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Nominally undoped YAIO; shows broad intense absorption bands in the visible after irradiation with
visible and near uv light at 77 K; they become especially strong after subsequent irradiation with near
ir. The bands could be correlated with an ESR spectrum arising from holes, which are trapped at O~
ions near unidentified defects or are possibly self-trapped. A similar spectrum appeared after heating to
200 K. It was rather weak and a corresponding absorption could not definitely be identified. The
optical absorption is explained by treating the holes together with their accompanying lattice distortions
as small polarons. A theory based on this model is presented which is a generalization of an earlier
treatment of bound-small-polaron absorption. Information on further absorption of the crystals up to 4
eV is given. Most of this absorption is related to the formation or quenching of the polaron bands.

I. INTRODUCTION

After suitable irradiation, many oxide materials
show broad absorption bands in the visible. Such
phenomena have been investigated especially
thoroughly in MgO and other alkaline-earth
oxides.!”® It was found that in these compounds
most of the coloration is due to holes trapped at
O~ ions near defects charged negatively with re-
spect to the lattice. Attempts to explain the optical
absorption of these trapped hole centers as transi-
tions between the p levels of the O~ ions,®'%® split
by the defect electric field, have met with diffi-
culties for two reasons. Firstly, because transi-
tions between the p levels are forbidden they can-
not cause the observed high oscillator strengths
of the bands, and secondly, because this inter-
pretation could be reconciled with the ESR results
on these centers only by invoking unreasonably
high O~ spin-orbit splittings.

Another model* ascribed the absorption to transi-
tions between molecular-orbital states formed
from a linear combination of the orbitals of equi-
valent O*~ ions around the defect. This interpre-
tation, based on an analysis of a magnetic-circular-
dichroism (MCD) study, was found to be inconsis-
tent with the model of a localized hole.”

Recently, a new approach® has been proposed
which explains the experimental findings without
running into the aforementioned inconsistencies.

It is based on the assumption, motivated by experi-
mental observations,? that the hole trapping is ac-
companied by a lattice distortion around the trap-
ping site. The hole together with this lattice re-
laxation can be understood as a small polaron,®
bound to the defect. The optical absorption is ex-
plained by a light-induced transfer of the hole from
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one to another equivalent O®” site near the defect.
Peak energies and widths of the bands are essen-
tially determined by the lattice distortion.

In the present paper we shall generalize this
concept and apply it to the perovskitelike compound
YAIO, where a radiation-induced coloration is cor-
related with newly found trapped hole centers.
Investigation of this system was initiated because
laser action of rare-earth ions in YAIO, (Ref. 11)
is hindered by the coloration of the crystals due
to the pump light. The origin of this process is
not yet understood. We have reason to believe,
however, that polaronic absorption not only leads
to coloration of nominally undoped YAlO, as shown
here, but most probably also contributes to the
similar effects in rare-earth-doped material. uv-
induced absorption bands in undoped YAIlO, similar
to those analyzed here have recently been published
by Bernhardt.’> However, no explanation of their
origin was given.

We shall first report on the crystal structure of
YAIO,, then describe the ESR results and from
them deduce the structure of the trapped hole
centers. Then the optical absorption is shown and
discussed on the basis of the model of the hole
centers. To this end the essential features of
bound-small-polaron absorption are derived in
a way which appears to be simpler and more gen-
eral than the earlier discussion.?

II. PROPERTIES OF YAIO; AND EXPERIMENTAL DETAILS

YAIQ, crystallizes in a slightly distorted perov-
skite structure.” Figure 1 shows the arrangement
of the ions in the orthorhombic unit cell orthogon-
ally projected onto the (001) plane. It contains
four perovskitelike pseudocells. The cell dimen-
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FIG. 1. Arrangement of ions in the unit cell of YAIO;.
In order to show the distortion clearly, the b/a ratio
has been exaggerated. Therefore the bond angles are
not necessarily equal to the real ones. This unit cell
comprises four perovskitelike pseudocells, the axes of
which are indicated by @’ and 4’. The dashed lines mark
the shortest Y3*-0§~ distances; the dash-dotted lines,
the corrésponding distances to O3]. The p, orbitals
capable of trapping the holes are indicated.

sions as well as the coordinates of the ions, as
determined by Brandt and Diehl,'* are shown in
Table I. The symbols used are defined in Fig. 1.
The crystals investigated in the present study
were obtained from Kristalloptik GmbH, Munich.
Some of the specimens were growth twins, the
twin plane being the plane containing 6’ and ¢’ in
Fig. 1. Only untwinned parts of the crystals were
used for the ESR experiments. As obtained, the
crystals were clear, but after irradiation at 77 K
and subsequent heating to ambient temperature
they showed a yellowish tint due to an absorption
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in the blue. Upon irradiating the crystal at 77 K
with blue light this absorption band is quenched
and the crystal turns grey. The yellow color
returns on warming to room temperature again.
This color cycle was investigated by ESR at K band
at various temperatures using filtered light of a
200-W mercury arc or a 450-W xenon arc.

The optical absorption spectra of the crystal in
its various colored states were taken with a 0.5-m
Ebert spectrometer and a PbS cell with the crystal
mounted in a cold-finger cryostat. The wave-
length-modulated absorption spectra were obtained
with a double-beam arrangement similar to that
described by Shaklee and Rowe.'® A Spex 1402
spectrometer was used with a 4-A passband and a
4-A modulation depth.

III. ESR STUDY OF IRRADIATED UNDOPED YAIO;
A. Results

Depending on the temperature and the irradiation
history of the crystal, two different centers with
g values near two are observed in ESR. Figure 2
shows representative spectra of these centers after
irradiation at 77 K with near uv or visible light.
Both resonances are characterized by pronounced
hyperfine (hf) interaction. The observed splitting
into 11 equidistant lines is clearly due to inter-
action with two 27Al (/= 3; 100% abundant) nuclei.
In YAIQ,, only spins at O?" sites see two Al nuclei
nearly equivalently, the A1®*-O?~ distances differ-
ing by less than 1% from the average value 1.91 A.
As will be shown below, the observed g shifts
indicate that the paramagnetic entity is a hole
trapped at such oxygen sites. The angular depen-
dence of the centroids of the hf packets is shown

TABLE I. Crystallographic data of YAlOg.

Space group

D1 — Pbnm

Unit-cell dimensions

a=5.180+0.002 A
b =5.330+0.002 A
c=17.375+0.002 A

Pseudocell dimensions

a’ =b’ =3.716+0.002 A
¢’ =3.688+0.002 A

Coordinates of ions

B =91.62°
Ion Position x
Y3+ 4(c) ~0.0104+ 0.0002
A3+ ‘4(b) 0.5
oy 8(d) —0.297+0.002

& 4(c)

0.086+0.002

y z
0.0526+0.002 0.25
0 0
0.293+0.002 0.044+0.002
0.475+0.002 0.25
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FIG. 2. ESR spectra of YAlIO;, uv irradiated as well
as measured at 77 K for H||c: (a) center I; (b) centers
II and I; gain increased 10x.

in Fig. 3 for the rotations of H indicated in the
insets. The lowest extremum is found at g,
= 2.0049 for H 41+0.5° away from the ¢ axis in
the plane indicated by a dashed line in Fig. 3(a).
The value of g, is close to the smallest g value
measured for O~ centers in many other hosts,
e.g., 2.0032 for V- in MgO.'® This small deviation
is certainly due to the fact that the plane of rota-
tion [dashed in Fig. 3(a)], which had to be chosen
for experimental reasons, does not contain the
corresponding principal axis of the g tensor. This
is consistent with the extrema for a rotation of H
in a plane perpendicular to ¢ [Fig. 3(b)] being dis-
placed by 3.5°+0.5° from the “dashed” plane.

The other extrema in the angular rotation plot
in Fig. 3(a), at 2.0163 and 2.0511, are also close
to principal values of the g tensor, since only
very slight changes of line positions were observed
upon varying the direction of H near these extrema
in a plane perpendicular to the “dashed” one. The
principal values of the g tensor are therefore ap-
proximately

2. = 2.0049 +0.0020,
g, = 2.0163£0.0020,
g, =2.0511+0.0005 .

The directions at which these values are measured
are indicated in Fig. 3(a). The hf splittings are
also somewhat angular dependent. Analogous ap-
proximations to the principal values are

A, =4.4:0.1G,
A, =4.510.1 G,
A, =3.6+0.2 G.

It should be noted that for a rotation around c the
entire spectrum just described consists of two
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FIG. 3. Angular dependences of the ESR spectra of
centers I (full lines) and II (dashed lines) for a rotation
of H: (a) in the plane indicated by dashes in the inset,
and (b) in a plane perpendicular to c.

equivalent branches rotated with respect to each
other by 84+ 1°[Fig. 3(b)].

Upon heating the crystal to near 200 K, after
irradiation at 77 K, the previously described spec-
trum I vanishes and a new spectrum II appears
having features similar to spectrum I. Spectrum
II persists on recooling down to 77 K and I returns
to only a small fraction of its initial strength.
Further irradiation at 77 K destroys II, however,
and Iis restored to its full strength again. If the
crystal is irradiated during the heating cycle, I
is formed in preference to I, and decays into II
after turning off the irradiation.

Not all the holes freed from I during heating end
up in II because the total intensity of I and II after
cooling down to 77 K is less than the original in-
tensity of I. This is partly due to migration of the
holes to another site, leading to ESR signals,
which have not yet been analyzed. Another portion
of the holes seems to vanish by recombination
with electrons as evidenced by yellowish thermo-
luminescence. Above about 200 K both centers
decay rapidly.

The superposition of spectra I and II for H||c
after the described heating to 200 K and cooling
to 77 K is shown in Fig. 2(b). Again there is hf
interaction with two equivalent 27Al nuclei, identify-
ing 07~ as the site of the unpaired electron in
center II also.

The angular dependence of the hf-packet centroids
of center II (dashed lines in Fig. 3) could be de-
termined with less accuracy than that of center I,
firstly because of interference of the packets
with those of I, and secondly because the branches
near low g values [Fig. 3(b)] seemed to consist of
two packets which could not be disentangled. The
principal g values here are

g =2.0030£0.0010,
gn = 2.0140£0.0020,
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ge = 2.0345 +0.0005 .

¢ lies along a; & along ¢, and 7 along b. The cor-
responding A tensor for center II is given by

A,=5.320.1G,
A,=5.4:0.2 G,
A;=42:01G.

B. Interpretation of the spectra
1. Model of centers

In these centers we are clearly dealing with
paramagnetic entities centered at single O*~ ions
of the YAIQ, lattice. The positive g shifts (see
Sec. III B 2) point to the capture of a hole at such
sites during irradiation, converting O*~ to O~ ( p°).
From the different angular dependences of centers
I and II, Fig. 3, it follows that the hole is captured
at different O®~ sites in each case. The spectra
are consistent with the hole of center I being
trapped at O®~ ions in A1®*-0?-Al®*" chains perpen-
dicular to ¢, whereas for center II the chain is
parallel to ¢. This is shown in Fig. 1, where it is
also indicated that not all O*~ ions in “perpendicu-
lar” and “parallel” chains, respectively, are
energetically equivalent, as will be discussed
below. It is observed that the z and ¢ axes of
centers I and II, respectively, roughly point from
the corresponding O?~ sites towards the Y** sites
of the crystal. Since in such situations the small-
est g values are measured along the axes of the
p, orbitals in which the hole is accommodated,
these are oriented as sketched in Fig. 1. The
p, orbitals are apparently stabilized in this con-
figuration by defects at Y*" sites, different for
centers I and II, charged negatively with respect
to the lattice. It could, however, also be possible
that the hole is self-trapped or rather stabilized
by the inequivalence of the O®~ ions without the
presence of a defect. Since this could not be
established definitely, for simplicity we shall as-
sume in the following that the hole is trapped by
a defect.

The angle between the two branches in Fig. 3(b),
84°+1° is different from 90° expected for an ideal
perovskite lattice. This difference, 6°+1° can-
not be attributed alone to the axes a’ and b’ being
inclined with respect to each other by 91.6° (shown
exaggerated in Fig. 1). Further displacement of
the ions, as given by the free parameters in Table
I and distortions away from the crystallographic
positions, caused by the hole capture, can serve
to explain the remaining discrepancy.

If all O~ ions were energetically equivalent,
one should observe four branches in Fig. 3(b),
corresponding to the four magnetically inequivalent

O~ sites in Fig. 1, two of them belonging to the
upper and two to the lower pseudocells shown.
The experimentally determined orientations of
the g, axes with respect to the crystal ¢ and b
axes, known from an x-ray analysis of the inves-
tigated specimens, leads to the conclusion that
the O*~ ions connected by dashes to the Y3* sites
are energetically most favorable. From the deter-
mined ion positions (Table I) it was calculated that
these O*~ ions are closer to the defects, supposed
to be at Y*" sites, than the alternative O?" ions.
This site preference could be due to the Coulomb
attraction between hole and defect.

Similar arguments hold for the type-II centers.
Here only the O~ ions at which the dash-dotted
lines originate have been found to trap holes.
Again these O?~ ions have shorter distances to
the (Y*") defect sites than the other O? ions. The
angle between the dash-dotted lines in the upper
and lower pseudocells in Fig. 1 is smaller than
the corresponding angle between the dashed lines.
This can explain why the two expected branches
were not resolved for type-II centers in Fig. 3(b).

2. Interpretation of the g and A tensors

The local environment of an O~ ion of center I
is shown in Fig. 4. The given bond lengths cor-
respond to the crystallographic values of center
I, whereas the bond angles have been approximated
by 90°. The crystal field splits the p states such
that the p, orbital lies lowest.

Angular momentum is quenched in this state and
the deviations of the g values g,, g, and g¢, g,
from the free spin values are due to the admixture
of p, and p, into the ground state by spin-orbit
coupling!”:

Agi:—-z)\o—/Ei, i=x,9&mn, (1)

DEFECT

FIG. 4. Environment of an O~ ion (center I) in YAIO;.
All bond angles have been taken to be 90°. At the right-
hand side the level scheme of O7p, orbitals originating
from this crystal field is indicated.
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where A,- is the spin-orbit coupling constant of
O-, and E; are the energy separations of the
higher p states from p,. Since 1,-<0, Ag;>0 as
observed. Using A,-= —0.016 eV,'® one derives,
with the observed Ag, and Ag,,

E,~0.7eV, E,~2.3¢V.

We shall now show that the large difference be-
tween g, and g, and between g, and g, is consistent
with the structure of the centers derived in Sec.
IIIB1. From the model given in Fig. 4, the axial
crystal-field parameter A and the orthorhombic
one B, have been calculated assuming that the
A1** and Y** neighbors of O~ are purely ionic:

A=(0.211 - Zx0.015)e{p? ,
B=0.098e{p? .

The numbers in these expressions are given in
A-3, (p? is the expectation value of the square of
the hole-nucleus distance in the O™ ion and Z Xe
is the real charge of the defect. Z =0 corresponds
to the ¥3* vacancy and Z =3 would formally mean
the self-trapped hole.

From E,/E,= (A + B)/(A - B) (see Fig. 4), one
finds with Eq. (1),

2.71<Ag, /Ag,<3.88.

The lower bound applies for Z =0, the upper one
for Z=3. The experimental ratio is ~3.5, which
falls into the range of the calculated values. The
model, however, neglects any distortion of the
crystallographic bond lengths. It has been shown®
that for such centers a lattice relaxation caused
by hole trapping will increase the axial crystal-
field parameter A, whereas the orthorhombic part
B tends to be less affected. The orthorhombicity
therefore will be relatively less important and
the predicted ratio Ag,/Ag, will thus tend to be too
high.

In the analogous crystal-field model for center
II, Agy/Ag, is predicted to be 3.20 for Z= 0 and

6.35 for Z=1, if again distortion is not considered.

The experimental ratio, ~2.8, agrees well with
the result for Z= 0. So one might infer that the
defect here is an Y®* vacancy. Since the g shifts
are larger for center I, it appears that Z is higher
there.

As will now be demonstrated the hf interactions
are also in accord with the described models of
centers I and II. Taking the average of the princi-
pal A; values of center I, one obtains @, the Fermi
contact interaction to be

laf = £y, v, 72 [#(0)|? = 4.2+0.1 G

(7e» v» magnetogyric ratio of electron and nucleus,
respectively). So there is a finite isotropic hf

interaction, proportional to [{0)|? of unpaired
spins at the 27Al nuclei, although they are lying on
or near a nodal plane of the O™2p, function.

From similar situations!® one infers that this is
caused by exchange polarization of the AI** closed
$ shells by the O™ unpaired electron. In such
cases a is expected to be negative, taking the
signs of nuclear and electronic magnetic moments
as positive. As will be shown shortly, this is
borne out by the experiment. The anisotropy is
caused by the dipolar interactions b and e which
are always positive. From!®

A, =a+2b,
Ay=a-b+e,
A,=a-b-e,

one finds that @ <0, since |A,|<|A,], [A,|. This is
consistent with the Al nuclei lying near nodal
planes of the p, orbitals, as shown in Fig. 1. Since
the hf interaction has not been observed to vanish
for any angle, all A; have the same sign. This
leads to

a=-42+0.1G,
b=0.3+0.2 G,
e=0.05+0.2 G.

In an earlier study of hole centers in ZnO it has
been shown'® that b and e are given by

b=y, vai2(1/8 - £p* /1),
e= v, vi*( £p? /),

where [, is the distance between O~ and Al nuclei.
From the experimental value of & one finds from
these expressions 2.40 A as a lower limit for Ly
if (p?) = 0.85 A% (Ref. 18) is used. This points to
a sizable distortion of the A1**-0?" bond lengths
from the crystallographic distance 1.91 A. The
ratio e/b is then found to be 1/10, which is not
inconsistent with the experimental results.

An analogous analysis of the hf interaction in
center II leads to the following values:

=-5.0+0.1G,
b=0.4:0.1G,
e=0.05+£0.2G.

la| is somewhat larger than in the previous case.
A possible explanation is that an AI**-0?"-AI%*
chain is somewhat shorter along c (center II)

than perpendicular to it (center I).* A smaller
distortion of center II, compared to I, is an alter-
native explanation.
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3. On the relation between centers I and II

In center II the hole certainly has a lower energy
than in I, because I vanishes in favor of II upon
heating and subsequent cooling. This is in accor-
dance with the determination of the higher charge
deficiency of defect II, Z= 0, inferred from its
g shifts in the previous section. Since I, however,
is created preferentially during irradiation at any
temperature below 200 K, holes apparently have a

higher capture cross section at defects correspond-

ing to I, or such defects are more numerous. This
conversion from I to II is quite analogous to that
observed for the transformation of V, centers into
Vr centers in alkali halides.?® The V, centers,
preferentially created at low temperature by x ir-
radiation, vanish with rising temperature in favor
of the more stable V,, where the hole is not self-
trapped but bound to an alkali vacancy.

It is interesting to observe that the transformation
from I to II has a lower threshold than thermal ex-
citation of the hole from that O*~ ion where it is
trapped to neighboring O®~ ions. The fact that no
such thermally excited hole states are observed
up to 200 K, above which the centers decay, puts
a lower limit to the energy difference between
lowest and next most favorable O*~ ions near a
type-I defect to be about 0.1 eV.

A remark is appropriate concerning the fact that
different types of O?~ ions trap the holes near
defects producing either center I or II. This ap-
parently shows that there is a reaction of the
lattice to the kind of defect brought into the crystal.
If the two defect species react in a different way
with 0% ions I or II, respectively, the relative
trapping energies of ions I and II can be different.

IV. OPTICAL ABSORPTION OF IRRADIATED

UNDOPED YAIO;
A. Results

The optical absorption spectrum of YAIO, be-
tween 1 and 3 eV at 80 K is shown in Fig. 5 after
various stages of irradiation. Bands P, and P,
are formed with irradiation from a Hg arc filtered
through a 3-cm CuSO, aqueous solution followed by
a series of glass filters with increasing energy
cutoffs. Each curve is indicated by the high-
energy cutoff wavelengths of the glass filters used.
By far the largest increase occurs, however,
after subsequent removal of all the filters and
allowing irradiation with complete Hg arc light
including the infrared (ir). The growth of this ab-
sorption was found to be directly related to the
formation of center I in the ESR. In fact a linear
relation was found to exist between them as shown
in Fig. 6 and all further discussion will assume
that these bands are due to optical transitions

ABSORPTION COEFFICIENT cm’
N
T

° = 1 1 1 1
1.0 15 20 25 3.0

ENERGY IN eV

FIG. 5. Lower curves: unpolarized optical absorption
of undoped YAIO; in the range 1-3 eV after several ir-
radiation steps with filters having the indicated high-
energy cutoffs. The two uppermost curves, taken after
irradiation with the full Hg light including the ir; show
the polarization of the absorption. The dashed band
shows one representative theoretical bound-small-polar-
on absorption band.

within center I.

The optical absorption at higher energies is
shown in Fig. 7 where the wavelength-modulated
spectra of the crystal for both polarizations with
respect to the crystal ¢ axis are given as a func-
tion of irradiation. It is seen that band A which
gives the crystal a yellow tint at room tempera-
ture is quickly quenched and presumably releases
the holes which afterwards can be trapped to
form center I. Simultaneously several other bands
change in intensity as the summary in Table II
indicates, but none of them changes in the same way

b e l1,
| (ARB.UNITS)
B =
I
0 ow v o 4
— 0 N ® O ™ -
< T O ® o
A p
L < -
)
'S
®
— ESR INTENSITY
(ARB.UNITS)
1 | | | | | | | 1 -

FIG. 6. Linear relationship between the optical extinc-
tion at 1.85 eV and the intensity of the ESR of center I.
The designation of the points is analogous to that given
in Fig. 5.
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FIG. 7. Polarized modulated absorption of undoped
YAIO; after the indicated irradiation steps. 80 K: cooled
to 80 K in the dark; 455 nm: irradiated with Hg arc
light filtered with CuSO, solution and 455 nm cutoff
filter; 385 nm: same, with 385-nm cutoff; 305 nm:
same, with 305-nm cutoff; full Hg arc light.
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as bands P, and P,. Therefore these bands are
the only ones directly correlated with center I
up to 4 eV.

B. Interpretation of the optical absorption in the visible

1. General remarks on bound-small-polaron absorption

It has just been shown that bands P, and P, are
correlated to trapped hole centers of type I. The
rather high intensity of P, and P, can only be ex-
plained by electric-dipole active processes. We
therefore discard transitions between the O7p
levels at a single site as an explanation for the
bands, although at least one of them is expected
in the required energy range (see Sec. IIIB2),
since such transitions are not electric dipole
active. These bands P, and P,, will therefore be
discussed here as bound-small-polaron optical
absorption. This approach successfully explained
the absorption of holes trapped in MgO:V~-type
centers.® The present discussion must be less
detailed, however, because YAlO, has lower
microscopic symmetry than MgO.

If a hole is captured at an O?~ ion near a defect,
binding energy can be gained by distortion of the
lattice, and the vibrations of the hole-lattice sys-
tem will now be excursions from the new equili-
brium positions of the nuclei. This distortion can
lead to trapping at one of several equivalent sites

TABLE II. Optical absorption bands of nominally undoped YAlO; at 80 K.

Polarization
Designation Energy with respect Formation Quenching
of band eV) to ¢ axis

P, 1.85 >4 Pump into bands 4, Warming
C,D,F

p, 2.35 1 Pump into bands A4, Warming
C,D,F

A 3.03 e Present before Pump into A
irrad.; warming

B 3.15 1 Pump into A Warming

C 3.47 L Present before Pump into A
irrad.; warming

D 3.73 L Max. intensity at (1) irrad. into D
385-nm irrad. (2)A>700 nm

E 3.83% 1 Partly present before Part. quenched
irrad., pump by warming
into A,D,F subsequent
A>700 nm

F >4.00 eoe Pump into A Pump into F

2There is additional fine structure to this band at 3.39, 3.51, and 3.53 eV.
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if the stabilizing energy is large compared to
energies corresponding to symmetry-restoring
processes, e.g., tunneling. In the case studied
here, there are twelve O?” ions around a defect
on a Y3* site which, in principle, can trap holes.
In each case the hole will be accommodated in a
p.-type orbital pointing towards the defect, the
remaining p orbitals, p, and p,, lying higher in
energy because of the defect electric field. Since
the perovskite structure is distorted in YAIO,,
the energy of the hole in a p, orbital at site 7, ¢,
can be different from ¢€;, the corresponding energy
at site j, and phonon-induced relaxation can
quickly transfer the hole after trapping to the
site of lowest energy.

The vibrational potential energies of the hole-
lattice system are best described by employing a
configuration coordinate scheme. We make the
simplification®! generally used, that the force
-V@Q driving the system from the undistorted to
one of the distorted configurations, can be des-
cribed by one configuration coordinate @ only. V
is a measure of the strength of hole-phonon coup-
ling. The coordinate @, in general, can be one,
two, or three dimensional. We need not specify
this since the problem can be reduced in any case
to a one-dimensional one, as will be shown short-
ly. After application of the hole-phonon interaction
the system will exhibit a minimum in configuration
space for each trapping site in the crystal.® If the
system was harmonic before the hole-phonon in-
teraction, i.e., if its vibrational potential energy
was given by (3pw?)@?, it will remain so around the
new minima, as long as the coupling is linear and
strong. Moreover the vibrational potential energies
around the new minima will again have the same
curvatures as (3pw2)@?, all minima being equi-
valent in their vibrational properties. Cuts through
such potential energy surfaces, along the direction
connecting two neighboring minima, will always
appear as in Fig. 8. This means that if the hole
is trapped at site @ in the crystal, the vibrational
potential energy of the entire system is given by
parabola a. Curve ; shows the corresponding
energy for the case where the hole is transferred
to and trapped at site 8;. The distance between
the minima of both curves is related to the hole-
phonon coupling strength.

For the case of such harmonic potential, the
state of the hole-phonon system can be described
by the product |a)|w, where |a) is the wave func-
tion of the hole at site o, and |u) one possible
vibrational state of the system if the hole is trapped
at site @. p is assumed to be an appropriate col-
lection of vibrational quantum numbers classifying
that state. The generalization to the cases when
the hole is trapped at sites g; is given by |8y [vy),
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FIG. 8. Linear configuration coordinate diagram with
energy surfaces centered around sites a and ;. If the
sites are inequivalent the hole energy at 8; can be higher
by €;q-

|B;) designating the hole state at B; and |v;) the cor-
responding vibrational state of the system.

The transfer of a hole from « to any of the sites
B; can be induced by light. In the frequency range
we are studying, only electronic transitions are
caused by the interaction with light. So the final
state in a transition from |a) |u) will be |B;)|W,
where the vibrational state is unchanged. For the
calculation of the energy of the final state it is
more convenient, however, to express |u) by an
expansion into eigenstates of the system if the
hole is at B;:

[ ) :Z fivi ) .

The system has thus been excited to a nonstationary
phonon state, in which the energies €;, + E,; occur
with the weight |(v;|u)|?. Here ¢;, is the difference
of hole energies ¢; and €, (see Fig. 8); E,, is the
energy of the vibrational system in state |v;).

A discussion of the overlap integrals (v; | u) will
bring the simplification of the problem to one
dimensionality. For the case where @ is two or
three dimensional the oscillator eigenfunctions
| 1) and |v;) can be written as double or triple
products of linear harmonic oscillator functions,
for example, in the three-dimensional case:

) = o ) lu,

where u; denote the appropriate quantum numbers
for the component wave functions. Analogous
products can be written for the |v;). The directions
x, v, and z can now be chosen without loss of
generality in such a way that z extends along the
direction connecting both wells, and x and y per-
pendicular to it. The overlap integrals (v; |u) thus
become

<Vizl“'z><yix lﬂx)(viy “J’y> .
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Since the wells are equivalent in their vibrational
properties, (v;,|u,) and (v;,|u,) are unity, if |v;,)
and |u,) as well as |v;,) and |u,) have the same
quantum numbers; otherwise these integrals are
zero. This means that transitions to final states
with changed x- and y-oscillator states are not
allowed. The transition probabilities and transi-
tion energies thus, in any case, correspond to
those expected from the one-dimensional model
shown in Fig. 8.

For this case the probability that photons of
energy iw=E,, + ;4 —E, are absorbed, if the
initial state is |a)|u), is given by f(fiw)
= Kualvid PO(E,; + €1y = E, —hiw). I |u,) is the
ground state of the corresponding oscillator,
iz vi ) B is a Poisson distribution® which can be
approximated by a Gaussian distribution for large
hole-phonon coupling, e.g., for high U/Aw, in
Fig. 8. The envelope of this distribution of dis-
crete frequencies is proportional to®

Iiw) e V2e= e =€ =a)? -

with w™!= 8Ufiw,. If it is considered that not only
the lowest of the possible states |u) is occupied
initially but that also higher ones are thermally
populated, w ! becomes to a good approximation??

w N (T)=w"*0) cothZiw,/2kT .

In order to describe the experimentally measured
energy absorption line shape, I(%Zw) has to be
multiplied by 7Zw.

So far, we have not considered that the hole,
after having been transferred to a neighboring O?~
ion, has a finite probability amplitude for tunneling
to an equivalent O°~ neighbor. This tunneling will
lead to a chemical splitting of the excited states.
The matrix elements describing the exchange in-
teraction between these excited hole-phonon states,
|8 {) and |B;) |u), respectively, are given by

Jij = {B; {JCJIB]'></~L l#) = (B; |'JCJ|I3,~> ’

since (.| u) = 1. The hole and vibrational parts
could be separated because the exchange operator
JC; acts only on the hole functions. The exchange
splittings of the excited states can thus be treated
without considevation of the vibvational system.

The polaronic absorption will thus appear as a
superposition of Gaussian bands separated by the
exchange splittings between the molecular-orbital
states formed from the final-hole states at the
O~ ions involved. The symmetry of these states
will also determine the polarization behavior of
the bands. If the ¢; differ from site to site, the
excited states and their energies are given by the
eigenvectors and eigenvalues of a Hamiltonian con-
taining €;, €;... in diagonal positions and J;; in
off-diagonal ones.

This part of the discussion is a simplification
of the former treatment of the problem,® where
the moments of the line shapes have been calcu-
lated. The physical basis of the derivation is
that the system stays in its original vibrational
state while the hole is transferred.

The total intensity of the transitions, proportion-
al to

Zi<a|<m—ei|si>|u>|2,

does not depend on the vibrational properties
either, since the dipole operator, —eX, operates
only on the hole functions, and because {u|u) = 1.
Neither does this intensity depend on the chemical
splitting. This is an example of spectroscopic
stability.?* The relevant matrix elements are
thus (@ |- eX|B;). They are nonzero because there
is a certain admixture of |B;) to |a) and vice versa
via the exchange interaction:

!(! '> = la> "'(chBi /AE)lﬁ,> )
8 = 18:) + (Tup,/AE) @) .

Here the exchange integral Jop; between sites a
and f; in the undistorted configuration enters. By
lattice relaxation the exchange contribution is re-
duced to (Jae,-)/AE, where AE is the mean hole
excitation energy, 4U + ¢;,,.since the exchange
operator does not operate on the vibrational states
of the lattice. It has been found for MgO:V~ (Ref.
8) that 4U is large compared to typical O*~-O~
exchange splittings. Since in YAIlO, the peak posi-
tions of P, and P, lie in the same energy range as
in MgO:V~, it may be assumed that here also
(Jop;)/(4U + €;4)<<1, which justifies the above per-
turbation approach. From these perturbed wave
functions one calculates the transition matrix
element to be

(all— ei'BOm(JotBi/‘lU*' €ia)T’ (3)

where T is the vector connecting the two O*~ ions
concerned in the crystal. Contributions from the
overlap region of both functions |a) and |g) have
been neglected because |a’) has a node there. This
transition moment can be quite large because of
the length of I, even if (J,5,)/(4U + €;,) is small.

In calculating the chemical splitting, only ex-
change between the final hole states |B;) was
taken into account, without considering any change
of the ground-state energy. The reason for this
being, that the near degeneracy of the final states
generally gives a first-order contribution of J
whereas the mean energy separation from the
ground state, 4U + €;,, allows only second-order
modifications of the ground level.

In summary, it has been shown that optical

ijs
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absorption by light-induced transfer of holes clad
with their lattice polarization from one to another
equivalent lattice site is characterized by three
features: (i) The components of the observed
bands are Gaussian in shape. Their halfwidths,
given by W~12= (8Uliw,)"?, are related to their
peak position, 4U (if €;,= 0 and J;; = 0). Polaronic
bands of holes trapped in the O®" lattice of an
oxide material, generally peaked in the visible,
thus have typical halfwidths of ~0.5 eV, assuming
iw,= 0.08 eV, which corresponds to LO phonon
frequencies in such hosts. (ii) The observed line
shape results from a superposition of such
Gaussian components; their relative positions are
given by the eigenvalue differences of the molecular
orbitals forming the excited states; their relative
intensities depend on the symmetry of these mo-
lecular orbitals and on the transition moments to
their component wave functions |8;)|v;) as given by
the next item. (iii) The intensities of these trans-
itions can be rather strong because of the long
dipole arms corresponding to a charge transfer,
which counteracts the quenching of exchange by
distortion [Eq. (3)].

These features were observed in the optical ab-
sorption of MgO:V~. There the band is peaked at
2.3 eV, its width is ~1 eV; it consists of two ex-
change-split components separated by 0.1-0.2 eV
and its oscillator strength is about 0.1.

2. Discussison of the spectra

The absorption bands, P, and P,, correlated with
the ESR of center I show the characteristics pre-
dicted for the polaronic absorption. Relatively
weak ESR signals are accompanied by a rather
intense optical absorption, showing the high os-
cillator strength of the bands. Their positions
and widths are comparable to those observed for
MgO:V~.

The dashed curve in Fig. 5 shows a representative
band shape for polaron transfer between two oxygen
sites. I(iw)iw [Eq. (2)] has been fitted with fiw,
=0.1 eV and ¢;,= 0 to the maximum of the P, band.
It appears that the experimental P, absorption can
be explained by a superposition of such curves.
Since the final hole positions in such transfers
have different €; due to their crystallographic
inequivalence, such a superposition of slightly
shifted bands is expected. There is not enough
experimental information on the free parameters
in the theory (J;;, €;4, #iw,, U) to make a theoretical
fit by such a superposition meaningful. It can be
seen, however, that the characteristic features of
the absorption are accounted for by the model.

The P, absorption band is thus explained by
taking into'account only transfers between the p,
orbitals at neighboring O*~ sites, nearly equivalent

in their orientation towards the defect and there-
fore nearly equivalent in their energy, see Fig. 9.
There is, however, also a finite exchange be-
tween the ground-state O~p, orbital and the higher-
lying O®~ orbitals p, and b, at neighboring sites.
Among the transitions to these orbitals, especial-
ly those to p, are expected to have considerable
intensity since these states lie closest to the p,
ground state, ~0.7 eV in the situation where the
lattice is stabilized in p, occupancy, see Sec. III
B2. Therefore, the transition moment to the p,
orbitals, analogous to Eq. (3), should not be much
smaller than that to the p, orbitals. We therefore
tend to ascribe P, to the p, — p, transfer described.
This interpretation is supported by the fact that
the peak energy of P, is about 0.5 eV higher than
that of P,, nearly consistent with the above ESR
result. In comparing these energies, it should be
kept in mind that the energy derived from the ESR
applies to the site where the hole is captured,
whereas the P,-P, difference belongs to a neighbor-
ing site before it has adjusted to the presence of
the hole. Because the number of centers II was
much smaller than of I, a corresponding absorp-
tion could not be definitely identified.

C. Discussion of the additional optical absorption

So far we have given an explanation for the broad
optical absorption, P, and P,, of one of the hole
traps in YAIO,. From Table II it appears that
these holes are created by pumping electrons from
the O~ valence states into levels corresponding
tobands A, C, D, and F. Not all the holes excited
into the valence band in this way, however, are
immediately used in the formation of P, and P,.
This is shown by the fact that subsequent long-

FIG. 9. Relative positions of ions between which the
hole can be transferred by light. Again an orthogonal
approximation of the YAlO; lattice is shown. At oln
site 1 the p, orbital (full) and p, orbital (dashed) is indi~
cated. The straight arrows 1;, mark the directions of
the transition moments between p , orbitals at neighboring
02" positions. The used polarization directions of the
light are also indicated.
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wavelength irradiation increases P, and P, con-
siderably, apparently by freeing holes intermedi-
ately trapped at unknown sites into the valence
band from where they can form centers I, respon-
sible for P, and P,.

Nothing is known so far about the chemical
nature and physical structure of the additional
bands A-F. It is very likely, however, that the
absorptions A, D, and F are charge transfer bands
since they are quenched by shining into them,
Band E seems to be an internal transition of some
defect, both because it is rather narrow and be-
cause of the rather sharp fine structure on its
low-energy wing.

V. CONCLUSION

It has been shown that the light-induced broad-
band visible absorption of undoped YAIO, is cor-
related to the ESR of holes trapped at O®>" ions
near defects of the lattice. Depending on the
irradiation and thermal history of the crystal
two types of centers were observed. As revealed
by the analysis of the experimentally determined
g and hyperfine tensors, in both cases the holes
are trapped in O~ p orbitals pointing towards
Y®* sites of the lattice, where presumably unident-
ified defects are located. In one type of center,
the defect seems to be an Y3* vacancy, whereas
the charge difference with respect to Y** is less
in the other case. Self-trapping of the hole or

rather stabilization by inequivalence of the O?~
ions cannot be excluded.

The optical absorption arises because the hole
trapping is connected with a lattice distortion. In
the light-induced transfer of the hole from one O*~
to a structurally equivalent one, the charge carrier
is pulled out of its lattice polarization cloud leaving
the system in a highly nonstationary excited pho-
non state. This expresses itself in the appearance
of broad absorption bands in the visible. The
theory presented includes consideration of the
chemical splitting between energetically equivalent
final hole states. The most important conclusion
reached is that this splitting can be treated without
consideration of the phonon system. This appears
to be the basis for Watkin’s?® interpretation of the
optical absorption of several pseudo-Jahn-Teller
systems, where chemical splitting was intuitively
founded on group theoretical arguments.
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