) is linked to the coefficient b by

o2, = bR, O [15]
¥,.(0) is the amplitude of the 4s AO of a gallium at its
nucleus. Thus ¥7'AY) can be written as

65171 ASQL = |pizerny, [16]

where %7\ A, corresponds to the scalar hyperfine interac-
tion of an isolated Ga®* ion (configuration 4s'). This value
can be estimated from that measured for "'Ga’* in Zn$

(26), which is equal to A, = 7800 MHz. Then, if the
value of "'A! is known, | 5| can be obtained from Eq.
(16). The value A is normally determined from the
principal values of the shf tensor by "A{) =
(U/3)("AD + 714D + T4®), The latter could be deter-
mined for the first neighbors along b: 'A{l) ~ 138 MHz.
For the second neighbors, only one value of the shf tensor

TABLE 6
Configurations of the Possible Lincar
Ga-Ga-Ti-Ga-Ga Clusters

No. of No. of ESR

Cluster configurations  Probability  transitions
®Ga-Ga-Ti-"'Ga-"'Ga 4 0.229 256
OGa—PGa-Ti-"Ga-®Ga 2 0.1745 112
BGa-Ga-Ti-¥Ga-"1Ga 2 0.1745 112
#Ga-PGa-Ti-YGa-YCa 1 0.133 49
®Ga-"Ga-Ti-"'Ga-""Ga 2 0.075 112
NGa-%Ga-Ti-"Ga-"'Ga 2 0.075 112
®Ga—"'Ga-Ti-"Ga-%Ga 1 0.057 49
NGa-¥Ga-Ti-¥Ga-"'Ga 1 0.057 49
NGa-"1Ga-Ti-""Ga-"Ga 1 0.025 49
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FIG. 9. Stick diagram showing the 300 theoretical ESR transitions
of the linear cluster [GalP-Gay~Ti**-Gall-Gall"].

could be measured (see Table 4), along a direction perpen-
dicular to b: 'A% = 59.3 MHz. However, the anisotropic
part of the shf tensor did not exceed 3% of the total value
in the case of the first neighbors, and it should be much
lower for the second neighbors. Therefore we can reason-
ably take: "A2 = 7IAP = 593 MHz. Hence, from
TAD and AP, we obtain the values of the coefficient of
the 45 AQOs of the first and second neighbor gallium ions
along b in the ground state of Ti**:|p"’| = 0.13 and
|p?| = 0.09. Both values are not very different, showing
that the ground state wave function of Ti** decreases
slowly along #. Therefore we can expect non negligible
interactions between Ti*™ and gallium ions located farther
than the second neighbor position along b. Such interac-
tions must also contribute to the low frequency part of the
ENDOR spectra. A second point is that these coefficients
reveal an important admixture with the neighboring 4s
AOs, thus indicating that the ground state of Ti** is rela-
tively close in energy to the bottom of the conduction
band,

In conclusion, the ground state of Ti** interacting with
the neighboring gallium ions can be represented as a bond-
ing combination of the Ti states in the forbidden band gap
and the crystal states of the conduction band edge. With
this point in mind, several remarks can be driven from
the ESR-ENDOR investigation of Ti*" in octahedral sites
of $-Ga,0,, confirming the major conclusions of the band
structure calculations:

{1) The fact that the shf tensor is essentially isotropic
and that the presence probability of the electron of Ti**
on the first and second neighboring gallium ions along b
is not negligible agrees with the predominant 4s gallium
character of the conduction band.

(ii) The predominant 1D cation—cation interactions
along b and the large extension of the Ti** ground state
along this axis confirms the one dimensionality of the
conduction band.

(iii) Only interactions between Ti*" and octahedral gal-
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lium ions are evidenced. This shows that the 45 octahedral
gallium states are lower in energy than the 4s tetrahedral
states, as foreseen by the band structure calculations.

V. RELATION BETWEEN ELECTRON BAND STRUCTURE
AND MAGNETIC BISTABILITY OF CONDUCTION
ELECTRONS IN B-Ga,0,

We shall now return to the most striking property of 8-
Ga,0;, which is the magnetic bistability of the conduction
electrons. The resonance condition of the conduction
electron spins is given by

hv = gB(B, + B,), [17]
where the effective field seen by the electron spins B g =
By, + B, is composed of the external field By and the
internal nuclear field B, created by the nuclear polariza-
tion of nuclear spins. A significant value of B, is obtained
upon saturation of the CESR signal, the so-called Qver-
hauser effect (4). We have previously shown that B, is
sufficiently strong in 8-Ga,0, to exhibit a bistability, i.e.,
two stable values of B, can e¢xist for the same values of
the external parameters T, v, By, and P (the incident
microwave power) (3, 5). The first condition to obtain a
dynamic nuclear polarization by the Overhauser effect is
that the electron spins interact with each nuclear spin by
a Fermi contact interaction given by

_ 87
A= 4 gntmBanas [18]

where pg, is the electron spin density at the Ga nucleus.
If the electron spins interact with N equivalent nuclei,
the resulting nuclear field B, created by saturation of the
electron spin reseonance is given by the expression (5, 8)

_ It + )NAS

B, 3T

Bos y [19]

with I = 3/2 for Ga nuclei, and where s is the saturation
factor of the resonance, which can vary between 0 for
thermal equilibrium and 1 for complete saturation. The
parameter f is the *‘leakage factor,”” which, in other
words, represents the efficiency of the nuclear polariza-
tion via hyperfine interaction. The maximum value = 1
is obtained if the nuclear relaxation is solely due to a flip-
flop mechanism A(m, + m) = 0 where a nuclear spin
“flops™ when an electron spin ‘‘flips.”” If nuclear relax-
ation occurs also by other mechanisms, the leakage factor
is given by (2)

1T,

=T ST,

[20]
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where T, is the ““flip-flop™ relaxation time and the T,;’s
represent the relaxation times due to other mechanisms.
The highest theoretical value of B, is obtained for f = 1
and s = 1 and the NA value as high as possible. For an
electron delocalized over an ensemble of 'Ga** ions, the
hyperfine interaction is only due to the scalar interaction
given by Eq. (I8), where pg, is equal to [¥,.(0)*/N, with
¥,.(0) being the amplitude of the 45 wavefunction of gal-
lium at the nucleus. If the nuclear relaxation occurs only
by a flip-flop mechanism, one obtains f = 1 (which is
reasonable since 1/T, is proportional to A® (2)). In this
simple ideal case, NAf in Eq. (19) is equal to

NAf="A;,
= 7800 MHz.

(21]

This value corresponds to the scalar hyperfine interaction
714, of an isolated "'Ga’" ion (26). For the actual interac-
tion corresponding to 8-Ga,0;, where the unpaired elec-
trons are delocalized in a conduction band and are in
contact with both 7'Ga and ®Ga nuclei, NAf in Eq. (19)
should be replaced by a mean value (NAf) given by the
following expression (5):

N
(NAf) = 6800 |a} (MHz). [22]
i=1

The numerical factor 6800 MHz is the hyperfine interac-
tion of a 4s electron in isolated Ga?* (configuration (4s)");
it is an average value for both gallium isotopes %Ga and
"'Ga. In this equation an average factor f is also consid-
ered. The parameter a, is the coefficient of the 45 AQ of
the ith gallium in the crystal orbital at the bottom of the
conduction band. The sum in Eq. (22) can be restricted
to a sum over the eight gallium ions in one single cell
because of the translational symmetry:

8
(NAF) = 6800 f- > |c ] [23]
i=1

Here the ¢;’s are the actual coefficients given by the calcu-
lation program and are normalized over one cell. Calcula-
tions over several k-points in the Brillouin zone indicates
that the bottom of the conduction band is close to k =
(0, 0.4, 0). In any case, the quasi-constant proportion of
45 AQOs in the total DOS of the conduction band shown
in Fig. 2d allows us to assume reasonably that 2._, |c|?

does not vary significantly with k. Using the ¢, coefficients
at k = (0, 0.4, 0), we found

B
> lod? = 0.84, [24]
i=1

which gives
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{NAfy=5712-f (MHz). {25]
Up to now, no experimental value of f has been deter-
mined, so that Eq. (25) can only be used to give an estima-
tion of f. With an experimental value (NAf) = 3020 MHz
at room temperature (5), we finally get £ = 0.5. For the
moment, the sole indication of validity of this calculation
is that the calculated f value lies in the expected range 0
to 1. Anyhow, since f depends on the nuclear relaxation
times, it must be very sensitive to crystal defects and
impurities that could influence the relaxation times. We
actually noted variations in the intensity of the Over-
hauser shift and in the width of hysteresis among our
samples that could be related to impurity contents. There-
fore, if the calculated value f' = 0.5 is correct, the bistable
Overhauser effect in gallium oxide could be in principle
greatly enhanced by improving the e¢laboration method in
order to achieve a value of f as close as possible to 1.

Along with a strong Overhauser shift, the second condi-
tion to observe a CESR bistability is a small ESR line-
width. We shall see now that the significant anisotropy
of the band structure of 3-Ga,0, can be responsible for
the very narrow ESR line (about 0.05 mT) encountered
in this compound. The unsaturated ESR linewidth AB,,
is determined by the transverse relaxation time T, of the
electron spins via

2
AB =7—.
PP y 3T2

€

[26]

In the general case the relaxation rate is the sum of a
spin-spin dipolar contribution 1/T5* and spin—phonon
contribution [/T5™®:

1T, = 1/T5s + 1T, [27]
In 8-Ga,0,, spins are diluted (<10'* cm™) and the ESR
linewidth is motionally narrowed so that the spin-spin
compoenent in Eq. (27) vanishes. Therefore the ESR line-
width is exclusively determined by the spin—phonon re-

laxation, which in conductors usually occurs via Elliott’s
mechanism (27):

2
TSP ~ a8 [28]

r

In this expression, which normally holds for an isotropic
conductor, Ag is the g shift from the free electron value
g. = 2.0023, 7, is the relaxation time characteristic of the
conductivity, and a is a constant of the order of unity. A
straightforward application of Eq. {28) requires the knowl-
edge of 7. An estimation of its value can be obtained
from the electron mobility at room temperature measured
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by Lorentz et al. (1) . = 80 cm? V~! 57! and the effective
mass estimated by Aubay (28) m* = 0.3 m.. From the
expression of 7,

[29]

we get 7. = 1.4 X 107" s. In 8-Ga,0,, the components
of the g-tensor are g, = 1.9590, g, = 1.9616, and g, =
1.9635, thus giving a mean g shift (Ag} = 0.041. Using
the values of 7, and (Ag) in Eq. (28), we get

T5P =9 X 107125, 130}

This value is almost five orders of magnitude lower than
the value deduced experimentally from linewidth mea-
surement T, =~ 2.5 x 1077 s at room temperature. This
discrepancy between the experimental value of T, and
that calculated from Elliott’s theory should be related to
the particularly low-dimensional character of the band
structure of 8-Ga,(;. As a matter of fact, the narrowest
ESR linewidths are met in one-dimensional organic con-
ductors, constituted by the stacking of structural units
along one direction. Several works on such low-dimen-
sional conductors (9) showed that Eq. (28) can be adapted
in order to take into account the anisotropy of the band
structure by introducing the ratio of the transfer integrals
¢, and # respectively perpendicular and parallel to the
chain direction of the structure so that

2 2
I/Tg‘l’za%w. [31]

M|| T
This expression emphasizes the fact that in case of low-
dimensional electronic structure, which comresponds to
le.|*/|4|* < 1, the ESR linewidth can be strongly reduced
as compared with a 3D conductor, all other parameters
kept constant. In the case of 8-Ga,0,, we have seen in
Section III that the conduction e¢lectrons essentially
moved along the double octahedral chains, so that the
longitudinal integral # corresponds to the motion along
these chains and the perpendicular integral corresponds
to the tunneling from one double chain to another through
the barrier potential created by the tetrahedral chains in
between. If we assume that transfer integrals are roughly
proportional to bandwidths, a reasonable estimate of |¢, |/
|4y|* can be provided by the calculation of the band struc-
ture of a two-dimensional structural model made of an
octahedral double chain repeated periodically perpendic-
ularly to the chain direction. With this model, the band-
widths along reciprocal directions respectively parallel
and perpendicular to the chain axis are calculated to be
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AE“ = ().445 eV and AEL == 10_3 eV. With |IL|21"|I“[2 w=
{AE [Y|AE? = 5 x 107° and a = 1, Eq. (31) gives

T,~1.8 X 107%s. [32]
Though this value is not exactly equal to the measured
one, the agreement is now better than in the case of the
value calculated on the basis of an isotropic model. The
fact that the introduction of the anisotropy of the band
structure via the factor |z, |%|4|°, allows to gain several
orders of magnitude in the calculated 7, and to near the
actual value shows that low dimensionality can actually
explain the narrow ESR line in gallium oxide. However,
the relation between dimensionality and ESR linewidth
(and thus bistability) remains to be studied thoroughly.
In this prospect, a deeper understanding of the ESR relax-
ation mechanism in 5-Ga,0, in connection with the dy-
namic properties of the conduction electrons needs to
be achieved.

VI. CONCLUSION

We have studied in this paper the band structure of
gallium oxide by the crystalline extension of the extended
Hiickel method. The principal features are the following:

(i} The conduction band has a strong 4s character
(= 60%).

(ii) The 4s contribution to the lowest conduction bands
is provided exclusively by the octahedral gallium ions.

(iti} The band structure is strongly anisotropic with

bands much larger along b* than along a* or ¢*.
The 1D character of the conduction band and its predomi-
nantly 4s Ga; character was confirmed by ESR and
ENDOR study of the paramagnetic probe Ti’*, located
in the Gay; site, which shows the existence of a strong
Ti(3d)-Ga(4s) overlap up to the second neighbor along
the b direction.

The characteristics of the conduction band were also
found to be directly responsible for the bistable hysteresis
of the conduction electron spin resonance (BCESR phe-
nomenon):

(i) The predominant 4s gallium character of the conduc-
tion band is directly responsible for the intense nuclear
field B, created by the Overhauser effect. The estimated
value f = 0.5 of the leakage factor suggests that B, could
be larger if the other sources of nuclear relaxations, for
example, relaxation by magnetic impurities, can be sup-
pressed.

(ii) The pronounced 1D character of the conduction
band appears likely to be responsible for the very small
value of the CESR linewidth, which was found to be a
prerequisite for the existence of the BCESR phenomenon.

This confirms our previous expectation that the ideal
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model compound for the obtention of a strong BCESR
would be a 1D organometallic conductor whose conduc-
tion band is essentially made of s orbitals of elements
such as Ga, In, Tl, Cs, Cu, ... (7).

This work also offers new perspectives concerning 3-
Ga,0,. For sufficiently reduced samples, the concentra-
tion of shallow donors is high enough to pive a donor
band, responsible for a nearly constant conductivity from
4 K to room temperature (5). Moreover, the strong anisot-
ropy of the conduction band suggests that the conductivity
should be also anisotropic, with a quasi-metallic behavior
along b. However, detailed conductivity and Hall mea-
surements along the different cristallographic axes are still
lacking. Such techniques, associated with time-resolved
ESR spectroscopy, could provide a deeper insight into
the original electronic and magnetic properties of gal-
lium oxide.
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