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ESR investigation of the [Al] center in tetragonal GeOz~
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y-ray, x-ray, or uv irradiation of an Al-doped tetragonal GeO, single crystal at 77 K generates holelike centers

in four inequivalent sites. The ESR spectrum for one of the sites consists of a six-line hyperfine pattern

corresponding to the interaction of a single unpaired spin with an "Al (100% abundant, I = 5/2) nucleus.

Symmetry considerations and the spin-Hamiltonian parameters show that the hole is localized in the 2p, orbital of
one of four (out of six) nearest-neighbor oxygen anions. Owing to the low point symmetry (C,) at the trapped-

hole lattice site, the g, A, and Q tensors have only one common principal axis, which lies along a [110]
direction (the i axis). Spin-Hamiltonian parameters are: g, = 2.0040 ~ 0.0002, g = 2.0143 ~ 0.0002,

g„= 2.0202~0.0002, A,- = 4.51 ~0.05, A~- = 3.57 ~0,05, and A,- = 4.50~0.05, where the A components

are in units of 10 ' cm '. The axes y' and y" make angles of 11.6' ~ 0.5' and 36.6' ~ 1.0 relative to

the 1001] direction, respectively, and z' = z" = z. A point-ion crystal-field calculation provides support

for the defect model. Characteristics of the optical absorption spectra for the center are predicted assuming

transitions between 2p levels of the 0 ion.

I. INTRODUCTION

Radiation -induced paramagnetic defects in QeO,
have been studied by several investigators. Weeks
and Purcell'' have observed various holelike and
electronlike defects in irradiated powder samples
of both hexagonal and tetragonal QeO„as well
as in amorphous (glassy) samples of GeO, . Garlick
et a/. ' have observed an additional holelike defect
in polycrystalline hexagonal and amorphous sam-
ples. The models proposed for these defects have
all been of an intrinsic nature.

We have previously reported the observation by
electron-spin resonance (ESR) of a. holelike de-
fect associated with an Al impurity in hydro-
thermally grown single crystals of tetragonal QeO,
following a low -temperature x -ray irradiation.
Recent success in the growth of Al-doped crystals
using a flux method similar to those described by
Swets' and Qoodrum' has greatly enhanced the
signal strength, enabled us to confirm its as-
sociation with the Al impurity, and led to an im-
proved model for this defect. ' In brief, the model,
which we label as the [Al]o center, corresponds to
a hole localized on an oxygen ion adjacent to the
Al ' impurity ion. Similar centers, labeled as
[Ga]' and [In]' centers in Ga- and In-doped crys-
tals, will be discussed in a subsequent publica-
tion. '

Much work has been reported on Al" impurities
in the isomorphic compound TiO, (rutile). Yahia
studied the electrical conductivity and thermo-
electric power of Al-doped rutile. Several para-
magnetic centers in slightly reduced (oxygen-

deficient) TiO, containing Al impurities were
ascribed to defect complexes involving both an in-
terstitial and a substitutional A1" ion near a Ti"
ion by Kerssen and Volger. ' However, to our
knowledge, trapped-hole center s associated with
trivalent Al impurities, of the type we discuss
here, have not been reported in the other rutile-
structure oxides.

Trapped holes localized at 0' sites adjacent to
charge-deficient cation sites have been identified
in many other oxide materials. Various types of
V centers and the [X] centers, "where X denotes
an alkali-impurity cation, have been observed in
the alkaline-earth oxides. Gamble et a/. "have
ascribed a component of the ESR spectrum of y-
irradiated A12O3 to a hole trapped on an anion ad-
jacent to an Al ' vacancy or a charge-deficient
cation. A point -ion crystal -field calculation by
Bartram et gl."was employed to compute optical
absorptions for this O ion. The strength of the
crystal field was adjusted to fit the ESR results,
which enabled them to assign the observed 3.08-eV
optical band to thcs trapped hole in Al, O, .

In n -quartz a trapped-hole center associated
with substitutional Al" impurities has been well
characterized. The initial works by Qriffiths
et gl.""and O' Brien and Pryce"" proposed a
defect model of a hole trapped on an oxygen anion
adjacent to the Al" impurity. Schnadt and
Schneider" detexmined the electronic structure
of the smoky~uartz color center and observed
similar centers in Qa-doped quartz crystals.
Other researches on Al-doped n-quartz include
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those by Samoilovich et aL. ,
"Schnadt and Rauber, "

and Mackey et al."
II. CRYSTAL STRUCTURE

Tetragonal GeO, exhibits the well-known rutile
structure (D,'„') illustrated in Fig. 1. The unit cell
contains two inequivalent cation sites that are re-
lated by a 90'rotation about the c axis. The cations
reside at lattice sites with D» point symmetry and
each is surrounded by a distorted octahedron of
oxygen anions. For one cation site, four nearest-
neighbor anions, labeled (5), lie in the (110) plane
and two anions, labeled (a), lie in the (110) plane,
while for the other cation site these planes are
reversed. The point symmetry at the oxygen lat-
tice sites is C~ in the perfect crystal. The (a)
anions are slightly more distant from the Qe site
than the (b) anions; the Ge-O(a) distance is 1.902
A while the Ge-O(b) distance is 1.872 A in the
perfect crystal. The angle p shown in Fig. 1 is
40 1o 42

III. EXPERIMENTAL DETAILS

Single crystals of tetragonal GeO, were obtained
by slowly cooling a GeO, -Na, O flux nominally
doped with 200- and 1500-ppm Al in the form of
Al, O, . Crystals as large as 10' 3x3 mm' were
obtained. The holelike center could be generated
at liquid-nitrogen temperatures by 1-MeV - elec-
tron, ' Co y-ray, x-ray, or uv irradiation. All
ESR measurements were made at 92 K using
Varian E-3 and E-12 X-band spectrometers.
Crystals were accurately oriented using a Laue
x -ray back-scattering technique.

The resonance lines were extremely narrow,
having a width of about 0.12 Q between inflection
points at 92 K. The onset of power saturation at
this temperature was found to occur at less than
1.0 mW of incident microwave power. Thermal
annealing of the defect was complete and irrevers-
ible after approximately 5 min at 170 K.

IV. RESULTS

The ESR spectra observed at 92 K following x-
ray irradiation at liquid-nitrogen temperature
are shown in Figs. 2 and 3 for H parallel to the
[001] and [110|crystallographic directions, re-
spectively, for a crystal grown from flux doped
with 200-ppm Al. The corresponding ESR signals
were much less intense in undoped crystals and
much more intense in crystals nominally doped
with 1500-ppm Al. Six-line hyperfine patterns of
allowed transitions (((M, =s 1, AM& =0) and smal-
ler forbidden transitions (((M, =+ 1, b. M, =+1, 2)
are evident in Figs. 2 and 3. The observed six-
line hyperfine pattern is characteristic of inter-
action of the unpaired spin with a 10(Y/~ naturally
abundant spin- —,

' nucleus. The enhancement of the
ESR signal caused by Al doping is evidence that
the hyperfine interaction is with an "Al nucleus.
The experimentally determined orientation de-
pendence of the allowed hyperfine lines in two
major crystallographic planes is shown in Fig. 4.

The magnitude of the hyperfine splitting is char-
acteristic of a transferred hyperfine interaction
similar to that observed for Al-related defects in
other oxides. "'"The spectrum is attributed to a
hole trapped on an O' anion interacting with a

y N OOOO
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FIG. 1. Unit cell of tetragonal GeO& with the addition
of two neighboring cations along the [001] direction.
There are two inequivalent cation sites (dark circles)
related by a 90' rotation about the c axis. The (a)
anions are at a slightly greater distance from the central
cation than the (b) anions. The Ge-O(b) bond direction
makes an angle p =40.1' with the c axis.

I) Jl i( Ji

FIG. 2. ESR spectrum for H~( f001]. The arrows in-
dicate the 4M' = + 1 forbidden transitions in between the
six allowed hyperfine lines. The spectrum was recorded
at 92 K and 9.2 GHz.
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FIG. 3. ESR spectrum for H~~ [110J showing two six-
line hyperfine patterns. The high-field pattern does not
exhibit aMI =+1 forbidden transitions since it is due
to centers aligned along the z axis, which is a principal
axis for the quadrupole tensor. The spectrum was re-
corded at 92 K and 9.2 GHz.

nearby "Al nucleus. For an arbitrary orientation
of the magnetic field, as many as four sets of six-
line hyperfine patterns could be observed. This
fact eliminated at least two possible models: (i)
an Al" ion at a substitutional cation site inter-
acting with a hole located on one of the two neigh-
boring (a) anions (this would result in at most two
magnetically distinguishable sites); and (ii) a
substitutional Al" ion interacting with a hole lo-
calized on (a) and (b) anions (this would result in

a least six inequivalent sites). Furthermore, for
H in the (001) plane of the crystal, only two sets
of hyperfine lines could be observed, eliminating
the possibility of an Al" ion at one of the known
interstitial positions in the rutile lattice. '4 There-

fore the spectrum was attributed to a hole localized
on one of the four (b) oxygen anions interacting
with a substitutional Al" impurity ion.

The spin Hamiltonian appropriate to an S =
& de-

fect including the hyperfine, quadrupole, and

nuclear Zeeman interactions with one nucleus is

3C=IJ. BS g H+S A I+I Q'I -gyy. yH'I.

In the unperturbed lattice the oxygen anions reside
in sites that have orthorhombic (C,„)point sym-
metry; however, the addition of a substitutional
impurity ion lowers the symmetry of the (b) anion
sites to monoclinic (C,), the only remaining sym-
metry element being the (110) mirror plane. This
dictates that one of the principal axes for each of
the g, A, and Q tensors lies in the [110]direction
( z axis). The directions of the other principal
axes in the (110) plane are not constrained by
symmetry, however, and indeed need not coin-
cide." The principal axes for the g, A, and Q
tensors are represented in Fig. 5 by single-,
double-, and triple-primed axes, respectively.

Principal values of g and A and the angles n and

p defined in Fig. 5 were obtained by a least-
squares fit of the equations
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FIG. 4. Angular variation of the allowed hyperfine
lines with rotation of H in the (001) and {110)planes.
Two six-line hyperfine patterns corresponding to two
magnetically inequivalent sites are observed in the (001)
plane, and three are observed in the (110) plane.

FIG. 5. Principal axes for the g, A, and Q tensors
of the spin Hamiltonian which are represented by
single-, double-, and triple-primed axes, respectively.
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TABLE I. Spin-Hamiltonian parameters for the [Al]
center in tetragonal Ge02. The A tensor cmnponents
are in units of 10 4cm . The angles n and P, defined
in Fig. 5, are in degrees.

2.0202 + 0.0002

2.0143+ 0.0002

2.0040 + 0.0002

11.6 + 0.5

ALII

Ag pi

4.50 + 0.05

3.57 ~ 0.05

4.51 + 0.05

36.6 + 1.0

V. CRYSTAL-FIELD CALCULATION

The introduction of an effective negative charge
at the cation site occupied by the Al" impurity
would lead us to expect a lower energy for a hole
in an oxygen 2P orbital oriented along the Al" -Q
bond direction. Instead, the nearly-free-electron
value measured for the z component of g indicates
that the trapped hole is localized mainly in a 2P,
orbital of the 0 ion. An ab initio point-ion crys-

gerr =g, sin 8cos (@+a)+g,' sin28 sin (P+o.')

+gg~ cos (9

(2)

Ae~rr=A, ~ sin'8 cos (Q+P) +A, ~ sin28 sin ($+P)

+Agni cos (9

to the observed angular variation in the (110)
plane, where Q and 8 are the usual polar angles
in the unprimed coordinate system. For these
equations it is assumed that the skew-symmetric
components of g and A are negligible, also, the
equation for A,.«- is a good approximation only if
the anisotropy in g is small. " The center of the
hyperfine pattern and the average separation were
used to determine g,«and A„;, respectively, at
each orientation. Table I lists the tensor com-
ponents and angles obtained.

Quadrupole tensor components were not pre-
cisely determined because their magnitudes are
of the order of the uncertainty in the data. The
directions of the principal axes of Q were found,
however, by observing the disappearance of the
AM, =+1, hIg, =+1 forbidden transitions, which
are presumed to disappear for H along principal
directions of the quadrupole tensor. " The angle

y, defined in Fig. 5, was found to be y =59'+2'.
We estimated IQ, I& 0.2x10 ' cm ' for i =x"', y"',
or z'".

tal-field calculation was performed to clarify
this result.

The point-ion crystal-field potential for an elec-
tron at an oxygen lattice site due to all the sur-
rounding ions in the crystal can be expanded in

terms of spherical harmonics by

V(r)= —g g e, „r'F,'(e, 4),
L= 0 N»--L

where, in Slater atomic units,

8~Q n Afk
eL, 4 ~ (21 ~ I)rgyl I tt) 4 lx

(3)

(4)

( 2s I
-V I 2s) = 1.103 a.u. ,

(2P„ I
-V I2P,}=-,,' [(45/6v)'~'Re(e, ,)

—(5/4v)' "e, ,] (r'), ,

&2p, l-VI2p, }=l[-(45/& )'"R ( . ,)

—(5/4v )' ~ 'e, , I (r')

(2p, l-VI2p, ) =-', (5/4 )'~v'e, ,(r'},~,
(2P, I-VI2P, ) = -(3/10m)' 'Im(e, ,)(r'}„,
( 2s I

—V I2p, }= (I /2n )"' Re(e, ,)(r)„~,
and

(2s I
-V

I 2P, ) = (I/2v)'~' Im(e, ,)(r)„„.

(5)

For these matrix elements the constant L =0 term

Here, Q is the charge on ion n, whose coordi-
nates with respect to the origin are r, 8, and

Each term of Eq. (3), which is valid within
the first spherical shell of ions, is a solution of
Laplace's equation. The coefficients e~ ~ are
constrained by symmetry; only combinations of
spherical harmonics which transform as bases
for the identity representation of the crystallo-
graphie point group at the anion site can contrib-
ute. The infinite lattice sums in Eq. (4) were
evaluated by the method of Nijboer and deWette, ""
including the Al" defect contribution. Since terms
in the expansion with L & 2 do not contribute to
the matrix elements, the coefficients eL „were
calculated up to L = 2 and the nonvanishing coef-
ficients are tabulated in Table II.

The ground state of 0 has the electronic con-
figuration 1s'2s'2P' with the excited configuration
1s'2s2P' lying 15.0 eV above the ground state in
the free ion." Using the unprimed coordinate
system defined in Fig. 5, the 2s, 2P„, and 2P,
orbitals transform as bases for the A' (identity)
irreducible representation of C, while 2P, be-
longs to the A" (antisymmetric) representation.
The crystal field will not mix states belonging
to different irreducible representations. The non-
vanishing matrix elements of -V are
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TABLE II. Calculated crystal-field expansion coef-
ficients for the [A1) center in tetragonal Ge02 (in a.u. ).

TABLE III. Calculated hole orbitals for the [Al]0
center in tetragonal Ge02.

0 0

e2, 0

e2, 2
= e2,*2

5.008

—0.074+ i0.177

-0.307

0.086+ i0.043

4'0=i»

pi = (0.237)P„+(0.968)P„—(0.088)s

g2 = (0.971)p„—(0.239)p~ —(0.017)s

f3= (0 ~ 037)p„+ (0.082)p~ + (0.996)s

= 3.04

for both kinds of functions, and

(r)„» =1.27

(r)„„= 1.23

(6)

(7)

for the numerical and analytic wave functions, re-
spectively. Diagonalization of the crystal -field
matrix yielded the energy levels shown in Fig. 6
and the wave functions given in Table III.

VI. DISCUSSION

The results of the point-ion crystal-field cal-
culation confirm that the hole is localized in an
oxygen 2P, orbital as illustrated in Fig. 7, even
though the point-ion model neglects the effects
of covalency and lattice distortion. We argue

in the expansion has been neglected since we are
only interested in the energy differences. The
quantities (r')» and (r)„» are defined as the radi-
al integrals &R, , ~l r'IR, ,,& and &R, , ( rtR, 0&, re-
spectively. Both the numerical wave functions
given by Hartree, Hartree, and Swirles" and the
analytic wave functions calculated by Clementi"
were used in evaluating these radial integrals,
with the results, in a.u. ,

that the covalency effects are small whereas the
lattice distortion is significant. The dominant
contribution to covalent binding for the 0 ion
is expected to involve the three nearest-neighbor
metal ligands shown in Fig. 7. For an unpaired
spin fully localized on the Al ion, i.e., in a
2P, orbital of Al", the anisotropic part of the
hyperfine interaction, A, —~(A, ~ +A„), is cal-
culated" to be about 0.2 cm '; however, the ob-
served anisotropic hyperfine interaction is less
than 1x 10 ' cm '. Therefore, only a small
fraction of the unpaired spin density is localized
on the Al ligand. On the basis of preliminary ob-
servations of partially resolved "Ge (7.76%%uo nat-
urally abundant, I = '-, ) hyperfine structure, co-
valency with the two nearest-neighbor Qe" ions
is also believed to be small in magnitude. On

this basis then, the assumption of an ionic model
appears to be justified.

In Al, O„Bartram et al."found that the strength
of the crystal field was very sensitive to small
distortions of the lattice. For the present case,
the introduction of the effective positive charge
at an oxygen site would tend to produce an outward

z ii I. iso]

y ii t:oo~)

AI

l5.0eV

3.5eV

El
Ge4+

Ge4+

x ll (1lo)

FREE ION Cs SYMMETRY

FIG. 6. Calculated energy levels for the [Al] center
in tetragonal Ge02.

FIG. 7. Nearest-neighbor environment for the [ Al]
center in tetragonal Ge02. The hole is trapped in a

P, orbital of the 0 ion. The effective positive charge
of the trapped hole is expected to cause an outward
relaxation of the two Ge + ions from their normal lattice
positions.
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relaxation of at least the two nearest Ge" ions
(see Fig. 7) with an expected reduction in the
strength of the crystal field. Since we expect one
of the principal axes of the hyperfine tensor to
be along the Al"-O bond direction, direct ex-
perimental evidence of distortion may be seen
in the result that this axis lies at an angle P
=36.6 + 1.0'. In the normal lattice the angle
between the Ge"-0' bond, p, is 40.1'.

The reduction in the strength of the crystal field
from that calculated assuming no lattice distortion
may be seen by comparison of the observed and
calculated principal g values. To first order, the
deviations from the free-electron g value are
given by"

(8)

where X is the spin-orbit coupling constant. For
0, A = —135 cm ', which was obtained by ex-
trapolation from an isoelectronic sequence of
ions. " A reduction in the calculated crystal-field
potential by a factor of 2 would bring about good
agreement between the calculated and experimental
g shifts listed in Table IV. We believe this re-
duction is principally due to lattice distortion.
The angle a shown in Fig. 5, representing the
tilt of the g tensor principal axes in the (110)
plane, can be determined from the coefficients
of g, as

o. =arctan(C~ /C~ ) ='J3.8',

which compares favorably to the measured value
o. = 11.6 + 0.5'.

Two theories exist at present which attempt to
explain the optical-absorption characteristics of
trapped-hole centers in oxides. The older theory
considers the optical bands as arising from tran-
sitions between the 2P levels of the 0 ion."Al-
though transitions between P states are forbidden
by parity, this selection rule is relaxed because
of admixture of the 2s orbital with the 2P orbitals
via the crystal field. The optical transition en-
ergies are then simply related to the g values by
Eqs. (8). This interpretation has been offered
for the optical bands associated with trapped-

TABLE IV. Experimental and calculated deviations
from the free-electron g value.

hole centers in Al, O, " and MgO. " A more re-
cent theory by Schirmer and co-workers" "con-
siders these trapped holes as bound small pol-
arons and considers the optical absorption band

to result from a charge transfer between ad-
jacent oxygen anions. There is then no simple
relation between optical and ESR results.

Assuming transitions between 2P levels to be
observable, we predict two optical bands cor-
responding to the transitions P, —P, and P, —P, .
With adoption of the factor of 2 reduction in the
strength of the crystal field estimated from the
g-shift data, the transition energies are expected
to occur at about 1.8 and 3.0 eV (i.e., about half
the calculated crystal -field splittings shown in

Fig. 6). The bands will be dichroic; the transi-
tions will occur only for light polarized along the
z axis of the defect. From the expected energies
and calculated wave functions, the oscillator
strengths for the transitions can be calculated
from"

where the energies are in rydbergs. This gives
f, = 6x 10 ' for the 1.8-eV band and f, = 3 x 10 '
for the 3.0-eV band. These approximate values
for the oscillator strengths indicate that optical
bands for the [AI]' center, arising from transi-
tions between 2P levels, are weakly electric-
dipole allowed, and should be observable if not
obscured by other transitions.

VII. SUMMARY

We have observed and analyzed an ESBspectrum
which occurs in Al-doped crystals of tetragonal
GeO, following x -irradiation at liquid -nitrogen
temperatures. The model we propose, designated
the [Al]' center, consists of a substitutional Al"
impurity ion interacting with a hole trapped on one
of the four closest oxygens in the octahedron sur-
rounding the impurity cation. A point-ion crystal-
field calculation was performed and the electronic
structure of the center was determined. The ef-
fects of covalency and distortion were discusse
qualitatively and the expected characteristics of
the optical absorption for the center were pre-
dicted, showing that transitions between 2P states
of the O ion should be observable unless ob-
scured by stronger bands.

Dg-„

Dgy i

Expt.

0.0179

0.0120

0.0017

Calc.

0.0096

0.0056

0.0
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