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Photochromism of three photosensitive Fe centers in SrTi03
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Three paramagnetic Fe defect complexes have been observed by electron-spin resonance in

chemically reduced crystals of SrTi03. These are identified as (1) in Fe + ion substituted on a

Ti site with a nearby charge-compensating interstitial impurity, and (2) and (3) two charge states
of substitutional Fe with a near-neighbor oxygen v icancy, Fe +- Vp and Fe'+- &p. These three

defects are related in the sense that photoexcitation can reversibly switch electrons between the

vacancy-associated and interstitial-associated sites. An analysis of the response to pol prized

light, and of the kinetics of charge transfer, shows that in both the forward and reverse direc-

tions of optical pumping the mobile charge carrier is a valence-band hole. Four distinct charge

states of the Fe-&p system have now been identified, ind the rel itive instability of SrTi03 to-

ward formation of multiple-impurity charge states is briefly discussed.

I. INTRODUCTION

SrTi03 is one of a number of transition-metal ox-
ides that form in the ABO3 perovskite structure. It is

a diamagnetic insulator with a 3.2-eV band gap
separating the oxygen 2p valence band from the emp-
ty titanium 31 conduction band, and it is a reasonable
first approximation to consider the binding as pri-

marily ionic.
When the pure crystal is doped with iron-group im-

purities they are known to enter substitutionally on
the titanium site, for reasons related to ionic size.
These impurity ions are then either octahedrally coor-
dinated with six near-neighbor oxygens, or charge
compensated with a near-neighbor oxygen vacancy
( Vo) along one of the [100] directions in the cubic
Ti-centered unit cell. Some examples that have been
studied by ESR include Fe +, ' Mn +, Fe +- Vp,

Ni +- Vp, and Mn~+- Vp. Many of these doped crys-
tals show interesting photochromic properties that
make them at least potentially useful for device appli-
cations.

Fe has probably been studied more thoroughly as
an impurity in these crystals than any other ion.
ESR, optical, and electrical studies have shown a re-
markable variety of charge states are available to the
impurity systems. In addition to the Fe'+ and Fe'+-
Vp centers cited above, an optical-absorption band
has been identified as belonging to Fe4+ in an "as-
grown" crystal. In samples that have been oxidized
by heat treating in air both Fe4+- Vo (Ref. 9) and Fe'+
(Ref. 10) appear, as well as a partially identified Fe'+
(Ref. 11) system in a noncubic site.

This paper presents ESR and optical results for
several Fe-defect complexes in "as-growri" SrTi03
and in SrTi03 crystals which have been chemically re-
duced by heating in a hydrogen atmosphere at high
temperature. After the heat treatment we find a sim-

pie optically induced charge transfer sequence in
which an electron can be reversibly switched between
two distinct Fe-associated defect sites. One of these
sites is the Fe- Vp system, the other site is not fully
characteriied here but we believe it involves an inter-
stitial near a normal substitutional Fe, and this site
will be labeled Fe-l.

Since the electron transfer leads to two distinct
charge states at each of two sites, four impurity
species participate in the optical cycling. Three of
these are directly observed by ESR. An outline of
our observations is as follows: We begin with SrTi03
crystals grown by National Lead and doped with ap-
proximately 80 ppm Fe. ESR of these "as-grown"
crystals shows the well-known Fe + and Fe'+- Vp

centers, and the new interstitial system Fe'+-I. The
relative position of these centers in the 3.2-eV band
gap is shown in Fig. 1(a). When these crystals are
heated to = 1100 K in hydrogen and then quenched,
oxygen vacancies are introduced into the sample.
These vacancies act as shallow donors, and their in-
troduction will cause the Fermi level to rise, as
shown in Fig. 1(b). The crystal is now in an optically
activated state. The vacancy system contains a sub-
stantial number of Fe'+- Vp centers, and all of the in-
terstitial sites have gained an electron, converting
them into (Fe'+-I +e). This last complex shows no
ESR spectrum, so the precise location of the extra
electron is undetermined. For convenien'ce in nota-
tion we call it Fe'+-I. If the crystal is now cooled and
illuminated with blue light, an electron is driven out
of the valence band and into the Fe'+- Vp system,
converting it into Fe'+- Vp, The valence-band hole is
captured by the Fe2+-I system, regenerating the
Fe'+-I seen before heat treatment. These new charge
states are stable indefinitely at temperatures below
about 200 K, but illuminating the sample with ir light
erases both optically produced charge states and re-
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FIG. 1. (a) Impurity level diagram and Fermi level in the
as-grown crystals. (b) The same diagram in reduced sam-

ples, showing the Fermi level pinned at the Fe +-t
0 site.

II. ESR RESULTS

All the ESR measurements described here were
taken on an L-band microwave spectrometer of con-
ventional design, operated either as a homodyne sys-
tem with 100-kHz magnetic field modulation or as a
superheterodyne system with a 30-MHz intermediate
frequency. The spectrometer was normally tuned to
the absorption mode.

The samples were cut along (100) planes and typi-
cally measured about 1 x 2 && 3 mm'. They were
mounted either at the center or along the wall of a

stores the crystal to its original condition.
In Sec. II we present the ESR results for the three

new centers Fe +-I, Fe +- Vo, and Fe'+- Vo. " Section
III describes the optical results, including some polar-
ization sensitive pumping effects that allows us to
develop a microscopic model of the charge transfer
process. Measurements involving the kinetics of the
optical pumping confirm this model. Finally, in Sec.
IV, we give some limited analysis of three separate
aspects of the data. The first of these is the polariza-
tion dependent response to the optical pumping. Our
tentative conclusion is that the polarization effects
can be adequately explained by considering the Fe- Vo

system as a small molecular cluster with charge
transfer bands. Secondly, the ESR spin-Hamiltonian
parameters are now available for four separate charge
states of the Fe- Vo system (from Fe4+- Vo to Fe'+-

Vs). In a naive crystal-field model this would

represent four different ions in the same crystal field.
We briefly discuss the extent to which this naive ap-
proximation can hold true, and how well it can be
tested. The third and last topic is a short discussion
of the unusual appearance of four distinct charge
states of the Fe- Vo complex, all clustered within the
3.2-eV band gap of the SrTi03 crystal.

copper TE~02 reflection cavity that was slotted to pass
an optical pumping beam.

The low-frequency dielectric constant of SrTi03 is
so large (e/eo = 300 at room temperature, and vary-

ing as I/T with temperature) that even these small

samples significantly perturb the cavity modes, partic-
ularly at low temperature. "Good" low-temperature
modes show effective filling factors an order of mag-
nitude or so greater than those expected for an un-
perturbed cavity, and it was sometimes necessary to
tune the temperature slightly to find a good, relative-

ly stable mode. The uncertainty in effective filling
factor produces a corresponding uncertainty in the
absolute number of spins contributing to a particular
signal, and even ratios of spins in two different
centers observed simultaneously can be confounded
by different microwave polarization selection rules
for the two transitions, and our uncertainty about ex-
act field configurations in the sample. This last prob-
lem was not particularly severe, though. Different
selection rules were routinely checked, and were al-

ways in reasonable agreement with the expected
behavior. In other words, we always knew the
predominate direction of the microwave B field in the
sample, if not its absolute magnitude.

A. Fe3+-I

Three ESR signals are observed at room tempera-
ture in the as-grown samples. Two of these are the
well-known Fe'+ and Fe'+- Vo defects, present in

roughly comparable numbers for charge compensa-
tion. ' The third spectrum consists of more than 20
sharp lines occurring over a 700- to 10000-G range
for some orientations of the applied magnetic field.
A preliminary analysis of this spectrum was per-
formed by comparison with the numerical results of
Dowsing and Gibson, "who analyzed an S = —, sys-
tem in rhombic symmetry for a range of fine-
structure constants D and E. The defect has been
identified as an Fe'+ ion at a site of rhombic sym-
metry (Fe3+-I). The principle axes for the rhombic
fine-structure tensor are parallel to the [100], [011],
and [011] crystal directions (x, y, and z, respective-
ly). This gives six inequivalent fine-structure ellip-

soids of spin —, for a maximum of 90 possible transi-

tions at fixed magnetic field. When Ho (the applied
magnetic field) is along a [100] direction, the six el-
lipsoids collapse into two degenerate groups, one with
two ellipsoids and the other with four ellipsoids. If
Ho is along the [110]direction four of the ellipsoids
are equivalent and the other two are independent giv-

ing three inequivalent ellipsoids.
A spin Hamiltonian of the form

H gPS H+D[Sz S(S+I)]+E(S2 Sy ) (1)

with D =0.27 cm ', E =0.049 cm ', S = —,, and
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Na+ ion would be rather cramped. Li+ would easily
fit in this interstitial site, but we have no direct evi-
dence that Li is present at the several ppm levels re-
quired. In either case, the net negative effective
charge of an Fe3+ ion at a Ti site would tend to at-
tract an interstitial alkali ion and produce an electri-
cally neutral defect. The analysis of the kinetics in

Sec. III does suggest overall electrical neutrality for
this defect.

B. Fe +-Vp

Crystals treated at high temperature (= 1100 K) in
a hydrogen atmosphere and quenched show a large
decrease in the concentration of Fe'+- Vp, the disap-
pearance of the Fe +-I signal, and the appearance of
new axially symmetric transitions at both very high
and very low magnetic fields (= 10 500 and = 800 G,
respectively). These signals are both due to Fe'+-

VII(S =2, 3ds) created by the addition of an electron
to the Fe +- Vp defects as the Fermi level was raised .

by the reducing treatment.
Figure 3 sho~s room-temperature data for Hp in a

(001) plane. The high-field lines are =200 6 wide
and arise from transitions between the

~
+ 1) states

of the S =2 system. The intensity of these signals is
a maximum when Hp is perpendicular to the defect
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FIG. 3, Calculated and measured resonance fields for
Fe +-Vp. Only a few data points are shown for clarity. Er-
ror bars on the data are smaller than the thickness of the
line. The low-field lines are calculated from Eq. (5), (the

~
+ 2) transitions); and the high-field lines are calculated

from Eq. (3) (the
~
+1) transitions). The inset is a least-

squares analysis of the high-field transition as a function of gII,

axis and decreases rapidly as H p rotates away from
perpendicular. The low-field lines are = 20 6 wide
and arise from transitions between the

~
+ 2) states

of the S = 2 system. These signals have maximum
intensity when Hp is parallel to the defect axis. The
intensity decreases as Hp rotates away from parallel.

Both of these systems may be described by a spin
Hamiltonian of the form

H =PS g H +D [St——S(S +1)]+—a (S+4+S" )

3(g,pH)
D

(g~pH )

3D + —,
'

a [ cos(4y) ]

(3)
(g,PH)

3D ——,
' a [ cos(4It ) ]

where the states are ~1') =, (1/J2) ( ~
+ 1) +

~

—1) )
and (1') = (1/v2)()+1) —

(
—1) ). The energy

difference between these is
I

3(gzpH )
1 + a [ cos(4ItI)]

D 270

At 9.3 6Hz AF. = A v = 0.31 cm ', and for
H = 10 500 G, g = 2.0, Eq. (4) gives D = 10 cm '.
A transition between these levels is allowed because
the ~1') and ~1') states are coupled by the z com-
ponent of H„f. This polarization selection rule has
been verified.

As Ha is rotated away from perpendicular the ~1')
and ~1') states rapidly change into ~+1) and

~

—1)
states which are not coupled by any component of
H„f and the transition intensity disappears. The tran-
sitions can be followed far enough to make a reason-
able estimate of gII possible. The solid lines of Fig. 3,
showing the angular behavior of the

~
+ 1) transi-

tions, were generated by a computer solution of the
spin Hamiltonian of Eq. (2). The inset shows a
least-squares fit to the data as a function of gII. The
fit. is insensitive to the value of a.

The low-field transitions arise from the adrnixtures
of the

~
+ 2) states by the a term of Eq. (2) and may

be described by the same equation that was used for .

the
~

+ 2) transitions of the Fe4+- VII system. s This
equation may be written

/El+2) [(4gllpHocos()) +a (5)

(2)

with D =+9.58 cm ', a =0.046+0.02 cm ', and
S =2. In zero magnetic field with D ))a the five
spin states split into three levels, with the

~
+ 1) lev-

els degenerate at an energy D above the
~ 0) level,

and the
~

+ 2) levels nearly degenerate and at an en-
ergy 3D above the

~
+ 1) levels. Peturbation theory

on the
~

+ 1) levels when Ha is perpendicular to the z

axis of the system yields"'"'',
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The solid lines of Fig. 3 for the
~ 2) transitions are

from Eq. (5) with a =0.046+0.02 cm ' and

go = 1.97, the gs value that best fit the
~

+ 1) transi-
tions. The

~
+ 2) transitions are predicted to have

maximum intensity when the z axis of the defect, the
H„f field, and the Ho field all are parallel. In practice
it turned out to be essential to satisfy this unusual
geometrical constraint in order to observe the signal.

The sign of D was determined by observing the sig-
nals at 4.2 K. The ~

+ 2) signal was completely gone,
but the

~

+ 1) signal was still observable. A positive
D has the

~

+ 2) states = 40 cm ' above the ground
~0) state causing them to be depopulated at 4.2 K,
whereas the

~
+ 1) states are only = 10 cm ' from

the ~0) state and will still be weakly populated as ob-
served.

The
~ +1) and

~
+2) signals may be shown to ar-

ise from the same defect in several ways. (1) Both
signals appear together. Only in the reduced samples
where the

~

+ 1) signal appears, will the ~
+ 2) signal

appear. (2) The structural phase change shows the
same rotation angle of = 1' at 77 K for both. (3) The
intensity of the ~

+ 2) transition as compared to the
~
+ 1) transition may be used to calculate a value

for a. The value of a calculated in this manner is
a =0.028 cm, which is within the experimental lim-
its of a as calculated from the field position. (4) Fi-
nally, the order of magnitude difference in the
linewidths for these

~
+ 1) and

~
+ 2) transitions is

consistent with their having similar relaxation times.
This relaxation time may be loosely related to the
homogeneous linewidth (e.g. , through the Bloch
equations) by"'b'

the spin-orbit coupling, and the Zeeman terms,
respectively.

A perturbation calculation within the 25 states of
the 'D then yields for the lowest-lying levels of -'B2

D=W,
4Z2

8'2

g))= 2 3 gl~f+-
@I H2

where N I is the energy splitting to the 'F. , and &2 is
the splitting to the 'BI. On physical grounds this last
state is expected to be very high in energy, some-
where between 15000 and 40000 cm '. A solution
to Eqs. (10) with W& in this range requires 72
& ~h. ~

& 82 cm '. Since this corresponds to a very
reasonable orbital quenching of some 20% from the

non-Kramers Fe'+ and Fe + signals in CdSiP2 both of
which can still be observed at room temperature. "

Spin-Hamiltonian parameters for this system can
be determined from the crystal-field analysis as given
by Griffith, "with all calculations limited to the 'D
ground state of the high-spin Fe'+ ion. The oc-
tahedral field splits this ground 'D into a -'F. and -'I"2

with the T2 going low. The axial field further splits
the 'F. state into two singlets and the 'T2 states into a
singlet and doublet (see Fig. 4). The perturbation
Hamiltonian to be used in these 25 ground states is

H=XL S+pH (L+2S)

r3 r3 g'" phH2'" 2
(6)

5B

For the
~
+ 2) transition g'""= 8.0 and AH = 20 G

and for the
~

+ 1) transition g'""= 1.2 and AH = 200
6 giving (in 109 sec ') 5E

/
/'

/
/

/

T2

K3 8(p)20
1 2 f« 1+2)

2

J3 1.2(p)200 1.8 for
~

+ 1)

(7)

(8) 5D

/
/

/

/
/

/

/
/'

Thus, the order of magnitude difference in linewidth
reflects similar relaxation rates for both signals.

The relaxation time for both the
~

+ 1) and
~

+ 2)
lines is the order of 6 X 10 ' sec. This would be a
very short relaxation time if the ion were a Kramers
ion. On the other hand, it is a fairly long time for a
non-Kramers system. Tinkham has observed an Fe'+
ion in tetragonal symmetry in ZnF2 where the signal
could only be observed below = 90 K because of line
broadening. ' However, his signal had a g~~

= 2g~~
= 8.98 for the S, = + 2 doublet, indicating a much
stronger orbital coupling. Kaufmann has observed

CUBIC

FIELD

H7

B2
'll

AXIAL

, FIELD

FIG. 4. Energy-level di;Igr;Im for the ground st'Ite of 'I

306 ion in both cubic and;Ixi Il symmetry.
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free-ion value for h. (= —100 cm '), Eqs. (10) seem
completely consistent. W] must be about 800 crn '.
The expression for g[[ then gives 1.97 in excellent
agreement with experiment.

C. Fe~+- V

A spin Hamiltonian of the form

H =PS g H+D[S,' ——S(S+1)]

with D )) h v will give

jeff [+2 + (4g2 g2 ) sin2g]1 2 (12)

5.0

2.5

~L

I

I

/ /

A metastable ESR signal is observed in the reduced
samples exposed to subband-gap light at low tempera-

.ture (( 230 K). This signal has been identified as
Fe'+- V0 created from Fe'+- V0 defects by the optical
charge transfer of a valence electron onto the Fe'+-
V0 defect. " Figure 5 shows the angular behavior of
the signal as Hs is rotated in a (001) plane. These
signals are characteristic of transitions between

S, =+ —, levels of an S = —ion which is orbitally

nondegenerate in a strong tetragonal field along the
[100] direction.

E (S„~—Sy') (13)
/

By observing the splitting of the lines when H0 is
perpendicular to the z axis of the defect it is possible
to measure (iE/D (. For Fe'+- Vs this is )E/D (

=10.5
+ 0.2 x 10 4 as compared to iE/D

~

= 9.6 x 10 ' for
F 3+ V ]4

The energy levels for the S = —, state of Fe'+ (3d')
in a strong tetragonal field are shown in Fig. 6.
Abragam and Pryce' have analyzed the low-lying
levels of this system for g]] and gq. These two mea-
sured quantities are a function of four parameters
(h. , W, y, K ) where h. is the spin-orbit coupling, lV is

the energy splitting between the A2 and E levels of
the TIg state, y is used to satisfy the weak- or
strong-field limit with y = ——, for the weak-field limit

and y = —1 for the strong-field limit, and E is the or-
bital quenching. Assuming reasonable values for
)t (= —120 cm ', the free-ion value), K(=0:8, a 20%

for the effective spin S, = + —, Kramers pair. The

solid lines of Fig. 5 represent 5 = —,, g]] =1.999, and

gI = 2gq = 4.116 (gq = 2.058). Again measurements
below the structural phase transition show the defect
is at a Ti4+ site with a rotation angle of 0.95 + 0.05' at
77 K. The phase transition also has the effect of in-

ducing a term in the spin Hamiltonian of Eq. (11) of
the form

4
A2s

4A
2

2.0

/

1.5
t:010] 30 60

I

75 [010j

o o W—tt

4
T2s

4~
2

e (DEG)

FIG. 5. Calculated and measured resonance fields for
Fe[+-V0. Only a few data points are shown for clarity, Er-
ror bars on the data are smaller than the linewidth. The

I
solid lines are calculated from Eq. (12), the

~
+ —) transition

3of an S = —system in a strong tetragonal field. The dashed
2

lines represent the [+—) transitions for the alternative
5

2

model of an S = —system in a moderate tetragonal field

(D.=O. J2 cm I)

'1G

CUBIC

FIELD

4E

4A
2 1[

AXIAL

FIELD

FIG. 6. Energy-level diagram for the ground state of 3d7

ion in both cubic and axial symmetry.
I
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spin-orbit reduction), and y(= —1.3, an intermediate
field), a 1Vof +3S00 cm ' yields gp=1.998 and

gj = 2gq = 4.118 successfully accounting for both the .

small negative 5g~~ and the large positive Sg~.

D. Alternative models

dependence is all wrong. In fact, the gq lines do not
even smoothly connect with the g~~ lines. Finally, the
observed g shifts for the Fe'+- Vp (3r/') interpretation
are consistent with the unusual expe-imental result of
5g~~ negative and hgq positive.

The defects identified as Fe'+- Vo and Fe'+- Vo owe
their identification to several factors. (1) The inten-
sity of the signals excludes any impurity other than
Fe as the source of the signals. (2) The rotation an-

gles below the phase transition (=1' for both) are
consistent with all other vacancy associated defects
for which a rotation angie is known. "9 (3) Reduc-
tion of the crystals tends to raise the Fermi level and
lower the valence states of the Fe impurities, just as
oxidation tends to lower the Fermi level and increase
the valence states of the impurities.

The only plausible alternative model with S = —,

would be Fe'+- Vp (3d'). This charge state would be
+3 with respect to the crystal lattice, an absurd result.
The g shifts observed are incompatable with a d' ion
in any case. The only other S =2 system available is
Fe4+-Vp (3d4), but this defect has previously been
identified in oxidized samples and shows a positive g
shift and a cubic fine-structure constant three times
larger than the S =2 system described in this paper.
It is clear the vacancy-associated Fe defects we ob-
serve must represent the addjtion of electrons to the
Fe'+ Vp system first by reduction and then by optical
excitation. This same charge transfer sequence has
been observed in Ni-doped samples of SrTi03 by
Muller et al. '

There might be some question as to whether the
extra electrons are associated with the Fe ion (Fe'+-
Vp and Fe'+- Vp), or the vacancy (Fe'+- Vp+e and
Fe3+- Vp+2e). The S =2 system could then result
from exchange coupling of the S = —, electron in the

vacancy with the S = —, Fe + ion giving an even-spin
S = 2 or S = 3 system. It is difficult to completely
eliminate this interpretation in the absence of an ex-
plicit description of the assumed vacancy-associated
electron. There is no indication in the data, though,
of any signal that could belorig to an S =3 system,
and the measured g shift would be hard to explain
with an exchange-coupled complex. The case against
the Fe +- Vo+ 2e interpretation is much stronger.
The two electrons in the vacancy should certainly be
coupled low spin (S =0), leaving us with a S =-,
system. The question then is whether the a'ssignment

of S = —, to the data of Fig. 5 is completely unambig-

uous, or whether an S = —, system in an appropriate

crystal field might mimic the observed behavior. By
choosing a weak tetragonal field (0 = 0.12 cm ') it
is in fact possible to get the observed g& with an
S =

2
ion, but a complete calculation, as illustrated

by the dashed lines in Fig. 5, shows that the angular

III. PHOTOCH ROM ISM

A. Production and decay model

CONDUCTION CONDUCTION 8

2+Fe -V 1+
V0 Fe -V

( Fe -V1+ 2+
o (h, o

Fe I Fe -I
(h

L
(b)

FIG. 7. (a) A model for the photochromic cre Ition of
Fe'+- Vo by the direct excitation of a valence electron onto
Fe +-Vo and subsequent hole migration Ind capture by

Fe +-I, producing Fe +-I. (b) The reverse process, where
both Fe'+-Vo and Fe +-I Ire photochromically er Ised by I

direct electron excitation tnd hole migration.

The photochromic creation of Fe'+- Vo has a broad
spectral response with the entire visible spectrum
contributing to the production. The maximum quan-
tum efficiency for the production of the Fe'+- Vo sig-
nal lies near 600 nm, where a rough calibration of ab-
solute light intensity and absolute ESR signal indi-
cates the excitation efficiency is nearly unity in our

1-mm-thick samples. Assuming direct excitation
of a valence electron into an Fe'+- Vo center, the cor-
responding oscillator strength must be of the order of
f' & 0.1. The Fe'+-f signal, which disappeared upon
reduction, is recreated as the Fe'+- Vo signal is pro-
duced, The two centers show a one to one corre-
spondence in the rates of their production.

The metastable excited states produced by illumi-
nation with visible light will thermally decay above
= 230 K, but below this temperature the signals are
stable. Illumination of the sample with ir light will

erase both states together.
We believe these induced defect states are, connect-

ed with a simple electron transfer between the two
sites, and our model is shown in Fig. 7. Both the
"write" signal with visible light, and the "erase" sig-
nal with ir light involve direct excitation of an elec'-

tron out of the valence band and into the local de-
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feet, with subsequent migration and capture of the
valence-band hole. The evidence for this particular
pattern rests on polarization sensitive excitation for
the optical production process, and on analysis of the
kinetics for the inverse optical decay process.

B. Polarized production experiments and model

The most interesting feature of the optical produc-
tion is the polarization dependence of the Fe'+- Vo

signal, which shows a preferential population of
geometrically inequivalent defects depending on the
orientation of the defect axis with respect to the elec-
tric field vector of the incident light.

In a typical experiment, we can align the magnetic
field to examine the production of Fe'+- Vo centers
oriented along the x axis and along the y axis simul-
taneously. If the sample is now illuminated with z-

polarized light, both orientations must be produced at
the same rate, as observed. If the polarization of the
incident light is along the x axis, however, we find an
excess production of x-axis-oriented Fe'+- Vo with

blue light, and a deficiency with green light.
The polarization experiment was performed by ob-

serving the two gj = 4 signals of the Fe'+- Vo under a
10' rotation of Ho from a [100] cyrstal axis. With
this rotation the signals are split by = 10 6 allowing
their intensities to be monitored independently. The
ESR trace of Fig. 8(a) shows these two lines pro-

(a)
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FIG. 8. (a) ESR trace of two geometrically inequivalent
Fe'++ &0 centers produced by light at 400 nm. The light is

polarized perpendicular to the tetragonal axis of both. (b)
The normalized polarization ratio of the A and 8 centers
P = (lz —IB)/I„+l~) as a function of X for light polarized

perpendicular to both centers. No polarization result is ex-
pected. (c) Same as (a) except for a 90 rotation of the po-
larization of the incident light. The polarization axis is paral-.
lel to A defects and perpendicular to B defects, showing the
preferential population of the A defects. (d) The normalized
polarization ratio of the A and 8 center as a function of A. .
For short wavelengths A centers are preferentially produced,
and for long wavelengths B centers are preferentially produced.

lg —
113P=

Iq +lg
(14)

where the intensities of A and B (1~ and la) have
been corrected for both transition probability differ-
ences and microwave field configuration, the polari-
zation dependence for light with the polarization vec-
tor perpendicular to both centers is shown in Fig.
8(b). The approximately zero polarization depen-
dence for all wavelengths is expected.

However, if the polarization vector of the light is

such that it is parallel to one defect axis (the A sig-
nal) and perpendicular to the other (the B signal) the
ESR trace of Fig. 8(c) results for optical pumping at
400 nm. Comparing with Fig. 8(a), which represents
equal A and 8 intensities, the greatly increased inten-
sity of the A line demonstrates an enhanced produc-
tion of centers with defect axes parallel to the pump-
ing light polarization direction. Figure 8(d) is a plot
of P [see Eq. (14)] as a function of wavelength for
this second geometry. Clearly, 3 centers are pre-
ferentially created by blue light and 8 centers are pre-
ferentially created by green light. A simple model for
this unusual result will be presented in Sec. IV A.

Assuming the Fe'+- Vo is created from Fe +- Vo

then there are only two possible mechanisms for this
production. Either Fe'+- V() captures an electron
freed by the optical pumping, or an electron is direct-
ly excited by the optical pumping into the Fe'+- Vo

from the valence band. If the production were by
electron capture there should be no polarization ef-
fect because all of the Fe'+- Vo defects would have
the same probability of capturing an electron and the
relative populations of the A and B centers would al-

duced by optical pumping at 400 nm with light polar-
ized such that the polarization vector is perpendicular
to both defect z axes.

Before converting these ESR signal ratios to popu-
lation ratios though, we need to correct for the dif-
ferent microwave transition probabilities for the two
geometries. %'ith the static Ho field along z, a defect
with symmetry axis along x will have a transition
strength proportional to ((H(„) +4(H(~) ), while the
y" oriented defect signal will go as ((H~'~) +4(H~'„) ).
The angle brackets indicate averages over the sample.
Because the sample has (slightly) perturbed the cavi-
ty mode there is some uncertainty about the ratio
(H~'„)/(H~'~). This ratio can be determined experi-
mentally by exploiting the incidental presence of the
equally populated x and y oriented Fe +- Vo defects in
our samples, where an analogous asymmetry in tran-
sition strength serves to calibrate the microwave field
distribution. It is then straightforward to correct the
raw data from the Fe'+- Vo system so that it directly
reflects the population ratios.

Labeling the two lines of Fig. 8(a) A and B, and

expressing the polarization dependence of the relative
signals as
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production curve as a function of time is given by

'I

x(0) =0, (15)dx (1 —x) o.

Fe'+ ion, and one valence-band electron. The one
electron d orbitals are uniquely defined for the '82
ground state of Fig. 4, so that

where the time axis has been arbitrarily rescaled to
given an initial slope of unity, and o. = o( Fe'+
l) la (Fe'+ Vo) i-s the ratio of hole capture cross sec-
tions.

The corresponding result for the optical decay pro-
cess, with illumination in the near ir driving valerice
electrons into the Fe'+-I center, is

dx

( dccRQ

—x 2

x+(1—x)o ' x(0) =1 (16)

These equations are plotted in Fig. 9 for a range of
values for o., and the experimentally determined pro-
duction and decay curves, rescaled to the appropriate
initial slope, are superimposed.

The curves show that there exists a o- for each
curve which will fit the experimental data. More im-

portantly, the same value of rr( =1.5) fits both
curves, confirming the model illustrated in Fig. 7.
The near equality of the hole capture cross sections
suggests that both the trapping sites Fe'+- Vo and
Fe2+-1 have the same electric charge with respect to
the neutral lattice. This is the evidence alluded to at
the end of Sec. II A that the interstitial has a charge
of +1. For both optical production and optical decay
the hole is then excited out of an electrically neutral
system (with respect to the unperturbed lattice) and
captured by a system with net charge —1.

IV. DISCUSSION

A. Polarization effects

(17)

where we assume H;„, to be the standard electric di-

pole operator proportional to X,. r;, with i running

over all electrons. The initial state is an antisym-
metrized product function for a seven-electron sys-
tem consisting of the six 3d electrons localized on the

The production of preferentially oriented Fe'+- Vo

systems by the use of polarized light, as described in

Sec. III B, is direct evidence that the optical transition
involves excitation of a valence electron into the lo-
calized Fe'+- Vo site. We have not attempted to
analyze this effect in detail by calculating transition
probabilities, but it is straightforward to show that the
sign and overall shape of the polarization response
are plausible, by considering the charge-transfer
bands of an Fe05 molecular cluster.

We need to consider the transition matrix element

where ~v) is a valence-band electron, and the nota-
tion for the d orbitals is standard. The final state
must be one of the spin quartets of the seven-
electron system Fe'+. The A2 ground state shown in

Fig. 6 looks like

(g+&+g'&2~+~ + ~ (g+&+~2~2g+~ (19)

that can be directly connected with the initial state,
and we assume this is the relevant final state for the
optical pumping. The transition matrix elements are
now governed by

(g (r [v ) and (r) )r )u )
I

and the one-electron picture for the optical transition
is sketched in Fig. 10(a).

As a rough guide to the distribution of valence-
band states we can take the oxygen 2p cluster levels
for the Ti05 cluster, as given by Wolfram et al.
These levels are shown in Fig. 10(b) labeled in the
appropriate C4„symmetry. The final-state d orbitals

t2& and t2„are also shown on this diagram. The al-
lowed transitions and their polarizations follow direct-
ly from the Cq„character table.

The first transition to appear as the frequency of
the exciting light is increased from zero would be the
transition from the upper A2 cluster level, and this
transition could only appear in those centers whose
vacancy axis lies perpendicular to the electric field
vector. About 0.5 eV higher in energy this transition
is replaced by that from the upper F. cluster level, and
now only parallel orientations are excited. This
scheme is precisely the one observed experimentally.
One could look deeper into the valence band or
higher in the local Fe excited states, of course.
Banding is clearly important in these optical transi-
tions since they are all quite broad, and covalency ef-
fects are likely to be important in any actual calcula-
tion of the oscillator strengths. It is gratifying though
that the simplest possible interpretation seems to give
good agreement with the observed behavior.

where o. is an admixture coefficient which depends
on the ratio of the Racah 8 parameter to the cubic
field splitting b. This n will be small, and vanishes
in the strong crystal-field limit. If we neglect a, then
there will be no transition strength at all to the Fe'+
ground state because it differs in the coordinates by
more than one electron from the initial state, and

H;„, is a sum of one-electron operators. There is a
low-lying excited orbital doublet, though (4F. in Fig.
6) with configurations that are mainly

(g+~+Z'~'g+~, (g+~+~'~+('~ ,
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FIG. 10. (a) The initial and final electron configurations for the optical pumping showing the transfer of an electron from the
valence band to the I2j, of I2~ level. (b) The allowed optical transitions from the valence A 2 and E band states to the Fe - Vo

impurity state, and the polarization of light with respect to the impurity: axis which drives these transitions. The transitions of
(b) are consistent with the observed polarization dependent production of Fe'+- Vo centers.

B. Crystal field at the Fe-Vo site

In Sec. II the spin-Hamiltonian parameters for
Fe'+- Vo and Fe'+- V0 were analyzed with the tacit as-
sumption of a well localized (3d)" ion perturbed by a

crystal field of C4„symmetry. If we include the'pre-
viously identified defects Fe'+- V0 and Fe +- Vo, then
ESR data are available for four different charge states
of Fe, all in the identical fivefold coordinated site. It
appears that a "universal" crystal field can be associ-
ated with this site that is compatible with all the ESR
results for all four ions.

This crystal field may be conveniently parametrized
by its effect on a set of (hypothetical) one-electron 3d
orbitals as illustrated by the d-orbital pattern shown
in Fig. 11. The degeneracies are determined by the
symmetry, but the qualitative level splittings are
meant to agree with a model originally suggested by
Griffith to account for the properties of fivefold coor-
dinated metal porphyrins and hemoglobin deriva-
tives. " According to Griffith the splitting of the t2g

levels is small (8 ( 5 && 10' cm '), the e level is very
high (2 x 104 cm '), and the 8 level is down near the
t2g's, but above them. The connection between these
one-electron orbital energies and those aspects of the
true many electron eigenstates that are observable is
given below.

2. 8

Switching the 0 level of Fig. 11 below the t2g's
alters the ground states for both Fe'+- V0 and Fe'+-

I
I

I
I

I
I

I
I

G(x -y)2 2

I
I

I
I'

I
I

I
I 10 Dq

e (3z — r )
2 2

inversion of Fig. 4. If e were below 0 the lowest
state would be 'A

~
rather than 'B~ and D would be

greater than zero contradicting experiment.
The high-spin ground state for Fe'+- V0 is indepen-

dent of the relative energies of the e and 8 levels, but
the spin-Hamiltonian parameters D and g~~ of Eq.
(10) suggest that the '8~ level of Fig. 4 is very high.
The energy splitting to this level ( Wq in Fig. 4) cor-
responds exactly to the energy of the e level in Fig.
11, so a large value for W'2 is expected from
Griffith's model.

Schirmer et al. have shown that the ground state
of Fe4+- Vo is a high spin (S = 2) orbital singlet, with

a fine-structure splitting D & 0. This corresponds to
occupying the four lowest levels in Fig. 11 to form a
'B& ground state. The energy-level diagram for
Fe"+- Vo is not given, but it would correspond to an

Cubic

t, t (»,yz)n' 4

t (xy) (

Vacancy Associated (C& )

FIG, 11. Energy-level diagram for a 3d electron at a site
of C4„symmetry.
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Vp. For Fe'+- Vp the new ground state is unambigu-
ously the 5A

~ of Fig. 4 and it is straightforward to
show this leads to inconsistencies between Sg~~ and D.
Perturbation theory to the same order as in Eq. (10)
yields D = 3A.2/ WI and g, ~

= 2 3 ( h / WI ) 2, where W&'

is the energy splitting from the ground 'A
~ to the 'E,

Inserting the experimental numbers yields ~X~ = 32
cm, which is much too small for an Fe ion. The
Fe'+- Vp case is more complicated, but the 'A2 level
(Fig. 6) is the only low-lying state consistent with the
measured g~~= 1.999, all other levels in the ground
multiplet having positive contributions to Sg~~ in a low

order of perturbation theory.

0.6

Q 4

0.2-

0.0

-0.2-

-Q, 4

Numerical values for the parameter 5 in Fig. 11
can be determined from both Fe'+- Vp and Fe'+- Vp.

. The Fe'+- Vp case is trivial, since 5= W~ =+800
cm '. For Fe'+- Vp to a first approximation
—8= W = 3500 cm '. This requires some correction
because W is not independent of 5 and p, , but the
correction is not very great for reasonable values of
these parameters and a 5 = —4000 cm ' is probably
about right. The magnitude of 8 is plausible for both
ions, but to be consistent with Fig. 11 we require a
change in sign on going from (3d)6 to (3d)'. This is

not particularly surprising, since even in a trivial
point-charge calculation the smallness of 5 is due to
partial cancellation between two larger terms.

-0.6-

FIG. 12. A comparison of calculated crystal-field parame-
ters a, and D as a function of p, (the one-electron e and 8

splitting), and the measured a, and D for Fe +-&p.

ha, = [a, (calc) —a, (expt)]/a, (calc) and b, D = [D(calc)
—D (expt) ]/D (calc).

system. This conclusion remains qualitatively true
for any reasonable set of initial parameters that gives
the proper value for a, .

4. Ee3+-Vp; C. Multiple charge states

The Fe +- Vp spectrum provides some independent
evidence supporting the orbital pattern of Fig. 11.
This ion has an axial fine structure D =+1.31 cm ',
There is also a fourth-order fine-structure term in the
spin Hamiltonian, a, = 133 & 10 cm ' measured by
Pontin et al. "and verified by us using a different set
of transitions. The corresponding fourth-order term
for a Fe + ion at a cubic site is a, = 198 x 10 ' cm '.
These two defects differ only by the removal of one
of the six ligand oxygens, and it is reasonable to sup-
pose that the major effect is to sharply reduce the en-
ergy of the 9 level, as in Fig. 11. This conjecture
turns out to be consistent both with the appearance
of the second-order term D, and the observed change
in the fourth-order term a, —a, .

To show this, we fit the observed a, in the cubic
site to a consistent set of parameters (10 Dq, Racah
B and C, and spin-orbit () using the numerical
results of Gabrial et al. The effect of lowering the 8
level is then computed from the perturbation analysis
of Golding and Singhasavich. ' The results are plot-
ted in Fig. 12, for initial values of 10 Dq = 18000
cm ', B =800 cm ' C =4 5B, and )=41.3 cm '. The
single value p, = 11000 cm ' accounts reasonably
well for both fine-structure parameters of the Fe'+- Vp

The appearance of the Fe' - Vp complex in these
crystals was initially something of a surprise to us.
Since the state is stable indefinitely at reduced tem-
perature, it must correspond to a level in the crystal
band gap. Including the Fe +- Vp system then, the
3.2-eV band gap of pure SrTi03 contains at least four
stable charge states for the Fe atom in the identical
Fe- Vp complex. One way to illustrate this situation is
sketched in Fig. 13, where the levels drawn indicate
the charge state of the local system as a function of
the position of the Fermi level.

On physical grounds, though, consecutive local im-

purity levels, as shown in Fig. 13, should be separat-
ed by an energy U equal to the interaction energy
between a pair of d electrons localized on the Fe
atom. A naive estimate of this energy based on ab-
solute free-ion energy levels gives values for U in the
neighborhood of 10 eV, at least an order of magni-
tude too large.

This collapse of the local impurity charge states in
a crystal is a well-known phenomenon, particularly in
semiconductors where the effects can be dramatic.
Haldane and Anderson have shown that the main
driving term for producing the collapse in a semicon-
ductor is delocalization of the d-electron charge densi-
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F 1+-Ve 0
vacancy-associated site' ) and Er is the Fermi energy.
Minimization of Eq. (23) leads to an equilibrium
number of d electrons

n = ( Ed + E + Er + —, U ) / U (24)

F 2+-V
uction Band and a level spacing between consecutive charge states

in the band gap of
F& -voL (dn/dEF) ~ = U (25)

F 3+-Ve

Fe

2+
0

3+Fe -V(

F 4'- Ve

Valence Ba

3.2 eV
as expected.

Such a calculation may make some sense, but only
if the net polarization surrounding the lattice is rela-

tively small. If the impurity ion charge differs from
+4 (the neutral state with respect to the lattice), then
dipoles are induced in the surrounding lattice, lower-

ing the total energy of the system. We can account
for this energy by adding a term of the form

E, =--,'(» -4)'I,
I I vl (26)

FIG. 13. A diagram of the Fe-V& levels showing the large

free-ion energy separation and the greatly reduced energy
difference in the crystal lattice.

ty. 25 In a metal, on the other hand, Herring has
shown that free-electron screening can reduce U by a

large factor. '
In an ionic crystal like SrTi03, where screening is

absent and delocalization is not likely to be great, it
seems natural to investigate the electrostatic energy
associated with polarization of the lattice around the
impurity. The following simple model calculation
confirms that this can indeed be an important effect.

Consider the energy of an isolated Fe ion consist-
ing of an argon core plus n electrons in the d shell.
(For the neutral atom then, n =8.) This can be
parametrized by

E„, = —»E&+.
2

Un(n —1)1 (22)

In a crude sense Ed could be considered a Hartree-
Fock energy for the d she11, and U a d-d correlation
energy, but this interpretation is inaccurate and un-

necessary. Experimentally the first three ionization
potentials" for Fe are 7.6, 16.18, and 30.64 eV, and
if we choose Ed=+80 eV and U=+10 eV, Eq. (22)
gives 10, 20, and 30 eV for these ionization poten-
tials, for a reasonable fit. Small effects due to mul-

tiplet structure and alternative n-electron configura-
tions are ignored.

If a neutral Fe atom is substituted on a Ti site in

the lattice, and some of the electrons are allowed to
go to the Fermi level, then the dependence of the to-
tal energy on n, the number of localized d electrons,
is given by

to Eq. (23'), where V is the reaction potential at the
impurity site due to the dipoles induced by a unit
charge discrepancy. Including this term in the total
energy [Eq. (23)] reduces the stabilizing influence of
U for selecting a particular charge state, so that

dn

dEF
=U —Iel IVI . (27)

If V can approach 10 V, the local system is on the
verge of being unstable to charge transfer.

.The evaluation of V is an awkward self-consistent
electrostatics problem, particularly in the perovskite
lattice, where the oxygen sites lack cubic symmetry.
It is possible, though, to make a plausible estimate
along the lines of a calculation by Mott and Little-
ton."

Within the crystal we know

D = eE = eoE + P = e/4rrr~ (28)

If only the oxygen moments contribute to the polari-
zation, then

P = 3p, ,„/ga', (29)

ga'e (1 —eo/e)
POX (30)

Mott and Littleton's zeroth-order approximation is to
assume this expression holds at all lattice sites.

The change in potential at the origin will be

where p.,„ is the average radial dipole moment and 2a
is the unit cell length. Combining Eq. (29) with Eq.
(28)

E„,=E„, +(8 —»)E +(8 —n)Er

where E~ is a Madelung energy (—32 eV at a

(23)
HOX

I
4m &0r;.

2
(31)
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and combining with Eq. (30) gives

(32)

For SrTi03, 2a = 3.9051 A, e/a0-—5 (electronic polar-
izability only), and X,. (a/r, )4 = 8.8 for the perov-

skite lattice. This gives V=11 V, and in our simple
model the polarization reaction has completely can-
celed the stabilizing influence of the electron-electron
interaction energy U. This result is more or less
specific to the perovskite lattice. An analogous calcu-
lation in MgO or KC1 leads to significantly smaller
values for V, and well-spaced intervals between alter-

nate charge states of transition ion impurities.
This model calculation is admittedly naive, but it

has the virtue of no adjustable parameters, and we
feel it correctly identifies an essential feature of the
problem.
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