
PHYSICAL REVIEW B VOLUME 45, NUMBER 17 1 MAY 1992-I

Local- and distant-charge compensation of Eu + ions in defect centers of SrTi03
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Site-selective spectroscopy of rare-earth-doped materials has proven to be a powerful method for in-

vestigating solid-state defect chemistry at the atomic level. In this paper, the spectral transitions of
single-crystal and polycrystalline samples of SrTiO, :Eu'+ are sorted by site-selective laser spectroscopy
into the major and minor sites that are found in this perovskite-structure material. The major site is

shown to have crystal-field multiplicities, relative fluorescence and absorption intensities, level lifetimes,

and level degeneracies that are consistent with the tetragonal symmetry associated with a distantly-

charge-compensated center. The electronic and vibronic levels for all the visible transitions are deter-

mined for this center. These levels exhibit temperature-dependent splittings and shifting that reflects the

cubic-tetragonal phase transition that occurs at 106 K. In addition, there are eleven other centers that
are assigned to centers with local compensation by vacancies or electronic defects. Electronic defects are
also evident from the photobleaching and photoinduced darkening that is also observed in these samples.

These effects are observed in both single-crystal and polycrystalline samples, although the linewidths and

line shapes of the polycrystalline samples are shown to be dependent on the preparation conditions.

I. INTRODUCTION

This paper is one in a series describing laser-selective
excitation (LSE) of trivalent rare-earth ions in
perovskite-type materials. We identify 12 Eu + -ion
centers in SrTi03. The most abundant center was corre-
lated to the center that Weber and Schaufele' previously
assigned to cubic symmetry for temperatures above 106
K. The greater resolution and sensitivity of LSE allowed
the identification of the low-temperature crystal-field
splittings of this cubic site. The spectra were consistent
with the effect of the cubic-to-tetragonal structural phase
transition at 106 K. Nine of the other 11, less abundant,
centers were observed in both single crystals and poly-
crystalline powders. One additional center was found in
each of the powders and the single crystal. Most of these
centers had lower crystal-field symmetries than the dom-
inant site, indicative of local-charge compensation.

SrTi03 is a member of the ABO3 class of perovskite-
structure compounds which exhibit a wide range of in-
teresting and useful properties. Such compounds may be
ferroelectric, piezoelectric, superconducting, photocon-
ducting, or photochromic. They may also exhibit large
dielectric constants, nonlinear optical effects, structural
phase transitions, ' and Jahn-Teller effects. " Rare-
earth-ion-doped perovskites are particularly useful as
positive-temperature-coefficient (PTC) resistors. ' Most
recently, the close structural relatives of these materials
have become important high-temperature superconduc-
tors. '

Many technologically important properties of
perovskite-structure materials are intimately dependent
on precise control of their defect chemistry. Small varia-
tions of stoichiometry, impurity concentration, oxygen
fugacity, grain boundaries, and grain sizes typically have
a large effect on bulk properties' ' because of changes in

the perovskite-structure-defect chemistry. The current
understanding of perovskite-structure-defect chemistry
has been largely inferred from bulk-property measure-
ments. Comprehensive electrical-conductivity studies
by Smythe and co-workers' ' and Eror and co-
workers' on pure, doped, and nonstoichiometric
SrTi03 provide the basis for current understanding. This
work is supplemented by thermogravimetric analysis
(TGA) and electron-microscopy studies. Whereas bulk
measurements may indicate the total numbers of charge
carriers or anion and cation vacancies present, they pro-
vide no direct observation of microscopic structure. For
example, strontium vacancies ( Vs'„) (conventional defect
notation is used throughout where the subscript describes
lattice position of the defect and superscript describes the
net charge of the defect) in La +-doped SrTi03 can be in-

ferred by TGA studies, ' but the importance of defect
association in forming (Las, Vs„)' centers, etc. , can only
be determined by techniques that probe the local struc-
ture more directly.

Laser-selective excitation spectroscopy is a probe of
the local environment of optically active ions. ' The
optical ion concentration may be distributed among
several centers with different local structure giving com-
plex absorption and fluorescence spectra. However, the
spectrum of each center can often be isolated by selective
excitation with a tunable dye laser. If the dopant ion is
aliovalent, different charge-compensation mechanisms
may exist simultaneously. LSE gives relative and abso-
lute quantification of populations of specific microscopic
defect centers. Defect equilibria controlling such popula-
tions have been successfully studied in a number of doped
binary compounds including CaFz, SrFz, BaFz, CdFz, and
PbF2.

We now report the application of LSE to the more
complex tertiary oxides. Whereas previous studies
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identified only distant-charge compensation for Eu +

ions on Sr + sites in SrTi03, ' ' we provide additional
evidence for locally compensated centers. Europium is
used as a probe because of the relative simplicity of its
spectra.

The importance of local-probe techniques to
perovskite-structure materials research has been best il-
lustrated using electron-paramagnetic-resonance (EPR)
spectroscopy of transition-metal-doped BaTi03 and
SrTi03. This work definitively characterized the cubic-
to-tetragonal phase transition of SrTi03 at 106 K as a ro-
tation of oxygen octahedra. Similarly, the local struc-
ture of Ti +-substituted centers of chromium, ' man-
ganese" and iron ' have been defined by EPR.
Rare-earth ions, on the other hand, generally substitute
for Sr + ions. Rimi and Mars determined by EPR that
Gd + substituted for Sr + in SrTi03 with distant-charge
compensation. They also observed a much weaker signal
due to other Gd + centers, but were unable to resolve or
interpret it.

Optical studies in SrTi03 have been performed with
chromium, manganese, samarium, and europi-
um' ' dopants. Each study reports a sole dopant-ion
center with distant-charge compensation, but the resolu-
tion and sensitivity of previous work may have prevented
observation of less abundant centers. The spectrum of
SrTi03.Eu + has been used to identify the important
transitions' and the vibronic sidebands associated with
the major site' as well as the nonradiative quenching
mechanism. We complement these papers by deterrnin-
ing vibronics at lower temperatures and frequencies and
the spectral changes that occur from the tetragonal dis-
tortion as the temperature is lowered below the 106-K
phase transition. In addition, we report 11 locally com-
pensated centers that are also present in Eu +:SrTi03.

tion spectra were recorded by scanning the dye laser
while monitoring fluorescence with a 1P28A photomulti-
plier tube (PMT) on a Jarrell Ash —'-m monochrometer
set to zero order. Laser scatter was eliminated by a
mechanical rotary chopper at the entrance slit. Low-
resolution spectra were obtained using the —,'-m rnono-

chrometer set to a desired wavelength. Site-selective ex-
citation and Auorescence spectra were recorded using an
Interactive Technology 1-m monochrometer with a
1200-lines/mm holographic grating and a dry-ice-cooled
EMI 9658R photomultiplier. Near-ir spectra were
recorded using an RCA C31034A tube. Excitation and
Quorescence signals were recorded with a gated integra-
tor. A gate delay and width of 250/750 @sec for Do and
50/150 @sec for D, fluorescence was used for most
centers. Temporal transients were recorded on a LeCroy
TR18 transient recorder with data acquisition on an IBM
PC/AT microcomputer. Fluorescence wavelengths were
calibrated against a Fe-Ne hollow cathode lamp, while
excitation wavelengths were calibrated against the opto-
galvanic spectra obtained with the same lamp. The wave-
length accuracy is =0.02 nm, while the precision is
=0.003 nm.

Sample temperatures between 12 and 120 K were ob-
tained using a variable-temperature closed-cycle refri-
gerator (Air Products Displex 1R02W). Polycrystalline
powder samples were pressed into 5-mm-diam holes on a
copper sample block. The excitation laser beam was fo-
cused to a 5 mmX200 pm line on the sample with
fluorescence being imaged from this line source. An elec-
tromagnet with controllable field strength up to 24 kG
was used to verify the degeneracy of the D& and Dz lev-
els of the dominant center. Optical absorption was mea-
sured with a current-controlled tungsten source and an
0.85-m double monochrometer.

II. EXPERIMENTAL TECHNIQUES III. RESULTS

A flame-fusion-grown single crystal of SrTi03 doped
with 0.01 mo1% Eu + was obtained from Commercial
Crystal Laboratories Inc. , Naples, FL. Polycrystalline
powders of SrTi03 doped with 0.01%%uo —0.2 mo1% Eu +

were prepared by a modified Pechini liquid-mix tech-
nique similar to that described by Chau, Sharma, and
Smythe. ' In this method stoichiometric quantities of
SrCO3 (Spex 99.999%) powder, Eu + solution, and Ti +

solution were heated until they polymerized. The mix
was typically calcined at 900 C for 3 h and sintered as a
pellet for 16—24 h at 1450'C. The materials used for
solution preparation were tetra-isopropyl orthotitanate
[obtained from both Aldrich Chem Co and duPont
(Tyzor TPT)], Eu203 (Spex 99.99%), ethylene glycol
(Baker analyzed reagent), and citric acid (Baker analyzed
reagent). Powder quality and phase purity were verified
by x-ray di8raction on a Nicolet I2/V di6'ractometer.

A nitrogen-laser-pumped tunable dye laser was used as
the excitation source. It had a bandwidth of 0.8 cm
and pulse width of 10 nsec. The Eu + transitions be-
tween Fp~ Dp, D, , and D2 manifolds were excited
using Rhodamine 6G, Coumarin 481, and Coumarin 102
dyes (Exciton), respectively. Total fluorescence excita-

A. Single crystal

1. Absorption measurements

Optical-absorption spectra were recorded for the
Fp ~ Dp and Fp ~ D

&
regions of Eu + in the SrTi03

single crystal at 2.5 K over a path length of 14.2 mm.
The only observable peak was a Fp~ D, transition at
526. 14+0.03 nm, which had an absorbance of
(6.9+1.0) X 10 cm '. Peaks with absorbances less
than 1.0X10 cm ' could not be observed. Lamp in-
stability was the primary noise source limiting resolution
of weaker peaks. The observed transition is assigned to
the Z1~81 transition of the a1 center described in
more detail in the next section. This center was previous-
ly observed by Weber and Schaufele. ' The absorption
spectra were also studied to ensure the absence of ac-
cidental contamination from other rare earths or large
concentrations of centers where quenching would prevent
detection by fluorescence measurement (e.g. , centers con-
taining HzO, H, or transition-metal ions). In addition,
Fourier-transform infrared-absorption spectra were mea-
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sured from 500 to 4000 cm ' to ensure the absence of the
OH stretching transition at 3495 cm ' in our crystal.

2. Total fluorescence excitation spectroscopy

Total fluorescence excitation spectroscopy provided
considerably greater sensitivity than optical-absorption
measurements. Figures 1, 2, and 3 show the 12-K excita-
tion spectra for Fo~ D &, Do, and D2 transitions, re-
spectively. These spectra were recorded with a 750-
@sec-wide gate delayed 200 psec with respect to the laser
pulse. This gate value was somewhat shorter than the
1.05-msec lifetime of the longest-lived site Auorescence,
and so there is some enhancement of the shorter-lifetime
sites by this choice. The minimum delay was limited by
the rotation rate of the chopper used to eliminate laser
scatter.

At low temperatures each Eu + center with a distinct
crystallographic environment may exhibit a maximum of
one, three, or five pure electronic transitions for excita-
tion to Do, D „and D2, respectively. Centers of high
symmetry have fewer transitions. The large number of
transitions in the expanded plots of Figs. 1 —3 demon-
strate the occurrence of multiple Eu + centers in
this material. The spectral peaks are labeled according to
the center assignments inferred from site-selective-
spectroscopy experiments described below.

Although the Fo~ Do spectrum is intrinsically the
simplest, the Fo~ D, spectra proved the most useful
because, unlike Fo~ Do, transitions due to cubic-
symmetry centers are allowed by a magnetic dipole mech-
anism. The most intense peak in the total fluorescence
'Fo~ D, excitation spectra (Fig. 1) corresponds to the
single transition at 526.14 nm observed in the absorption
spectrum. The peak intensity in Fig. 1(a) is 30 times the
peak intensity of the Fo~ Do excitation spectrum [Fig.
2(a)j and approximately 14 times more intense than the
strongest transitions due to the other centers in the D,
spectrum with the gate and delay values chosen.

3. Site-selective spectroscopy

Previous defect chemistry studies of Eu +-doped ma-
terials have demonstrated that the Fo~ D, spectrum is
the most useful for monitoring concentrations of centers
of various symmetry. We therefore emphasized the un-
raveling of the Fo~ D

&
spectrum. Each transition in

Fig. 1 was selectively excited with the tunable dye laser
and the Auorescence spectra were recorded. The
'Do ~ F, and Do ~ Fz fluorescence transitions were
typically the most intense. As expected, several groups of
Fo~ D, excitation transitions revealed the same

Auorescence spectra. The dominant line in each distinct
fluorescence spectrum was then selectively monitored
with the 1-m monochrometer. Scanning the dye laser
across the Fo~ D& region then gave the site-selective
spectrum for each site (Fig. 4). In all cases these excita-
tion spectra were confirmed by monitoring a second
fluorescence transition and in some cases a third or
fourth transition.

Once the centers were distinguished in the Fo~ D&

spectra, the corresponding Fo~ Do transitions were
determined by site-selective excitation (Fig. 2). The
search for confirmation of the Fo~ D2 transitions was
less successful in several cases because of their greater
numbers and often weaker intensity (Fig. 3).

The site-labeling nomenclature has no physical
significance. The dominant center has been labeled a1
for consistency with a related report, ' to appear else-
where, in which we label the dominant center for each
Sr-Ti-0 phase by ai, where the i denotes the Sr
stoichiometry (i.e., al, a2, and a3 represent the dom-
inant centers in SrTi03, Sr2Ti04, and Sr3Ti207, respec-
tively). The additional Eu centers in SrTi03, reported
here, are arbitrarily labeled b —l.

Where required, specific transitions are labeled using
Dieke's empirical spectroscopic notation. Crystal-field
levels in Fo, F, , . . . , F6 manifolds are labeled

h
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excitation spectra (single crystal) monitoring total fluorescence with a temporal gate delay and width of 200
psec/750 p,sec. Labels indicate site and energy-level assignments, while the asterisk indicates unassigned transitions.
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Z,-, Y,-, . . . , T;, while levels in Do, D&, and D2 are la-
beled A;, B;, and C, , respectively. The subscript indi-
cates the position, within the manifold, of each level in
ascending energy order. For the a 1 center, where the site
symmetry and some of the crystal-field state's symmetries
are known, the symmetry is labeled using the group rep-
resentation, i.e., A 1, B2, etc.

a. a1 center. Laser excitation of the strong 526.14-nm
transition (Fig. 1) results in intense fiuorescence visible to
the naked eye. The resultant D

&
~ I', 2 6 and

Do ~ Fo & 6 fluorescence spectra were recorded.
Like other Eu + studies, spectral overlap of fluorescence
from Do and D, to different F, manifolds occurred.
The greatest problem was overlap between the following
pairs of spectra: (a) Do~ Fo and D, ~ F3, (b)

Da~ F& and D, ~ F3, and (c) Do~ F2 and

D, ~ I4. In each of these cases, the desired spectrum
was selectively enhanced by changing the temporal gate
for photon detection. Emission from Da (typical lifetime
of 1.05 msec) was enhanced with respect to D, (typical
lifetime of 115 @sec) by using a gate delay of 250 @sec and
width 750 @sec. A 50-psec gate delay and 150-psec gate
width enhanced D, fluorescence. Fluorescence spectra
from both the Do and D& states to both the I', and I'2

(a)
a 13 a11

b2

14

$d

states of the a1 center are included in Fig. 5.
In addition to the pure electronic transitions, we as-

signed several vibronic transitions. A detailed examina-
tion of expanded-scale spectra at 12 K identified nine vi-
brational energies, which are summarized in Table I
along with their parent electronic transitions. The cri-
teria used for assigning a vibronic nature to the transi-
tions included (a) more transitions than expected for
manifold multiplicity, (b) significantly broader linewidths
than other transitions in spectra, (c) the appearance of
consistent vibronic intervals in many spectra, and (d) the
occurrence of anti-Stokes peaks with the same intervals
for some spectra. The temperature dependence of the rel-

b/c
~ d

b2

(b b b1

013

(c) c2

(e)
b l

574 576 578 58Q 582
Wa vel en g th (nm)

I

584

c1
a11

I I I I I I

(e) d2

cl4

(]1' d3

I
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Wa vel en gth (nm)

FIG. 2. Fp~ Dp excitation spectra (single crystal) monitor-
ing (a) total Eu + fluorescence, (b) a1-center fluorescence at
615.418 nm, (c) b-center fluorescence at 613.435 nm, (d) c-center
fluorescence at 613.000 nrn, and (e) d-center fluorescence at
613.980 nm.

FICJ. 3 Fp ~ D2 excitation spectra (single crystal) monitor-
ing (a) total Eu + fluorescence, (b) a1-center fluorescence at
615.418 nm, (c) b-center fluorescence at 589.795 nm, (d) c-center
fluorescence at 591.220 nrn, and (e) d-center fluorescence at
590.430 nm.
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7 5FIGe 4. Site-selective F0~ D& excitation spectra (single crystal) monitoring the following dominant fluorescence transitions for
the SrTi03.Eu'+ sites: (a) 590.901 nm of a1 site, (b) 589.795 nm of b site, (c) 590.20 nm of c site, (d) 613.98 nm of d site, (e) 589.44 nm
of e site, (f) 589.40 nm of f site, (g) 589.055 nm of g site, (h) 591.385 nm of h site, (i) 618.730 nm of i site, (j) 612.610 nm of j site, (k)
591.500 nm of k site, and (l) 590.585 nm of I site. Line assignments are shown for individual transitions.
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FIG. 5. Fluorescence spectra for a 1 f sites (single crystal) f—or indicated transitions. Each of the sites was excited at the Z, ~B t

transition of that site (see Fig. 1 and Table III for the relative line positions).
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TABLE I. Vibrational energies derived from vibronic transi-
tions in the a1-site excitation and emission spectra at 12 K. The
asterisk denotes an anti-Stokes vibronic transition.

Energy (cm ')

30.7
30.7

Spectrum

5D 7F
'D) ~'F4

Parent electronic transition

41.0
42.5
41.0
39.5*
42.8
42.9
43.2
42.7
42.6

'Do 'Fp
Dp~ Fp
Fp~ Dp
Fp ~'Do
Dp~ Fj
D)~ F)
D&~ Fz
D)~ F4
Dl~ F5

1-1
1-1
1-1
1-1
1-2
1-1
1-4
1-7
1-2

49.0
49.0

50.5

Dp~ Fp
Fp~ Dp

D)~ F3 1-4

57.0
55.6
56.9
56.9

Dp~ Fp
'D,
Dl~ F3
Dp~ F5

1-3
1-3
1-5
1-2

67.5
66.7
66.8

5D 7F

D, F,
D)~ F3

1-2
1-1
1-4

78.0
78.8

5D 7F
5D 7F

1-1
1-3

116.0
117.0
116.6
108.8

D F
7 5Fo~ Dp
5D ~7F
Do~ F

1-1
1-1
1-2
1-4

185.0
182.0

5 7Do
'Do 'Fz

1-2
1-3

459.0
458.0

5 7Do~ Fl
5 7Do~ Fq

1-2
1-3

ative intensities was not used as a criteria because of com-
plications from broadening, line shifting from the phase
transition described earlier, and loss of site selectivity in
the excitation from overlapping lines.

Weber and Schaufele assigned several Eu + vibronic
energies from the 77-K spectra. We tentatively correlate
their modes labeled v& (55—60 cm '), v, (120 cm '), v&

(170 cm '), and vf (460 cm ') to our vibrations (see
Table I) centered around 56, 116, 182, and 458 cm ', re-
spectively. Figure 5(a) shows an example of transitions
with vibronic states (labeled by U) separated by 42.8 and
63 cm ' from the parent transitions in the Do~ F,
spectrum. These same intervals are seen in many of the
spectra. The linewidths of these two vibronic transitions
are 0.48 and 0.44 nm, about 6 times larger than the zero-
phonon line (ZPL).

The peak heights of the Do~ Fo fluorescence spec-
trum were a factor of 250 weaker than the Do~ F&
spectrum. The single Do~ Fo ZPL at 579.61 nm is
very weak compared with the broader, more intense lines
at higher and lower energy than are Stokes and anti-
Stokes vibronic transitions (Table I) associated with the
ZPL.

Unusually low vibronic frequencies were determined
from the D& ~ Fo fluorescence spectrum when excited
by the Fo~ Dz transitions. Figure 6 shows a series of
sharp but weak lines that appear as fine structure in this
spectrum. Since only two pure electronic transitions are
expected in this spectrum (with wavelengths consistent
with the Fo +D, e—xcitation spectrum), the remaining
lines are assigned to vibronic transitions with intervals
3.3, 7.0, 9.6, 12.6, and 17.6 cm '. These vibronics were
resolved in this spectrum, but not in other spectra, be-
cause the unusually narrow-linewidth ZPL's (0.018 and
0.027 nm) allow their resolution.

Any of the fluorescence transitions may be monitored
to produce a site-selective excitation spectrum. However,
interference from other centers is minimized by monitor-
ing the most intense, narrow-band fluorescence transi-
tions. The optimum transitions to monitor were 590.901
nm ( Do ~ F, ) and 615.418 nm ( Do ~ Fz ). Each of
these was used to confirm the Fo~ Do, D&, and Dz
site-selective excitation spectra for this site given in Figs.
2, 4, and 3, respectively. The multiplicity of the Eu +

crystal-field manifolds is consistent with a tetragonal
point symmetry.

Correlation of the electronic transitions in all fluores-
cence and excitation spectra enabled the derivation of the
energy-level scheme of Table II for this center at 12 K.
This table augments the measurements in previous
work ' and updates the assignments by the improved un-
derstanding of the vibronic transitions. Special emphasis
was placed on determining the crystal-field levels of F&.
All other a1-center manifolds exhibited multiplicity at 12
K consistent with the expected tetragonal symmetry and
inconsistent with cubic symmetry. The Do ~ F„
D, ~ F„and Dz ~ F& fluorescence spectra and

F& ~ Do excitation spectrum, however, all had electron-
ic transitions to or from F~ levels of approximately the
same energy. Only a cubic-symmetry center can have a
single triply degenerate F& manifold. Careful calibration
of approximately 40 spectra revealed that the F, levels
derived from Do and D, fluorescence were not, in fact,
identical within experimental uncertainty. The two dis-
tinct levels are split by 0.4 cm ' (Table II).

The observation of two D& transitions in excitation
spectra suggests that one level is doubly degenerate. A
variable magnetic field was applied to the sample, and the
12-K excitation spectrum of Fo~ D, was recorded.
The lower-energy level (19001.1 cm ') was observed to
split with the splitting magnitude AE =gH, where

g =0.037 cm '/kG.
Similarly the a1-center F,~ Dz excitation spectrum

was recorded as a function of applied magnetic field. The
level at 465.15 nm was found to split, confirming its dou-
ble degeneracy. There is also an extremely weak line at
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FIG. 6. a1-center 'D& ~'Fo fluorescence after excitation of the a1-center 'Fo~'D2 transition. The vibronic peaks are labeled by
the shift (6;, ) from the B;~Z, ZPL electronic transition.

465.59 nm that is assigned to the a1-site D2 state at
21472 cm '. The transition becomes much stronger in
the presence of the magnetic field. Hot band emission is
also observed from this level.

The position and number of the transitions in this ma-
terial changes as a function of temperature between 120
and 12 K as is shown in Fig. 7. The two lower-
ternperature Fp~ D& excitation transitions of the a1
site shift continuously with temperature changes until
they collapse to a single transition at 106 K. Explanation
of this effect is given in the Sec. IV. This temperature
dependence required that the sample temperature be
measured for each experiment in order to achieve repro-
ducible spectra. The temperature was reproduced by
measuring the D&-level separation since the changing
energy-level separation invalidated using Boltzmann pop-
ulation factors.

The lifetime of the Dp level could not be measured by
direct excitation because of the weak Fp~ Dp absorp-
tion strength. Instead, the D& and Dp fluorescence
transient was measured after excitation of the Fp~ D,
transition. The single-exponential decay of the D, level
had a lifetime of 136 JMsec, while the decay of the Dp
fluorescence could be fit with two levels having lifetimes
of 115 @sec and 1.05 msec. The former lifetime agrees
with the 136-@sec lifetime measured by direct excitation
of D, while monitoring fluorescence from the D, state.
The 1.05-msec lifetime must then correspond to the
Dpstate.

b. Other centers. A number of other centers were ob-
served in the excitation spectra (see Fig. 1) with transition
intensities that ranged from 0.05%%uo to 7%%uo of the a1-site
transitions. Typical spectral linewidths (Fig. 1) for the
transitions of minority centers in the single crystal were
0. 15—0.3 A at 12 K. These narrow linewidths allowed

reasonably selective excitation for many centers. Corre-
lation of fluorescence spectra obtained by exciting each of
the transitions in turn enabled assignment of most of the
transitions to ten new sites labeled b —k.

Site-selective Fp~ D, excitation spectra for all sites
are included in Fig. 4. Fp ~ D ] transition wavelengths
for each center are included in Table III. Only four weak
transitions marked with an asterisk in Fig. 1 were not as-
signed. Table III includes wavelengths of Dp~ F~and
D p ~ F2 fluorescence transitions that can be used to

produce site-selective excitation spectra for the new
centers. As expected, the single-crystal spectra contained
no evidence of Eu + centers in the Sr2Ti04 or Sr3Ti207
phases. '

~ 19010

000
20 40 60 80 l00 120

Temperature (K)

FIG. 7. Temperature dependence of the energies of the two
a1-site Fo~'D& transitions derived from the single-crystal ex-
citation spectra monitoring total fluorescence.
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TABLE II. Energy levels (cm ' in vacuum) of the a1 center
in SrTi03.Eu'+ at 12 K derived from excitation and Auores-
cence spectra.

Manifold

D2

Level number Energy

21492.5
21472.0
21464.5

5D 19016.9
19001.1

5D 17248.0

10
9
8
7
6
5
4
3
2
1

5723.0
5471.0
5420.5
5156.0
5143.0
4986.5
4959.0
4942.5
4927.0
4887.5

4096.0
4051.5
3938.5
3890.0
3802.5
3798.0
3784.5
3754.0

3135.8
3084.4
3047.4
3012.5
2770.2
2633.7
2583.4

7F 1931.6
1842.6
1835.8
1817.8
1811.0

F 1033.5
1003.4
963.0
946.3

Fl 329.5
329.1

Fo

In most spectra the a —f-center transitions dominated.
Several site-selective fluorescence spectra of these centers
are given in Fig. 5. The greater multiplicity of D2 re-
sulted in poorer site discrimination in the Fp~ D2 exci-

tation spectra compared with Fp~ D, . The a —d site-
selective excitation spectra for Fp~ Dp and Fp~ D2
are given in Figs. 2 and 3. Despite the fact that only one
electronic transition occurs per center, the Fp~ Dp ex-
citation spectra were less useful, for survey purposes,
than the Fp ~ D, spectra since electronic transitions of
centers with a near inversion symmetry are relatively
weak. The broad transitions dominating the total fluores-
cence Fp~ Dp excitation spectrum are vibronic transi-
tions of the a1 center. Vibronics of the new centers are
much weaker, relative to their zero-phonon electronic
transitions, than the a1 center. If a center has cubic sym-
metry, electric dipole transitions are forbidden for the
zero-phonon transition, but the vibronic transitions are
allowed because of the removal of the cubic symmetry.
One therefore expects that sites with near cubic symme-
try might have relatively large vibronic features relative
to the zero-phonon transition. The weakness of the vib-
ronic transitions in the new centers then reflects their
lower symmetry. D, energy levels are derivable from
Table III for several new centers.

The spectra and energy levels reported here are those
measured at 12 K. Like the a1 site, energy levels of each
of the minority centers also varied with temperature.
The lowest available temperature, 12 K, was used to
characterize the crystal system as it gave the greatest
energy-level separations and therefore the best spectral
discrimination. At 77 K there was considerably more
spectral overlap between centers.

Most of the centers had polarized emission and fluores-
cence transitions. In some cases the use of different po-
larization combinations enhanced the discrimination be-
tween sites. For example, it is difficult to discriminate be-
tween the transitions of the e and f sites because they are
typically separated by only 0.025-0.065 nm for the
Dp~ F& and F2 spectra. In these cases site discrimina-

tion can be improved by using the different polarization
dependence of the absorption and fluorescence spectra.
In these experiments we use the notation x(a, b )z, where
x and z are the directions of laser and fluorescence propa-
gation and a and b are the laser and fluorescence polar-
izations. The y and z laboratory axes are approximately
aligned with crystalline (100) axes, but the third orthog-
onal crystal axis was not well defined for these experi-
ments. Table IV gives relative intensities for the 12-K
Fp ~ D

~
excitation transition at 527.109 and 527.088

nm for the e and f sites, respectively, when monitoring
the strongest Dp~ F~ and Dp~ F2 transitions with
each polarization for each of the sites. The optimum ra-
tio of the e- and f-site excitation transition intensities is
not always obtained by using a constant combination of
input and output polarizations. When monitoring
Do~ F, , the discrimination between e and f sites is

best optimized for the f site using x(zx)z polarization
and for e site using x(yy)z polarization. Similarly, x(zy)z
and x(yy)z polarizations are used to optimize discrimina-
tion of the e and f sites, respectively, when monitoring
Dp ~ F2 This technique of polarization-enhanced

discrimination will be very important if defect
quantification is required in future applications.
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TABLE III. 'Fp~'D& excitation transitions and the best emission transitions for monitoring indivi-
dual site spectra (in nm).

Site

al
b

C

d

f
e

h

J
k
I

Fp ~ D, excitation

526.140, 525.702
526.614, 526.227, 525.989
526.480, 526.323, 525.972
526.659, 526.310, 526.261
527.109, 526.494, 526.161
527.088, 526.444, 526.233
526.934, 526.410, 525.911
528.708, 528.024, 527.946
528.588, 527.735
527.177, 526.582, 526.518
528.740, 528.131, 527.908
527.311, 527.301

'D
p ~ 'F

&
fluorescence

590.901
589.795
591.220
590.430
589.457
589.433
589.055
591.385
591.200
589.885
591.500
590.585

D p ~ F2 fluorescence

615.418
613.435
613.000
613.980
612.270
612.210

619.465
618.730
612.610
615.900

B. Polycrystalline SrTi03

SrTi03 was also prepared as polycrystalline ceramic
pellets with Eu + concentrations of 0.01—0.2 mol%.
The pellets were ground into powders and characterized
by x-ray diffraction and laser excitation or fluorescence.
The powders were normally examined after the calcining
stage (see Sec. II) and again after various high-
temperature sintering steps.

X-ray diffraction of samples after the initial calcining
step showed that the powder was mostly SrTi03 phase,
but typically contained a small component of rutile Ti02
and a corresponding strontium-rich phase of either
Sr2Ti04 or undissolved SrC03.

The total fluorescence Fp~ D, excitation spectrum
of calcined samples showed very broad a1-site transi-
tions. For example, the 526.14-nm transition linewidth
was typically 0. 1 —0. 13 nm compared with the 0.018-nm
width in the single crystal. In those calcined samples
with a small Sr2Ti04-phase component, the transitions
due to the a 2 Eu + site in Sr2TiO~ (Ref. 41) were also ob-
served in the total fluorescence excitation spectra. The
samples before sintering also exhibited a broad excitation
background in the total fluorescence Fp ~ D, excitation

spectrum with an intensity of about 4—5 % of the
526.14-nrn peak. The Dp fluorescence lifetime of this
background was about 1 rnsec, consistent with assign-
ment to Eu + emission. The minority centers seen in the

single crystal could not be discriminated against this
broad background.

Subjecting the calcined SrTi03 powders to a further
high-temperature sintering step improved their quality
considerably. X-ray diffraction of the best samples re-
vealed that the excess Ti02 and SrC03 or Sr2Ti04 had
reacted to form single-phase SrTi03. The broad back-
ground of Eu + emission in the Fp ~ D

&
spectra was de-

creased by a factor of 5 —10, transitions of the minority
centers observed in the single-crystal experiments were
resolved, and the a1-site transition linewidths decreased
significantly. The degree of improvement depended on
the conditions of the sintering process. Heating for 6 h at
900'C did not produce significant improvement. Two
treatments giving comparable, and significant improve-
ments were (a) 52 h at 1050'C and (b) 24 h at 1450'C.
Annealing a pellet a second time with the latter treatment
gave a slight improvement. All sintering in this study
was at ambient pressure in air.

There are differences between the single-crystal and
polycrystalline sample spectra, as can be seen in Fig. 8 for
the 7Fo ~5D, excitation spectrum (monitoring total
fluorescence) of sintered polycrystalline SrTi03. 0.02
mo1% Eu +. The a1 center's 526.14-nm transition has
additional side structure at slightly longer wavelength
and weak broad structure between the two main peaks.
The nature of the structure has not been determined. Its
occurrence seems somewhat irreproducible, but is typi-

TABLE IV. Polarized intensities for an e-center (527.109 nm) and an f-center (527.088 nm) Fo~ D, excitation transitions moni-
toring various e- and f-center transitions. Intensities are separately normalized for the 'Do ~ F, and 'Do ~ Fz cases.

Dp ~ F, emission D p ~ F2 emission

Polarization

Monitor
e-center (589.422 nm)
excitation transition

e center f center

Monitor
f-center (589.457 nm)
excitation transition

e center f center

Monitor
e-center (612.270 nm)
excitation transition

e center f center

Monitor
f-center (612.210 nm}
excitation transition

e center f center

x (zx)z
x (zy)z
x (yx)z
x (yy)z

8.4
52.1

7.4
100

9.3
30.9
10.2
55.8

-0
27.9

5.9
51.6

13.5
49.8
12.6
95.8

19.5
100

14.5
95.5

41.8
-0
20.5
-0

15.5
98.2
11.8
83.6

89.4
22.7
47.3
13.6
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FIG. 8. Fp ~ D 1 excitation spectra of a polycrystalline SrTi03.0.02% Eu'+ sample monitoring total fluorescence with a temporal
gate delay and width of 200 psec/750 psec. The asterisk indicates a real but unassigned peak.

cally reduced by high-temperature sintering. Collated
spectra of several samples indicate that the intensity of
the low-wavelength side structure increases with Eu +

concentration.
Weaker transitions in Fig. 8 were confirmed, by site-

selective laser excitation and fluorescence between several
manifolds, to be those of the minority centers character-
ized in the single crystal. In all cases the linewidths were
greater in the powders than in the single crystal, resulting
in decreased discrimination between centers. The e and f
sites, for example, were present, but not resolved in the
powders. The temporal transients for each of the centers
were the same when measured in the powders or the sin-

gle crystal. In typical powders the minority-center peaks
in the Fo~ D& excitation spectra were 2-4% as intense
as the strongest a 1-site transition (compared with about
7% in the single crystal).

The major differences between the single-crystal and
polycrystalline spectra were the absence of the c site in
the latter and the occurrence of a new site, labeled l, in
the powders. (Figs. 4 and 8). The g, h, and k centers also
had significantly greater relative intensity in the powders
compared with the crystal. In some other cases the rela-
tive peak intensities of transitions in the site-selective
spectra appeared different between powders and the sin-
gle crystal. These differences were found, however, to be
due to the more selective polarization combinations sam-
pled in the single-crystal experiments.

The relative distribution of some minority centers was
observed to change during storage at room temperature.
The most significant change was a doubling of the e and f
sites after 7 weeks and a small change in the h /k-site ra-
tio.

Samples with 0.2 mol%%uo Eu did not reveal any new
sites compared to the 0.02%%uo samples. Although total
fluorescence intensity was greater, the relative distribu-
tion of minority centers was not significantly different.

The lower-wavelength structure on the 526.14-nm a1-site
transition was, however, relatively more intense.

A sample of 0.2 mo1% Fe, 0.02% Eu was prepared to
determine any correlation of a minority site to an Eu +-
Fe + configuration. As no new centers were observed
and the relative distribution of minority centers was not
significantly changed, there is no evidence for such a
center.

A recent study characterized the dominant Eu +

centers in the SrzTi04 (az site) and Sr3Tiz07 (a3 and b3
sites) phases. ' Overlap between these transitions and the
new SrTi03 minority centers was checked by direct com-
parison with Eu-doped single-phase SrzTi04 and Sr3Tiz07
samples. Two pairs of transitions were found to have
near coincidence. First, the Z1~B 1 transition of the a 2
site is only 0.6 cm higher than the Z1~B1 transition
of the a3 site, which in turn is only 0.5 cm higher than
the Z1~B1 transition of the g site. In each case the
fluorescence transitions and lifetimes are quite distinct,
thereby enabling discrimination of SrTi03 minority
centers from SrzTi04 and Sr3Tiz07 if materials of mixed
phase were of interest.

It is probable that the cryogenically cooled polycrystal-
line materials were warmer than the single crystal. Sec-
tion IIIA3b described the temperature dependence of
the a1-site D& energy-level splittings in the single crys-
tal. For the lowest attainable temperature ( =12 K), the
largest D, -level separations were 15.8 and 15.2 cm ' for
the single crystal and powders, respectively. Although
the single-crystal splitting did not vary significantly from
day to day, the splitting in some powdered samples was
observed to be as small as 13.8 cm '. Such variation is
attributed to the limited thermal conductivity though
contact points of grains of SrTi03. The variation depend-
ed on the grain size and powder-packing technique.
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C. Other observations

1. Crystal coloration

An interesting effect was observed for laser excitation
of the single-crystal and polycrystalline powders. Visual
examination of the crystal for red-yellow-green laser exci-
tation with Coumarin 481 or Rhodamine 6G dye with
100-tuJ pulses (10-nsec duration) revealed a visible
"black" line in the crystal of the approximate diameter of
the laser beam. This line is best observed by blocking the
pump beam and viewing the transmission through the
crystal of a low-power white-light source. A surface
coloration also occurred for excitation of the polycrystal-
line powders, but this was more difficult to probe. The
visual clarity of the line increased with pump beam focus-
ing, but did not depend on being resonant with a Eu +

absorption. It did not appear to occur for blue excitation
using the Coumarin 102 dye (-465 nm) used for the
Fo~ D 2 Eu excitation experiments. The line was ob-

served to form after 1 —2 min and then to bleach after
continuous laser excitation of approximately 5 min.
When the pump laser was removed after the initial line
formation, the line persisted with constant density (at 12
K) for at least 1 h (the longest period tested). The line
could be removed by heating the sample to room temper-
ature or by illuminating the sample with a 25-W tungsten
lamp for approximately 1 min.

A possible mechanism for this coloration change is a
photoinduced valence change of Ti + to Ti + which is
optically active. Such a mechanism has been tentatively
suggested to explain the similar observation of "colored"
tracks formed in KTiOPO4 nonlinear frequency-doubling
crystals. It is not obvious why the blue excitation does
not form such a center when longer-wavelength excita-
tion does. It is possible that a defect center present in the
material is photoionized with excitation of specific visible
absorption bands and the electrons released to the lattice
are captured by the titanium ions.

2. Fluorescence bleaching

The intensity of fluorescence for Fo~ D, resonant
excitation of the al site in both the single-crystal and
polycrystalline samples exhibited a bleaching behavior.
Figure 9 shows the fluorescence intensity as a function of
time for continuous laser excitation (10 Hz) on a fresh
portion of sample for both the single crystal and a
powder sample. The single-crystal fluorescence typically
decayed by about 30% in the first 10 sec followed by a
much slower decay (=10% in 5 min). After 5 min the
signal was approximately constant. Spectra reported in
this paper were recorded after the signal level had estab-
lished a constant level.

Polycrystalline powder fluorescence typically decayed
more slowly and by a greater fraction than the single-
crystal fluorescence. The decay rate was longer for
powders that were annealed at a high temperature for a
shorter time (and having larger spectral linewidths). A
typical sample decayed by 40% in 10 min then lost a fur-
ther 15%%uo over 30 min.

I

lO 20
Time (minutes)

30

(L)

0
Q3

0 2
Time (minutes)

FIG. 9. Bleaching of the Eu + al-site 'Do~'F& emission
after excitation of the 'Fo~'DI transition at 526.14 nm for a
polycrystalline sample (top) and a single crystal (bottom).

The mechanism for the bleaching and the reason for
the difference in rates between the powders and crystals is
not known. At least two mechanisms are possible. First,
the bleaching may be due to absorption of fluorescence by
the black line formed with laser illumination. This mech-
anism seems unlikely as the time scales for formation and
bleaching are different and, also, the fluorescence does
not recover after the black line has bleached away again.
Second, a photochemical or photophysical change in the
environment of the Eu + ion in the a 1 center would de-
crease its population. Such an environment change may
result in a population increase of another center. Experi-
ments using a weak probe laser may reveal the identity of
such a center. A possible mechanism would be the cap-
ture of an electron by a Ti + ion. This would create
sufficient perturbation of the Eu +-ion crystal-field sym-
metry to appear as fluorescence bleaching. This process,
similar to the black-line formation, would not require the
laser to be resonant on the Eu +-ion transitions. It may
be possible to observe an increase in fluorescence intensi-
ty with time of some minority centers that involve a Ti +

neighbor.
An alternative possibility is a europium capture of free

electrons (photoionized from another defect) to give Eu
and therefore entirely different spectra. This mechanism
would eliminate the need for charge compensation in
SrTi03. Although Eu + is relatively easily reduced, oth-
er trivalent rare-earth ions are not. A search for fluores-
cence bleaching of other dopants in SrTiO& may aid
confirmation of a specific bleaching mechanism.



45 LOCAL- AND DISTANT-CHARGE COMPENSATION OF EQ +. . . 9653

3. Cr'+ spectroscopy

An unexpected fluorescence line was observed at
793.93 nm which had a very long fluorescence lifetime
( &45 msec at 12 K). Detuning the laser revealed that
this emission did not require resonance with any Eu +

absorption. The excitation feature was very broad and
exceeded the tuning range of the Coumarin 481 dye laser.
The emission was identified as originating from Cr + on a
Ti + site. A more detailed fluorescence scan revealed the
vibronic structure characterized by Kim, Powell, and
Wilson. The crystal was nominally free of Cr + dopant,
but this observation is consistent with previous observa-
tions of Cr + emission in most, nominally undoped,
SrTi03 samples.

A search was conducted for associated Cr +-Eu +

centers. The proximity of the Eu + and Cr + ions should
lead to Eu +~Cr + energy transfer. Laser excitation
scans of the Eu + Fp~ D, region while monitoring
730~780 nm in 10-nm steps with a low-resolution mono-
chromator ( =7-nm bandwidth) revealed no Eu + transi-
tions which would confirm such a Cr +-Eu + center. As
further confirmation, each of the known Eu + centers
( a —k ) were separately excited and the 700—800-nm
fluorescence region was scanned. No evidence of fluores-
cence from a perturbed Cr + center associated with a
known Eu + center was observed.

IV. DISCUSSION

A. a1 center

I. Structure

The a 1 site is correlated to the cubic site reported by
Weber and Schaufele. ' Their spectra did not resolve all
of the energy levels observed here because of their lower
resolution and higher temperatures (77 K). Figure 7
shows that the Fp~ D, transitions are separated by
15.8 cm ' at 12 K, but only 7.8 cm ' at 77 K. Discrim-
ination at 12 K is also aided by narrower spectral
line widths.

The collapse of energy-level splittings above 106 K
confirms that the a1 center comprises an Eu + ion on a
Sr +-ion site of cubic symmetry. Such a site is charge
compensated remotely by a charged lattice defect.
Energy-level splittings observed at lower temperature are
attributed to a structural perturbation resulting from a
rotation of the oxygen-ion octahedra close to the Eu +

ions. This phase transition (T, =106 K) and the rotation
angles mere characterized by Muller and Berlinger using
EPR as a probe of the local perturbation of Cr +- and
Fe -ion symmetry. The structural distortion creates a
tetragonal symmetry at the probe-ion site. To our
knowledge the Fo~ D, excitation spectra (Fig. 7)
represent the best evidence of the effect of the phase tran-
sition on optical spectra. The continuous increase in
Eu + perturbation with decreasing temperature indicates
that the crystal structure contracts quite continuously
with temperature.

Several features of the spectroscopy indicate that, even

at the lowest temperatures, the a1 center is not strongly
perturbed from cubic symmetry. First, the Fp~ Dp
electronic transitions are very weak and the Dp lifetime
is relatively long. Both electric and magnetic dipole
mechanisms are forbidden for these transitions in a site
with inversion symmetry. In contrast, the ratio of the
Fp ~ D p electronic transition to the Fp ~ D, transi-

tion is much larger in the lower-symmetry Eu + sites of
the Sr2Ti04 and Sr3Ti207 phases and the minority centers
of SrTiO3 than that observed for the a1 site. Second, the
crystal-field splittings of most a1-center manifolds are
small. For example, the 15.8-cm ' splitting of Dj com-
pares to 29.5 and 36 cm ' for the a2 and a3 centers, re-
spectively. '

2. Linemidths

The broad linewidths of a1-site transitions in powders,
compared to the single crystal, are an indication of disor-
der. This disorder may be structural disorder at an atom-
ic level or may be due to variation in the temperature of
different grains of powder comprising the pressed spec-
troscopic sample. The linewidths usually decreased with
prolonged high-temperature annealing. Heating provides
the ion mobility required to improve the microscopic in-
tegrity of the sample and may also enable the growth of
larger grains. Either effect may account for the line nar-
rowing. Poorly sintered powders typically had asymme-
trically broadened transitions with spectral structure, for
example, located between the Fp ~ D

&
a 1-site excitation

transitions. As proposed in a previous paper, ' this struc-
ture may be the result of temperature inhomogeneities
within the conductively cooled polycrystalline sample.
Differences in temperature given different positions for
a 1-site transitions, as can be seen from Fig. 7. The distri-
bution of temperatures gives a distribution of level posi-
tions responsible for the band.

B. Minority centers

None of the minority centers, b —I, have previously
been reported. The differences in spectra of the 11
centers are indicative of distinct local perturbations of
the environment of the Eu + ion. As the charge on the
Eu + ion differs from the Sr + site it occupies, a charged
species may associate with the Eu + ion to give a neutral
center. The multitude of centers indicates that charge
compensation may be provided by several different
species located on various distinct lattice positions.

An unusual effect is expected for SrTi03 because of the
oxygen octahedra rotation associated with the 106-K
cubic-to-tetragonal phase transition. If the charge com-
pensation is local to the Eu +, each distinct Eu + center
in the cubic phase may be observed as tmo distinct
centers in the lower-temperature tetragonal phase. The
local axis defined by the charge compensation relative to
Eu + in the center can have different inequivalent orien-
tations with respect to the bulk tetragonal (100) axis that
develops at low temperature, and so new sites will form.
Therefore some of the centers b —I observed at low tern-
perature may correspond to each other in the cubic
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phase. Unfortunately, the reduction of fluorescence in-
tensity, the thermally induced transition broadening, and
the overall reduction of transition separation and
discrimination prevented any direct confirmation of
center equivalence above 100 K. However, any combina-
tion of centers which differ only in orientation should al-
ways maintain constant relative intensities at low temper-
ature. Comparison of the spectra of several powders and
the single crystal revealed that the (b, d ), (e,f ), and
(h, k) site pairs may represent examples of such orienta-
tion combinations. A detailed kinetic study, in which
charge-compensating species are rearranged, should
confirm all such related sets of centers. Since the a1
center does not have a local-charge compensation, the
phase transition does not create inequivalent centers for
the distantly compensated site.

The specific local configurations of the minority
centers discovered in this study are unknown. As the
tenfold increase in Eu + concentration from 0.02% did
not result in the enhancement of any particular center, it
is unlikely the centers comprise Eu +-ion clusters.
Trivalent metal ions such as Fe +, Al +, and Cr + occu-
pying a Ti +-ion site next to a Eu + ion would result in
an electrically neutral center with a very distinct, per-
turbed, spectrum. Deliberate doping with 0.2% Fe + did
not, however, enhance a particular center. Although the
single crystal exhibited emission from a trace presence of
Cr + on a Ti" site, a detailed search suggested that none
of the minority centers are due to an Eu +-Cr + com-
bination. Since the same centers (except for c and t) were
observed with comparable intensity in both the single
crystal and many powders (made from two independent
sources of Ti + ions), it is unlikely that the centers are
the result of specific accidental contamination of starting
materials.

The D, energy-level splittings of several of the sites
(derivable from Table III) are considerably greater than
that of the a 1 center, and the manifold is split into three
components in most cases. The D, -manifold bary-
centers of the h, t, j, k, and I centers are also significantly
shifted from the a1 center. These observations indicate
significant perturbation of the Eu + ion from the remote-

ly charge-compensated a1-center symmetry and are con-
sistent with local-charge compensation.

The most probable intrinsic defects in SrTi03 are nega-
tively charged strontium vacancies ( Vs, ), trivalent titani-
um (TiT;), and positively charged oxygen vacancies ( Vo ).
Other workers have verified the existence of (FeT;—Vo)
charge-compensated defects. In the current study,
however, Vz are unlikely to associate with Eu + (Eus, ) as
both defects have positive charge. The 11 minority

centers therefore probably comprise various locally
charge-compensated configurations involving Vs, and
TiT;. Associated Eus, -Vs', centers were recently proposed
to account for minority centers in Sr2Ti04. ' Several ob-
servations in the SrTi03 experiments are consistent with
the formation of Ti +, which may provide charge com-
pensation. First, relative site populations change during
storage periods. Room-temperature ion migration is un-
likely for such a closely packed lattice. Ti +-ion capture
of migrating electrons is more likely. Centers involving
Ti + charge compensation would grow with time at the
expense of the a1-site population. Second, the black-line
formation indicates that electrons can be released from
electron traps by photoexcitation. These electrons are
then trapped by a different species. Finally, the a1-center
fluorescence bleaching is consistent with electron trap-
ping by Ti + creating a locally compensated environment
and a decreased a1-site population. Although this study
has demonstrated the existence and importance of local-
charge compensation for Eu +, further experiments are
required to determine the exact local configurations of
the minority centers.

V. CONCLUSIONS

Laser excitation and fluorescence spectra show that
Eu + ions form a number of centers in SrTi03. Although
a center with distant-charge compensation dominates, at
least 11 other centers with local-charge compensation
also exist. This observation is an important step toward
the understanding and ability to probe the microscopic
defect chemistry of SrTi03. The exact charge-
compensating configurations of the minority centers are
not known, but the migration of carriers observed sug-
gests that Ti +-ion charge compensation may be impor-
tant. Strontium vacancies are also expected to provide
compensation. Future experiments, such as varying the
oxygen fugacity to control intrinsic defect populations,
will help to identify configurations.

Two unusual observations in the SrTi03.Eu + system
are particularly interesting. First, fluorescence bleaching
and black-line formation indicate that photoinduced elec-
tron injection plays an important role in the microscopic
defect chemistry. Second, the Eu + spectroscopy strong-
ly reflects the effect of the 106-K structural phase transi-
tion of SrTi03 ~
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