PHYSICAL REVIEW B

VOLUME 44, NUMBER 9

1 SEPTEMBER 1991-1

Site-selective spectroscopy of defect chemistry in SrTiO;, Sr,TiO,, and Sr;Ti,0,

Nigel J. Cockroft,* Steven H. Lee,” and John C. Wright
Department of Chemistry, University of Wisconsin at Madison, Madison, Wisconsin 53706
(Received 4 January 1991)

Eu’"-doped SrTiOs, Sr,TiO,, Sr3Ti,0,, and Sr,Ti;O,, phases have been studied by site-selective laser
spectroscopy. The spectra of the dominant sites have been identified and assigned to Eu®* substitution
on Sr sites with distant charge compensation. The spectra of nonstoichiometric samples show that the
nonstoichiometry is accommodated by formation of Ruddlesden-Popper phases. There is no evidence
that appreciable numbers of point defects accompany the nonstoichiometry. Additional centers are ob-
served when the dopant concentration is raised. These centers are assigned to locally compensated Eu*
sites and/or clusters of several Eu dopants where point defects provide local compensation.

INTRODUCTION

Perovskites have become a very important class of ma-
terials because their ferroelectric, piezoelectric, supercon-
ducting, photoconducting, and photochromic properties
make them attractive for modern technological applica-
tions."2 Small deviations in stoichiometry, purity, oxygen
fugacity, and grain structure often affect the defect chem-
istry underlying the bulk properties.! SrTiO; and BaTiO;
can be insulators or n- or p-type semiconductors depend-
ing on the dopants.® It is therefore important to under-
stand the defect chemistry of the perovskites from a fun-
damental point of view.

Perovksites differ from many materials by resisting the
formation of point defects when they become non-
stoichiometric.* Instead, they form Ruddlesden-Popper
phases having different numbers of perovskite layers al-
ternating with layers having a different structure.* °
SiTiO; and its related phases is one of the best-known
perovskites. These phases have the general formula
Sr, +,Ti, 03, ,, where n =1,2,..., and SrO layers
are sandwiched between n perovskite layers. The defects
in these ternary compounds depend on the oxygen fugaci-
ty, since they can accommodate variable amounts of oxy-
gen.! The intrinsic point defects are commonly thought
to be oxygen and strontium vacancies [V and Vg, (Ref.
7)] at high p(O,) and V¢ and trivalent Ti (Tip;) at low
p(O,), although other mechanisms remain possible.® ™22
If a trivalent lanthanide such as Eu®" is substituted for
Sr?™ at high p(O,) concentrations, two Eug, ions could be
compensated by a Vg, that is distant or there could be lo-
cal pairing with one Eug,.. A dimer structure may also
form where two Eug, ions are paired with the Vy.
Another possibility suggested by calculations is Sr; com-
pensation, which is predicted for a SrO excess SrTiO;.°
There is also evidence that self-compensation could occur
with Eu’; providing compensation for Eug,.!* The actual
compensation mechanism will determine the properties
for applications where rare-earth-doped SrTiO; is used
such as positive-temperature coefficient resistors in many
refrigerators and color television receivers.

The current understanding of perovskite defect chemis-
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try has been largely inferred from electrical conductivity
measurements by Smythe and co-workers®™!! and Eror
and co-workers'>”!” on pure and doped SrTiO; with
different [Sr]/[Ti] ratios. Additionally thermogra-
vimetric analysis,'®!° x-ray diffraction,® and electron mi-
croscopy* have also provided valuable information.
These experiments do not provide information about the
microscopic defect chemistry.

Site-selective laser spectroscopy has proved to be a
valuable tool for understanding the solid-state chemistry
of a material at an atomic level.”> The crystal-field split-
tings in the optical absorption and fluorescence spectra of
lanthanide-ion dopants reflect the local lanthanide envi-
ronment. The spectra have excellent sensitivity to the
presence of different phases and different local compensa-
tions of the lanthanide. The selectivity of the methods
make it possible to work with highly defective materials,
while the sensitivity and dynamic range make it possible
to quantify defect center concentrations over six orders of
magnitude. A variety of techniques has been developed
that permits a detailed and complete understanding of
solid-state defect equilibria.?>2* The wealth of possible
defect equilibria in the perovskites makes it very attrac-
tive to use site-selective spectroscopy as a method of sort-
ing out the defect behavior of these important materials.

In this work, we report that site-selective spectroscopy
of Eu’* doped in the important Sr, . ,Ti,O;, ., phases.
Definitive results are shown for SrTiO;, Sr,TiO,,
Sr;Ti, 05, and attempts to prepare higher Sr,  Ti, O, +,
phases are reported. The spectra are very sensitive to the
presence of the different phases and are excellent mea-
sures of their relative importance. A single dominant Eu
center is found in both SrTiO; and Sr,TiO,. Both centers
are assigned to nonlocal charge compensation where the
Eu occupies the normal Sr lattice site. Two sites are
found in Sr;Ti,O and are assigned to nonlocal compensa-
tion where the Eu ions occupy two inequivalent Sr sites.
Additional centers are found when the dopant concentra-
tion is raised that are attributed to locally compensated
Eu sites and/or clusters of several Eu ions and their
charge compensations. These same centers are found in
doubly doped samples where La’t or Ce*" was added in
addition to the Eu®". In materials that were purposely
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prepared to depart from [Sr]/[Ti] stoichiometry, the site-
selective spectra show that the nonstoichiometry is ac-
commodated by the formation of appropriate amounts of
two Ruddlesden-Popper phases, and there is no evidence
that substantial numbers of vacancies or Sry; defects are
created by the nonstoichiometry.

THEORY

If the rare-earth charge compensation in the
perovskites is accomplished by Sr vacancies (Vg,) and
electrons on Ti sites (Tip;), the relative importance of the
locally and distantly compensated rare earths is described
by the mass action relationships:*

k= UBusVa)] o
[EuSr][ VSr ]

— [(ZEusr' Vsr )X ]

d . " ’ (2)
[EuSr]z[ VSr ]
(Bug,- Tig;) ™
k=1 T 3)
[EuSr][TlTi]
Together with the condition for charge neutrality,
2[V5 1+ [Eug ]=2[ Vg |+ [Tiy ]+ [(Eug V. )'] )

and site and mass conservation relations, these relation-
ships control the relative distribution of sites. The exper-
iments reported in this paper are performed on samples
prepared at ambient oxygen pressures so the electronic
compensation should not be important relative to Vg,
compensation. If the dopant concentration is low enough
to prevent local compensation and dopant clustering but
not low enough to make [ V] important, then [Eug,]
will be approximately equal to the dopant concentration
and [Vg§ ]=[Eug]/2. Under these conditions,
[(Eug,- V5, )'] will vary as the square of the dopant con-
centration [see Eq. (1)] and [(2Eug- Vs, )] will vary as
the cube of the dopant concentration [see Eq. (2)]. Previ-
ous workers have often found that [ V] is controlled by
external impurity ions and is approximately constant.>?*
Then [(Bug,- Vs, )'] and [(2Bug,- Vs, )* ] will vary linearly
and quadratically, respectively, with the dopant concen-
tration. The functionalities become more complex at
dopant concentrations where local compensation be-
comes important.

EXPERIMENT

A N, laser excited dye laser is used to excite polycrys-
talline samples that are mounted on a copper holder in-
side the vacuum jacket of a cryogenic refrigerator at ap-
proximately 10 K. Site-selective fluorescence is measured
with a 1-m monochromator. The system is interfaced to
a small laboratory computer to control the data acquisi-
tion and provide simple data analysis. Single-site excita-
tion spectra are obtained by monitoring a fluorescence
line while scanning the dye laser. Single-site fluorescence
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spectra are obtained by exciting a single absorption line
and scanning the monochromator. Nonselective excita-
tion spectra are obtained by monitoring all fluorescence
transitions with a 1-m monochromator while scanning
the dye laser over the absorption lines. A mechanical
chopper is used to block laser scatter during the excita-
tion but pass the fluorescence that occurs later when
measuring transitions at or near the laser wavelength.

The samples were prepared by a standard method.!!%°
An ethylene glycol/citric acid solution with titanium
tetraisopropoxide is combined with appropriate amounts
of the rare-earth solution and SrCO; powder and
thermally polymerized. The sample was pressed into a
pellet and heated at 800-900°C for 3 h under ambient
pressure to form the phases by sintering. The pellet was
removed, ground, and heated to 1420-1450°C for 16 h to
complete the formation of the desired phase and anneal-
ing of the crystal lattice. The sample was reground be-
fore packing into the copper sample holder to minimize
any potential effects from examining only the surface that
was in contact with the furnace atmosphere. The
identification of the phases in the sample was performed
by powder x-ray diffraction. This procedure gave sam-
ples with better than 98% purity for SrTiO; and
Sr;Ti,O0,4 and better than 99% purity for Sr,TiO,. The
samples intended to be Sr,Ti;0,, and higher phases were
predominately the Sr;Ti,0,, phase with small amounts of
SrTiO;.

RESULTS

Nonselective excitation spectra of the Eu*t "Fy—°D,
transition were obtained for samples of SrTiO;, Sr,TiO,,
Sr;Ti,O,, and the intended Sr,Ti;O;, phases and are
shown in Figs. 1 and 2. Figure 1 shows the spectra after
the final heating of the sample, while Fig. 2 shows the
spectra after the initial heating to 900°C. The "F,—°D,
spectrum is a useful transition to study as magnetic di-
pole transitions are allowed for all centers including those
with inversion symmetry. The spectral changes from
Figs. 2 to 1 reflect differences in the sample environment
as the new phases are formed by the high-temperature
sintering process and a narrowing of the spectral features
as the local environment develops increased order. The
figures also indicate the line positions of different sites
that are identified by site-selective spectroscopy. Each
distinct Eu" site spectrum can be unambiguously as-
signed to a particular structural phase by correlating the
spectrum with the x-ray diffraction phase determination.
The sites are labeled by letters with a subscript that indi-
cates the number of Sr ions in the phase’s formula.

The site-selective spectra of the most important
fluorescence transitions from both the *D, and °D, level
of the sites in each of the SrTiO;, Sr,TiO,, and Sr;Ti,O,
phases are shown in Figs. 3-6, respectively. The site-
selective spectra for the b, site are much weaker than the
other sites, and many transitions cannot be measured.
The lifetimes of the D, and °D, levels are given in Table
I. Assignments of energy states are given in Tables II-V
for each site using the excitation spectra for the D, and
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TABLE L. °D, level lifetimes in usec.

Site Lifetime
a, 1160
a, 540
d,,e, 338

as 350

bs 1700
ay 1200

Dy levels and the fluorescence spectra of the D, and
D, levels for the 'F, levels. Note the weak zero phonon
line of the a, site in the >D,—F, transition (see Fig. 3)
compared with the phonon sideband. This is characteris-
tic of sites with near-cubic symmetry. There is a
temperature-dependent and perhaps also a sample-
dependent shift in the energy levels of the a; site because
of the phase transition from cubic to orthorhombic sym-

1430° C
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L 1 | | |
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Sr2T104
A
(I 1 | 33 | |
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FIG. 1. Excitation spectra of 'F,—°D, transition with
broadband fluorescence monitoring for each of the important
Sr, +,Ti,0;, +, phases prepared at 1430°C. The lines associated
with the important Eu®™ sites are indicated.
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TABLE II. Energy levels of a, site (cm ™! in air).

Measured from fluorescence

Level Dy (cm™1) D, (cm™!)
F, 329.5 329.1
F, 963.5

1003.7 1003.9
1033.8 1034.0
F, 1811.5
1828.8
1903.4
1926.6
1986.4
F, 2578.2
2628.5
2764.5
3004.7
3020.7
3081.2
’D, 17252.8
°D, 19006.5
19022.0
900°C
8

525 526 527
Wavelength (nm)
FIG. 2. Excitation spectra of 'F,— D, transition with broad

band fluorescence monitoring for each of the phases shown in
Fig. 1 but prepared at 900 °C.
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TABLE III. Energy levels of a, site (cm ™! in air).
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TABLE IV. Energy levels for e, site (cm ™! in air).

Level ’Dy D, Level Do D,
’F, 310 F, 238
447 F, 813
F, 892 864 866
1014 1015 928
1104 1109 1334
7F3 1835 1839 1348 1350
1898 1365 1367
1926 7F3 1977
F, 2800 2055
2842 2841 2090 2089
2967 2973 2112 2116
5D0 17230.1 2188,2193 2193
D, 18978 2262
19008 7F4 2924 2926
2967
2990 2993
3020 3024
D, 17310
metry at 105 K.?’ The details of the a, site’s temperature °D, 19026

dependence in a single crystal will be reported else-
where.?® The level positions listed in Table II reflect the
limiting values at low temperatures. They agree with
values obtained in single-crystal work, but the line widths
of the a, transitions in these sintered powders are larger
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FIG. 3. Site-selective spectra for the important transitions of

the a, site in SrTiO;. Lines from other fluorescing manifolds
are indicated.

than the single crystals and the line shapes are asym-
metric. The increased linewidth and asymmetry are ten-
tatively attributed to variations in the temperature of po-
lycrystallline components of the SrTiO; powder packed
in the sample holder. The sample temperature is depen-
dent on interplay from the backside cooling of the refri-
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FIG. 4. Site-selective spectra for the important transitions of

the a, site in Sr,TiO,. Lines from other fluorescing manifolds
are indicated.
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TABLE V. Energy levels for the a; site (cm ™! in air).

Level °D, D,
F, 302
F, 902
1019
1051 1054
1108 1109
1125 1126
1149
1182
F, 1830 1831
1913
1921
1958
1983 1980
F, 2800
2949 2951
2997
3090
5D, 17236
5D, 18982
19018
5 7 7 5
Dy "Fy /\ Fo—>"D,
L 1 1 1 A n 1 k n
579.5 580 580.5 526 527
5 7 5 7
D> "F, o,—>"F,
590 595 550 ’ 560
5D0—I>7F2 5D1—>7F3
5 l 5
D1 /DO
615 620 625 580 ' 590

650 655 620 825
5 7 5 7
Dy—> F 4 D1—-> F5

L T N T m T A
690 700 710 880 665
Wavelength (nm) Wavelength (nm)

—-

FIG. 5. Site-selective spectra for the important transitions of
the a; site in Sr;Ti,0;. Lines from other fluorescing manifolds
are indicated.
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FIG. 6. Site-selective spectra for the important transitions of
the b, site in SryTi,0,. Lines from other sites that spectrally
overlap with b; lines are indicated, as are lines from other
fluorescing manifolds.

gerator and copper sample block and the black body radi-
ation from the room. The temperature of individual crys-
tallites will depend on its crystallinity, its thermal contact
with surrounding particles, and its exposure to the room
radiation. Since the SrTiO; phase transition results in in-
creased splitting between the two >D, energy levels from
0 cm™! at 105 K to 15.5 cm™! at 10 K, the observed
spectrum will be an average of the contributions from all
particles in the sample. The coldest particles will have
the widest splittings and will contribute to the outermost
peaks. The warmest will have the smallest splittings and
will contribute to the intensity between the peaks. Heat-
ing a SrTiO; sample at 1050°C for 52 h reduced the
linewidths by 30-40 %. This reduction is consistent with
the expected formation of larger crystals resulting in
fewer surface-surface contact points. Sites of other phases
did not exhibit broadened transitions, since they do not
have temperature-dependent line positions.

In the SrTiO; sample of Fig. 1, the two strong transi-
tions come from the site labeled a;. The much weaker
structure in the spectra for this phase will be discussed in
detail elsewhere and compared to minority centers in sin-
gle crystals. The two transitions observed in the Sr,TiO,
phase in Fig. 1 are from the site labeled a,. The two in-
tense lines from the Sr;Ti,O; phase in Fig. 1 are associat-
ed with the site labeled a;, while the weaker lines are as-
sociated with the site labeled b;. There are also weak
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lines from the a, and a, sites of SrTiO; and Sr,TiO,
phases in the Sr;Ti,O, sample. Any of the more minor
sites are much weaker and are not visible in the spectra as
plotted. Note the strong similarity of the line positions
and relative intensities between the a, and a; site spectra
and the difference they have from those of the a; site.
There are two lines in the Sr,Ti;O,, phase spectrum that
site-selective spectroscopy shows correspond to the same
site labeled a, because it is believed to correspond to the
Sr,Ti;O,, phase. The spectrum is dominated by lines
from the Sr;Ti,0, and SrTiO; phases, in agreement with
the x-ray diffraction results. Previous attempts have also
failed to produce single-phase Sr,Ti;0,,.>

The branching ratios for the b; site fluorescence transi-
tions are quite different from the a; site found in the
same phase. For the b; site, the relative intensities of the
°Dy—"F, 1 , transitions are in the ratio of 1:98:3, while
the ratios are 1:1:5 for the a; site. The dominance of the
SDy—F, transition is often found for near cubic-
symmetry sites where electric dipole transitions are weak
and the magnetic dipole transitions with AJ =31 dom-
inate. This is also reflected in the relative intensities of
the °D, —>7F2,3 transitions that have the ratio 40:1 for the
b site and 7.5:1 for the a; site. It is believed that the
near cubic symmetry of the b; site causes the weak tran-
sitions for AJ#%+1. The long °D, lifetime for b; (Table
I) also indicates a near cubic symmetry.

Small deviations from exact stoichiometry of any phase
would be expected to increase the concentrations of de-
fects such as Vg, for [Sr]/[Ti] ratios smaller than
stoichiometric and ¥V (or perhaps Sry;) for [Sr]/[Ti] ra-
tios larger than stoichiometric. These changes would
have important effects on the relative site distribution of
aliovalent ions such as Eu®*. The deviations would also
lead to the formation of other phases. Figure 7 shows the
changes in the spectra for a series of [Sr]/[Ti] ratios devi-
ating from the Sr,TiO, phase. No new sites appear in the
spectra, but there are changes in the relative concentra-
tions of different phases. For [Sr]/[Ti]=1.89, the major
ajz line appears with an intensity of approximately 11%
of the a, transition. This ratio is close to the 14% value
expected if the sites have the same transition probability.
Similarly, when [Sr]/[Ti]=1.51, the a, site intensity is
only approximately 6.6% of the a; transition. Again,
this value is quite close to the 4.1% value expected. If
the [Sr]/[Ti]=2.09, there is no change in the spectrum
nor are any other Sr,,Ti,O;, ., phases expected for
this value.

If the dopant concentration in stoichiometric Sr,TiO,
is raised, new sites appear in the spectrum that are not as-
sociated with the dominant centers of any of the
identifiable phases. The nonselective excitation spectra of
the "F,— D transition are shown in Fig. 8. The intensi-
ty of these sites increases very rapidly over the dopant
concentration range from 0.05 to 0.2 mol % and then ap-
pears to remain relatively constant. The lines labeled
¢y, dy, €53 ,f2, 82, and h, are located at 525.39, 525.57,
525.61, 525.74, 525.85, and 526.37 nm, respectively. The
d, and e, lines at 525.6 nm are not resolved in many of
the samples. Site-selective spectroscopy shows that all of
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the new lines correspond to individual sites, including the
two closely spaced lines at 525.6 nm. The site-selective
spectra for the sites are shown in Fig. 9. Detailed energy
levels for the e, site are given in Table IV, since it is gen-
erally the most intense in the series. Site-selective excita-

—2—

[Sr]/[Ti]=2.09

L

1

[Sr]1/[Til=2.00

o

—
[Sr]/[Ti]=1.89

rzﬁ

i

[Sr]/[Ti]=1.51

x10
525 526 527

Wavelength (nm)

FIG. 7. The excitation spectra of the "F,—°>D; transition
with broadband fluorescence monitoring for samples with
different [Sr]/[Ti] ratios. The lines from the different Eu®™ sites
are indicated.
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tion spectroscopy was used to determine that the e, site
D, excitation transition intensity was 1850 times greater
for 0.2% Eu’" concentration than for 0.02% Eu’".
These new transitions are clearly different from those
identified for the other phases indicating that these new

0.84% Eu
dp.ep

0.437% Eu
dp.ep

0.23% Eu
do.e2

1 1 A
525 526 027
Wavelength (nm)
FIG. 8. The excitation spectra of the "Fy—>D, transition
with broadband fluorescence monitoring for samples with

different Eu concentrations. The lines from the different Eu3*
sites are indicated.
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centers cannot be attributed to the formation of the other
phases. Instead, they are attributed to new defect centers
that are forming within the Sr,TiO, phase because of the
raised Eu’* concentration.

In order to identify whether any of these sites are asso-
ciated with clusters of dopant ions, double-doping experi-
ments were performed. La3"™ or Ce*' were added as co-
dopants to Eu®'-doped samples, since neither interferes
with the Eu®* spectroscopy. If there are rare-earth-ion
cluster sites, one would expect that Eu3" ions would sub-
stitute into clusters that were primarily La*" or Ce®™.
Since these ions have appreciably different ionic radii, the
Eu®t crystal-field splitting would change and new sites
would appear that were similar to but distinct from the
pure Eu®" cluster sites. The presence of codopant ions
can also affect the Eu3" indirectly by raising the total
concentration of defects requiring charge compensation
so the relative number of distantly and locally compen-
sated Eu sites may change.

Figure 10 shows the spectra of samples ranging from

C2

525 526 527 580 565
do
555 526 527 “— 880 585
€2
“"B25 526 527 580 585
f2

525 526 = 527 —B80 585
hp

525 526 527 580 585

Wavelength (nm) Wavelength (nm)

FIG. 9. Single-site spectra of the "F,—°D, transition (left-
hand column) and the °D,—'F,,; transitions of the
¢y, dy, €3, [o,and h; sites in Sr,TiO,.
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0.34% Eu

525 626 527

0.34% Eu —% 0.34% Eu s
0.11% La
dp.ep
N
x10 f2) \bz

0.23%
0.26%

0.03%
0.40%

525 526 527 525 526 527
Wavelength (nm) Wavelength (nm)

FIG. 10. The excitation spectra of the "Fy—°D, transition
with broadband fluorescence monitoring for doubly doped sam-
ples with the indicated concentrations. The lines from the
different Eu3" sites are indicated.

high codopant concentrations and low Eu concentrations
to low codopant concentrations and high Eu concentra-
tions. The total rare-earth concentration was kept con-
stant. The behavior of the site distribution is very similar
for the two codopants. The new sites, ¢, through 4,, ap-
pear for both the La and Ce codopants. No additional
Eu®? transitions are observed. It is interesting that both
samples with the highest codopant concentrations pro-
duce only the sites labeled d, and e,. The other new sites
do not appear until the Eu concentration is raised.

There are apparently sources of irreproducibility asso-
ciated with the sample preparation at higher concentra-
tion. The intensity of the a, site lines does not scale
directly with the nominal dopant concentrations indicat-
ing that there may be irreproducibility in the amount of
Eu’t that actually enters the Sr,TiO, lattice. Some sam-
ples that should have had concentrations sufficient to
produce the new sites did not. If those samples are resin-
tered, the sites are observed but with less than the intensi-
ty expected from experience with other samples. These
problems are attributed to differences in the actual
trivalent dopant concentration entering the lattice and to
trace impurities that have been introduced in the sinter-
ing process by the crucibles and the furnace. The sam-
ples did exhibit the characteristic fluorescence of Eu®*
and Eu’t with different samples showing different rela-
tive amounts of the two valence states. The relative
amounts did not correlate with the differences in the
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spectra though. It is observed that the irreproducibilities
are not important for samples prepared together as was
done for the samples used for Figs. 7, 8, and 10.

In order to determine whether the sites might be asso-
ciated with common impurities occupying Ti sites, two
samples were prepared with 0.055% Eu, 0.03% Na, and
0.055% Eu, 0.03% Cr. The spectra in both cases were
identical to the low-concentration Sr,TiO, phase, and
there were no indications of new lines that would be asso-
ciated with the impurities added. Of course, there are
many other impurities that could be present at low con-
centration.

DISCUSSION

The spectra of the Eu’" ion center provide an indica-
tion of the local environment. For example, the °D,
manifold comprises one level for a cubic symmetry
center, two levels for some high-symmetry centers, and
three levels for low-symmetry centers. Centers of cubic
symmetry will have very weak transitions except for the
magnetic dipole allowed AJ =1 transitions.

The spectrum of EuH:SrTiO3 was previously studied
by Weber and Schaufele.?>*® They reported a single
center and attributed it to the distantly compensated Eug,
site with cubic symmetry. SrTiO; actually has a phase
transition from cubic to orthorhombic symmetry at 105
K.?” Although Weber and Schaufele did not resolve the
small °D, splitting with their 77-K measurements, we
have confirmed that their site is our a, site. At our lower
temperatures, the D, levels are very well resolved. Spec-
tra recorded above 105 K unambiguously confirm the a,
site is the isolated Eug, center.

It is interesting to note that the b, site of Sr;Ti,O; has
relative intensities for the °D; —7F; transitions and °D,
level lifetimes that are very similar to the a, site of
SrTiO;, while the aj site has crystal-field splittings, rela-
tive intensities, and level lifetimes that are very similar to
the a, site of Sr,TiO4. In Sr;Ti,O,, the Sr sites in the
perovskite layers have a similar local environment to the
Sr site in SrTiO; while the Sr sites in the SrO layers have
a similar environment to the Sr site in Sr,TiO4. There are
twice as many Sr sites in the SrO layers of Sr;Ti,O; as the
perovskitelike layers, so assuming equal transition
strengths, there would be a difference of two in the rela-
tive intensities observed for the corresponding Eu®" sub-
stituted sites. This suggests the similarity of the b; and
a5 sites to the corresponding SrTiO; a; and Sr,TiO, a,
site spectra and lifetimes arise because the b, site is asso-
ciated with the perovskite layers, while the a; site corre-
sponds to SrO layer substitution, although this evidence
is not definitive.

The experiments on samples with different
stoichiometric ratios [Sr]/[Ti] show that the only effect
on the local environment of Eu ions is a change in the rel-
ative amounts of the different possible phases. The
changes are equal to what one expects for each [Sr]/[Ti]
ratio. If excess SrO or TiO, is actually creating addition-
al V3, Vi or Vg, defects in one of the phases, there is
no evidence from the spectra that they are involved in
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pairing equilibria with the Eug,. We interpret the spectra
as additional evidence that these phases resist defect for-
mation by readily forming the different Ruddlesden-
Popper layered phases.

The presence of aliovalent probe ions must introduce
defects to provide charge compensation, and it is interest-
ing to see that new sites become significant in Sr,TiO,
when the dopant concentrations reach levels of approxi-
mately 0.1 mol % or higher. One expects a strong con-
centration dependence for the formation of (Eug, Vg, )
from the simple mass action considerations described in
the theory section. It should have a quadratic concentra-
tion dependence during its initial appearance. The exper-
iments with the codopant ions show that the same new
Eu’" sites can be formed by adding high concentrations
of the La*' or Ce** ions. If the Eu®*' concentration is
low, only the d,,e, sites appear although they are not as
dominant as in samples where Eu®*-ion concentration is
high. At higher Eu’* concentrations, the d,,e, sites be-
come more important and the c,, f,, h,, and g, sites
also appear. There are several possible interpretations.
The d,,e, sites may correspond to a locally compensated
(Eug, Vg, ) center. It forms when the codopant raises the
[Vs,] concentration and therefore promotes the forma-
tion of the (Eug- Vg, )’ center according to Eq. (1). The
weaker intensity of the d,, e, sites in the codoped samples
may result because the pairing constant, K, is larger and
there is more local compensation for La or Ce dopants
than Eu. As the Eu concentration is raised, the [V, ]
concentration is raised relative to the codoped samples so
there is more pairing with the Eu to increase the d,,e,
site intensities. The other centers appear at higher Eu
concentrations because they may correspond to clusters
that are formed from Eu. Dimers of the type
(2Eug, Vs, )™, for example, should increase as the cube
power of the Eu®" concentration. It is possible that the
same centers may not form from the larger La and Ce
ions. There are numerous similar examples in the fluorite
system where the amount of pairing and clustering varies
strongly for different ionic radii rare earths. The possibil-
ity of self-compensation can also not be ruled out at this
point.

These interpretations are necessarily somewhat specu-
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lative, especially considering the uncertainties with the
impurities and amount of dopant incorporation. Further
progress, including specific assignment of d,-h,, struc-
tures must await developments that achieve control of
these uncertainties.

CONCLUSIONS

The local environment of the Sr, ., ;Ti,O;,,, phases
can be probed by site-selective spectroscopy of rare-
earth-doped materials. Eu®t appears to readily occupy
Sr?* sites in any of the phases. If the rare-earth concen-
tration is low, the presence of the dopant does not affect
the material, and the rare-earth fluorescence accurately
reflects the relative importance of the different phases.
The Eu distribution is apparently very uniform and does
not strongly prefer specific phases, since the relative in-
tensity from the different phases in sintered mixtures fol-
lows the actual phase mixture. The inhomogeneous
broadening of Eu®" transitions can also provide an indi-
cation of local disorder. The number of rare-earth sites
in the spectra matches the number expected for the
SrTiO;, Sr,TiO,, and Sr;Ti,O, phases. The spectra of
materials prepared with different [Sr]/[Ti] ratios reflect
the mixture of the Ruddlesden-Popper phases appropri-
ate to the ratio. The selectivity of laser excitation and the
relative simplicity of Eu3" spectra provide considerably
better sensitivity to strontium impurity phases than con-
ventional power x-ray-diffraction techniques. This tech-
nique also provides greater sensitivity to local defect asso-
ciation than any previously reported defect study on
these materials. When the rare-earth concentration is
raised, new sites appear that are attributed to the intro-
duction of Vg, defects by the dopant. The sites corre-
spond to local compensation of single or multiple rare-
earth ions.
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