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The luminescence spectrum of SrTiO; from 1.6 to 3.2 eV has been studied as a function of time
elapsed after excitation. A broad emission band with maximum intensity at 2.44 eV can be ob-
served. The shape of this band, including some fine structure, can be reproduced by the Huang-
Rhys model for excitation-lattice interaction. A vibron energy #{) =88 meV and a Huang-Rhys fac-
tor So~6 are deduced. It is shown that those values are consistent with what is required for exciton
self-trapping. The luminescence intensity has been followed for times between 100 ns and 10 ms.
The decay curves indicate that two recombination processes are involved. We associate the first one
with self-trapped excitons interacting with acoustic phonons and the second with the retarded for-
mation of self-trapped excitons from localized electrons and holes. The emission appears to be
quenched by a nonradiative recombination channel whose activation energy is 0.07 eV.

I. INTRODUCTION

SrTiO; is a polar material which crystallizes in the
ABO; perovskite structure, where A4 is a group—I-II ele-
ment and B is a transition metal. Absorption spectra' in-
dicate that SrTiO; has an indirect gap whose energy at 77
K is 3.27 eV. The flatness of the conduction band in the
[-X direction>® and the presence of strong electron-
phonon coupling make SrTiO; a good candidate in which
to observe Polaronic effects in optical* and transport mea-
surements.”®

When pure crystals of SrTiO; are excited by radiation
above the band gap in energy, a broad greenish lumines-
cence band appears whose intensity decreases rapidly
when the temperature is raised above about 50 K.'—!?
Since this band could not be related to the presence of any
impurity or defect, it was proposed to attribute it to exci-
ton self-trapping.!® However, intensity decay curves fol-
low a power-law behavior typical of bimolecular process-
es'? which are usually extrinsic in nature. In order to
better understand the mechanisms involved in the genera-
tion of the emission band, we have performed time-
resolved luminescence measurements on nominally pure
crystals of SrTiOs.

In the next section we describe the experimental condi-
tions. The measurements are detailed in Sec. III and dis-
cussed in Sec. IV. We ascribe the emission spectra to the
recombination of self-trapped excitons (STE’s). Within
the Huang-Rhys model of excitation-lattice interaction,
we have obtained estimations for the lattice “vibron” ener-
gy and for the excitation-lattice coupling factor. The
luminescence intensity decay curves are analyzed with a
model involving both mono- and bimolecular processes.
At times shorter than 10 us, the decay is observed to fol-
low a t ~"e ~*/" law which corresponds to the radiative an-
nihilation of STE’s directly formed by the free carriers of
the excited crystal. The preexponential factor can be ex-
plained in terms of an interaction between the self-trapped
exciton and acoustic phonons if a piezoelectriclike cou-
pling is assumed. At longer times, the decay follows a
power law. We attribute this behavior to the retarded for-
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mation of STE’s from localized electrons and holes. We
present a numerical method to obtain distributions of de-
cay times from measured decay curves. The influence of
sample temperature is also discussed. Conclusions are
drawn in the final section.

II. EXPERIMENTAL

Nominally pure single crystals of SrTiO; were obtained
from NL Industries. Several samples were examined and
two were selected which gave the most intense emission.
These two samples were from different boules and their
dimensions were 4.0%6.0X0.40 mm® for sample 1 and
5.0X5.0%0.21 mm? for sample 2. The samples were pol-
ished to optical quality, then etched in 85 vol % phos-
phoric acid at 120°C for 10 min. The room-temperature
resistivity of the platelets was in the vicinity of 10> Q cm
for both samples. With an electronic mobility of about
0.1 cm?V~!s~! (Ref. 6), this gives a free-carrier equilibri-
um concentration of less than 5X 108 cm~3. Analysis by
mass spectrometry usually reveals several parts per mil-
lion of impurities, mostly A’* and Fe*+ substituting for
the Ti** ions.!® Charge compensation then requires about
one-half the same number of oxygen vacancies.

The samples were mounted in the helium gas chamber
of a Janis Super-Varitemp cryostat. The sample tempera-
ture was measured with a calibrated germanium resistor
and was varied between 4.2 and 50 K by means of a Lake-
shore Cryotonics temperature controller. The crystals
were illuminated by 3-ns pulses generated by a Lumonics
861S laser operating at 20 Hz with a nitrogen-helium gas
mixture. The laser emission, at 3.68 eV, is 0.4 eV above
the band gap of SrTiO,;. The intensity of the exciting
beam was kept below 1.0 mJ cm ™2 to prevent crystal dam-
age.

The luminescence of sample 1 was collected in a right-
angle geometry in order to maximize the signal-to-noise
ratio, whereas sample 2 was studied in a straight-through
geometry. The emitted light was focused onto the slits of
a Jobin-Yvon HR-320 spectrometer having an aperture of
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f/4.2, and detected by a Hamamatsu R955 photomulti-
plier. The spectral response of the optical system includ-
ing the focusing mirrors was carefully measured using a
calibrated source, and used to correct the raw data.

For time delays following excitation shorter than 50 us,
the signal was captured by a Tektronix 7912 AD digitizer
and, for longer times, by a Tektronix 7D20 digitizer. The
overall time resolution of the setup was less than 1 ns. It
was possible either to set the spectrometer at a fixed wave-
length and to measure the luminescence intensity as a
function of the time elapsed since the excitation pulse, or
to vary the wavelength and to measure the signal integrat-
ed over an appropriate time window for time-resolved
spectra. The experiment was controlled by an Apple II
Plus microcomputer. The data could also be transferred
to a mainframe computer for detailed analysis.

III. RESULTS

A. Emission spectra

Emission spectra obtained from both samples at
liquid-helium temperature are presented in Fig. 1. For
these spectra, the photomultiplier signal was integrated
from 0.5 to 1.0 us after excitation. We reported earlier
that these spectra are independent of the time-integration
window.!? The luminescence band, which is non-
Gaussian in form, has a maximum at 2.44 eV, which is
0.73 eV below the band gap. The spectra from sample 1
show a regular structure on the low-energy side with a
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FIG. 1. Visible emission spectra of SrTiO; at 4.2 K for (a)
sample 1 and (b) sample 2. The dots represent the luminescence
intensity integrated from 0.5 to 1.0 us after excitation. The
solid lines show the fit obtained using the theory described in
the text.
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periodicity of about 90 meV. This is a good indication
that the emission comes from a single electronic level in-
teracting strongly with the lattice, as can be seen by the
following arguments.

The Hamiltonian of the system can be written as'*

H=H+Hy+Hexla > (1)

where H,, is the excitation part of the Hamiltonian and
where H,,, and H,,.,, respectively, the lattice and the
excitation-lattice parts, are given by

Hp, = +#UP?+Q?), )
ch-lat= "'KQ . 3)

Q and P are generalized coordinates and « is a coupling
factor. If « is strong enough, the excitation is trapped in a
parabolic lattice potential. The lattice vibrations are
quantized, with level separation 7} (also called vibron en-
ergy). Within the Huang-Rhys model,'” the probability of
a transition from the lowest level of the excited state
n’'=0 to any level of the fundamental state n follows a
Poisson distribution. The emission band for kT <<#(Q is
then given by

_s, & S§
P(E)=constxe > =2 4,(E), )
oo 1!
where S, the Huang-Rhys factor, is
2
=Ll | X
So=53 729 | (5)

and where A4,(E) describes the spread in energy of each
individual transition. If lifetime effects are predominant,
A,(E) can be described by a Lorentzian:

1 r/2
A,(E)=— i
" T (Eq—E —n#Q)?+(I'/2)?

(6)

Here E, is the zero-phonon transition energy; that is, the
energy between the n’=0 and n =0 levels.

The least-squares fit of the emission spectra of sample 1
with Egs. (4)—(6) is represented in Fig. 1(a) by a solid line.
The parameters thus deduced are listed in Table I. Also
shown in Fig. 1 are the individual peaks A,(E)
(n =0—12). The arrow indicates the position of the zero-
phonon (z.p.) transition. Given the simplicity of the
Hamiltonian, the agreement between the model and the
experimental data is quite good.

The solid line in Fig. 1(b) also represents a similar

TABLE I. Parameters of the Huang-Rhys model obtained
from a least-squares fit of the experimental data.

Sample No.
1 2
So 5.740.1 6.11+0.1
E, (eV) 2.92+0.01 2.94+0.01
#fiQ (eV) 0.088+0.004 0.088*
r (V) 0.12+0.01 0.14+0.01

*Fixed parameter.
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least-squares fit, but with 7 kept fixed at the value of 88
meV, deduced from the spectrum of sample 1. As can be
seen from Table I, a slight increase of the Huang-Rhys
factor Sy and of the half-width T is sufficient to smear
out the structure in Fig. 1(b).

B. Luminescence decay

The intensity of the luminescence as a function of time
elapsed after excitation is shown for both samples in Fig.
2. Two different decay processes can be observed on such
curves. The first one is more apparent at low enough ex-
citation intensity and is exemplified by the decay curve of
sample 2 with an excitation density E,,. of 30 uJ cm™2
(Fig. 2, curve B, open circles). We have previously
shown!? that this process can be well represented by the
empirical law

Ay
(14t/b)8

When the excitation density exceeds about 100
uJ cm™2, a second decay process becomes apparent as a
shoulder which first decreases according to a power law,
then disappears in a way consistent with an exponential
decay (Fig. 2, curve B, solid circles at times shorter than
100 ps). For reasons explained in Sec. IVB, we have
chosen to represent this second decay process by the func-
tion

L(t)=Agt~"e "' . (8)

I(t)= )

Two types of curves were observed at high excitation
intensities, depending on the specific sample under study.
To the first one belongs curve B of Fig. 2. It can be
reproduced well by the trial function

IA(I)=11(I)+12(I) . 9)

Curve A of Fig. 2 belongs to the second type, where the
transition between the two decay processes is smooth so
that a fit with Eq. (9) gives poor results in the intermedi-
ate region around 100 us. A better trial function was

T=42K
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FIG. 2. Log-log plot of the luminescence decay curves in
response to a 3-ns-long uv laser pulse. Curve A, sample 1;
curve B, sample 2. O, E,=30 ulcm™% e,
E..=130 pJcm™2 The solid lines show the fit obtained using
Eq. (10) with the parameters of Table II.

TABLE II. Parameters in Eq. (10) obtained from a least-
squares fit of the experimental data.

Sample no.
1 2
7 (us) 20 26
n 0.10 0.12
A4, 0.99 0.57
b (us) 45 26
B 0.73 0.88

found to be the sum of I, with a convolution of I, and
I,; that is

_ —n, —t/T tmE =7
Ig(ty=Ap [t "e +A,f0 (t—1t")

i
14— dt’

—(t—t') /1
xXe
b

, (10)

with € <<t. The solid lines in Fig. 2 are a best fit of the
experimental data using Eq. (10). Satisfactory agreement
is obtained for both curves with the parameters given in
Table II. It is to be noted that Iz(¢) has the same asymp-
totic behavior in the short- and long-time limits and the
same number of parameters as I,(¢). The fact that Iy
reproduces the observed data better suggests that the exci-
tation whose recombination yields the luminescence
through the fast decay I,(#) is the end product of the pro-
cess described by I,(z).

The variation of the decay curves with temperature is
given in Fig. 3. The numbers at the right of the curves in-
dicate their temperatures in K. The intensity of the
curves relative to each other has been arbitrarily fixed.
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FIG. 3. Log-log plot of the luminescence decay curves of
sample 1 at different temperatures. The numbers on the right
are the temperatures in K.
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IV. DISCUSSION

A. Emission band

A broad luminescence in the blue-green region of
the visible spectrum is often observed in compounds con-
taining diluted titanate octahedra. For example,
La,MgSn,_,Ti,O¢, a material with perovskite structure,
emits in the blue-green and the violet regions.!® In
BaZr,_,Ti (PO,),, a broad emission centered at 2.4 eV
can be observed for values of x as low as 0.05, whereas no
such emission occurs in BaZr(PO,), (Ref. 17). An emis-
sion at 2.25 eV with a half-width of 0.76 eV is seen in
fluorophosphate glasses in which inserted titanium atoms
are found in an octahedral environment of fluorine and
oxygen atoms.'?

In all these compounds, the interatomic interactions
within the titanate octahedra are stronger than in the rest
of the matrix. Such is not the case in SrTiOj3, and there-
fore a broad-band emission cannot occur in this material
unless the translational symmetry is broken. Symmetry
breaking could arise from the presence of impurity atoms
or oxygen vacancies in the neighborhood of an emitting
center. However, in SrTiO;, the emission is enhanced
with increasing crystal purity.”® Moreover, a very similar
emission is observed in x-ray-excited BaTiO; which rapid-
ly decreases with the introduction of a few percent of iron
impurities.'®

It therefore appears that the emission is intrinsic in ori-
gin in SrTiO; and corresponds to the recombination of a
self-trapped exciton (STE). Several arguments can be
made concerning the existence of STE’s in a given materi-
al. First, the energy gained by self-trapping has to be less
than the energy lost because of the localization of the ex-
citon. This requires?

S >vJ | (11)

where v is the number of nearest neighbors (six for
SrTiO;) and J is the nearest-neighbor exchange energy.

A question now arises about the structure of the STE.
The band-structure calculations of Kahn and Leyendeck-
er,> in agreement with optical measurements,! indicate
that the electron is the heavy carrier in SrTiO;. More-
over, photoconductivity experiments’ show that the visi-
ble luminescence efficiency is determined mainly by the
hole traffic towards localized electrons. One can thus as-
sume that the self-trapping comes mostly from the in-
teraction between the lattice and the electronic part of the
exciton and take for J the value found for small electronic
polarons,® e.g., J~0.1 eV. Equation (11) is therefore
nearly satisfied.

Another argument involves the Urbach tail often seen
in the absorption spectra of polar materials. It is charac-
terized by an absorption coefficient a that follows

(E —E,)
a=apexp |[0———— |, (12)
T
with E <E,. As shown by Toyozawa,®?! such an ex-

ponential tail can arise from an excitation-lattice interac-
tion strong enough to induce momentary self-trapping of
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excitons. Numerical calculations?? have indicated that a
stable STE state becomes favored if the Urbach coeffi-
cient o satisfies

s

o< 1’ (13)

1 —_——

2v
where S=1.5 in direct-band-gap materials and s =0.85 in
indirect-band-gap materials. In the latter case, Eq. (13)
requires that o <0.93 for SrTiO;. Capizzi and Frova!
have found values for o in the range 0.84—1.03, depend-
ing on temperature. Although the occurrence of STE’s
cannot be ascertained by the above arguments, it neverthe-

less appears plausible.

The above-mentioned model, according to which the
STE in SrTiO; is constituted from an electron trapped
within a strong lattice deformation surrounded by a fairly
delocalized hole, is substantiated by the value of Q) (88
meV, Table I) slightly lower than the value of the LO
phonon with the strongest Frolich coupling coefficient (99
meV, Ref. 4). A reduction in the same proportions has
been observed for polaron absorption in AgBr, where
#Q=15 meV and #iw;o=17 meV (Ref. 23), and in
NaCl:F, where #Q=30 meV and #iw;o=34 meV (Ref.
24). 1t follows that in SrTiO; the electron—LO-phonon
interaction is not screened very much by the surrounding
hole, so that the exciton wave function has to extend over
several elementary cells.

The differences in the shape of the two emission bands
shown in Fig. 1 can probably be explained by an increased
density of crystal. defects or impurities in sample 2 as
compared to sample 1. As indicated in Ref. 20, the per-
turbing potential of the defects can act so as to effectively
increase the coupling coefficient « of Eq. (3), or reduce the
stiffness of the lattice and hence the vibron energy #iQ.
Both effects would result in an increased value of the
Huang-Rhys factor S;. As seen from Table I and Fig. 1,
a variation of less than 10% in S is sufficient to smear
out in sample 2 the structure seen in sample 1.

B. Luminescence decay

The elements presented in the preceding sections con-
verge to attribute the visible emission band to self-trapped
excitons. However, instead of an expected exponential
law, a careful examination of the decay curves reveal that
both exponential and power-law decays are present, de-
pending on the excitation conditions (Fig. 2). Such a
behavior is usually associated with extrinsic processes.?*2®
Nevertheless, given the very low mobility of the electronic
polarons in SrTiO;, the above observations can be recon-
ciled with an interpretation which attributes the emission
to the annihilation of a self-trapped exciton, as summa-
rized in Fig. 4. Some of the electrons promoted to the
conduction band by the absorption of a uv photon from
the pump laser form small polarons (channel 3 in Fig. 4).
The polarons interact with holes trapped near crystal de-
fects or impurities (channel 1) and form an intermediate
state: the STE (channels 4 and 5). The recombination of
these STE’s results in the slowly decaying luminescence
tail described by the convolution of I,(z) and I,(¢)
[second part of the right-hand side of Eq. (10)]. The pro-
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FIG. 4. Schematic of the luminescence processes in SrTiO;.
1, hole capture; 2, electron capture; 3, small-polaron formation;
4 and S, retarded formation of a STE; 4 and 6, direct formation
of a STE.

cesses involving electrons trapped by crystal defects do
not have to be considered here. They result in competing
channels which effectively reduce the visible emission effi-
ciency. If the excitation intensity is high enough, the hole
traps are saturated and the STE’s are formed directly
(channels 4 and 6), giving rise to the faster near-
exponential decay [first part of the right-hand side of Eq.
(10)]. Both processes are further detailed below.

1. Slow decay

The interaction between localized electrons and holes
can be described in terms of a reaction involving two pop-
ulations with density N, and Njz. Following Blumen
et al.,’” we write the reaction kinetics as

N, (t)+C=Ngx(t), (14)
dNA(t)
r = —K(¢)N 4(t)Np(t), (15)

where K (2) is the recombination rate and C is a constant.
In the monomolecular regime, the density of one of the
species, say B, is much greater than the density of the oth-
er. (B can also designate the density of states in the con-
tinuum.) The solution of Egs. (14) and (15) is then

NA(t)=NA(O)exp

_C fo'K(t')dt'] , (16)

which results in an exponential decay if K is independent
of time.
On the other hand, if N ,(0)=Npg(0), the solution is

1 1

N, (1)~ N,(0)

+ [ Kuar . an

This is the bimolecular regime. If the recombination rate
K is independent of time, it follows from Eq. (17) that the
luminescence decay curve is given by the decay law 7,(¢)
[Eq. (7)], with B=2. In the more general case, the proba-
bility of recombination between localized species depends
on the explicit spatial distribution and X is a function of

time. This problem has been extensively treated in the
literature, but to our knowledge, no analytic solution has
been proposed. Nevertheless, the empirical law I,(¢), with
the exponent 3 lying between 0.5 and 2, is approximately
valid over several decades in time in high-gap materials
with luminescent centers,'®?>?® in semiconductors with
random distribution of donors and acceptors,”’ and in
amorphous semiconductors.*

2. Fast decay

At times shorter than 100 us, the luminescence follows
a near-exponential behavior which we associate with the
radiative annihilation of STE’s formed directly by elec-
trons and holes in the conduction and valence bands.

This decay deviates at short times from the expected
exponential law but rather follows a power law 7~ 7.
Since 7 is of the order of 0.1, the deviation is small, but it
is nevertheless well within the resolution of our measure-
ments. In order to explain this deviation, we tentatively
propose that an infrared divergent behavior of low-energy
lattice excitations interacting with the STE occurs in
SrTiO;. Infrared divergence was recently introduced in
relation with radiative recombination in amorphous chal-
cogenides,*! where the function

| as)

n
could successfully reproduce the observed luminescence
decay.

This function is somewhat different from Eq. (8). It
was, however, derived in the specific context of the dielec-
tric response in disordered systems> and it is not obvious
that it should be directly applied to excitonic recombina-
tion. It is more appropriate to go back to the initial for-
malism proposed by Mahan.*®> One can write that the
probability of emission per unit time from an electronic
level interacting with a continuum of lattice states is

T

dt

I(t)oc—~d— ‘exp

I,(t) <exp{ —Re[ ()]} , (19)
where
o()=iZt+0(1) . (20)

In Eq. (20), 2 is the self-energy of the excitation whose
lifetime is deduced from Im(2) and 6(z) is given at T =0
K by

o 2 .
o= [" 1L po)1—e e . @
w

Here, p(w) is the density of lattice states and y(w) is the
coupling coefficient. We believe that in SrTiO; these lat-
tice states are simply acoustic phonons. The density of
states is then proportional to w® for small w. If some part
of y behaves as

y(w) w172, (22)

the number of excited phonons in a given transition
diverges.’*3* One can nevertheless evaluate 6(¢) by intro-
ducing a cutoff frequency w, such that w.t>>1. One
then obtains
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0(t)=n[yg+Inlitw,)+E,(itw,.)] , (23)

where v is the Euler constant and E(x) is a Euler poly-
nomial with negligible value for |x | >>1. It follows
from Egs. (20), (21), and (23) that I,(¢) has the form given
by Eq. (8).

In the case of SrTiO;, the exciton—acoustic-phonon in-
teraction appears mediated by crystal defects, since the
coefficient 7 is correlated to crystal quality, ranging from
less than 0.1 in the better samples to about 0.2 in samples
with more lattice defects.!! It is also interesting to note
that the experimentally determined value of 7 is slightly
higher in sample 2 than in sample 1 (see Table II), as was
the Huang-Rhys factor S.

The coupling coefficient ¥ given by Eq. (22) corre-
sponds to the form used to describe the interactions be-
tween electrons and acoustic phonons in piezoelectric crys-
tals.>* The question arises as to the possibility of such a
coupling in SrTiO;, which has a centrosymmetric struc-
ture. An explanation can be found in the behavior of the
ferroelectric soft mode in SrTiO;. This mode corresponds
to the displacement of the titanium and strontium atoms
along a cubic axis, which creates an electric dipole mo-
ment.* In BaTiO;, a phase transformation occurs in
which this mode “freezes out.” The crystal becomes fer-
roelectric and hence piezoelectric. In SrTiO;, the free en-
ergy corresponding to the Ti atom lying in the center po-
sition is always lower than that for the Ti atom lying
above or below the center position of the octahedron and
the ferroelectric phase is never reached. However, when
the ferroelectric mode softens, as it does as the tempera-
ture is lowered, it becomes easier for the Ti atom to spend
some time in the metastable off-center position.

min(j,n/2) k" +2(2k)!
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Piezoelectric regions could then develop at low enough
temperatures, eventually pinned down by crystal defects.

C. Temperature evolution

The data shown in Fig. 3 cannot be straightforwardly
analyzed by fitting the curves with Eq. (10), first because
the visible emission efficiency decreases as the tempera-
ture is raised and hence the precision of the data becomes
insufficient, and second because more complex processes
probably also take place. In order to extract some infor-
mation from the data shown in Fig. 3, it is more useful to
introduce a distribution of decay times G(7), defined as
the probability that a pair of interacting species recom-
bines with an effective lifetime 7. If the duration of the
exciting laser pulse is much smaller than any time 7 con-
sidered, the distribution function is related to the lumines-
cence intensity by*’

10=constx [,* XD e=/7dr. 24)

The inverse relation is

) (25)

G('r)=const><ld> 1

T T
where ®(x) is the inverse Laplace transform of I(¢). In
order to evaluate ®(x), we have made use of the Gaver-
Stehfest algorithm:3®

o,(0=102 3 )
x &

L) |, (26)
X

with

Vj=(__l)n/2+j

This algorithm gives satisfactory values of the inverse La-
place transform of most analytic functions with n less
than 10.%7

The actual decay curves of Fig. 3 were smoothed and
interpolated by third-order collocation polynomials. Due
to amplification of experimental uncertainties, the Gaver-
Stehfest algorithm could only be used with n =4.
Nevertheless, tests on analytic trial functions showed that
the coarse features of the inverse Laplace transform were
well represented. The derived form of the distributions
G (1) corresponding to the decay curves are presented in
Fig. 5. It was not possible to identify the origin of the
fine structure seen at short times, since its width corre-
sponds to the resolution of the algorithm. The broad
structure at longer times is assigned to the distribution of
the decay times of the localized species. The peak posi-
tion of this broad structure, indicated by an arrow, moves
towards shorter times as the temperature is increased.
This peak corresponds to the most probable decay time 7,.

(27

k=12 (n/2— RNk — DG — K2k —j)t

If one assumes that there is a competing nonradiative
recombination process which has an activation energy E,,
one can write

TR

(28)

Tr= ~E, /kT_ *

(14-7rvNRE )

where 7 is some radiative lifetime and vnpg is the nonra-
diative transition rate. The values of 7, as a function of
temperature are plotted in Fig. 6 as points. The solid line
is the least-squares fit of Eq. (28). The optimized parame-
ters are 75 =52 us, var=1.2% 10" s~!, and E,=0.070
eV.

One can see that, although crude, the above method of
analysis gives informations consistent with what has been
obtained otherwise. The radiative lifetime 75 is not far
from the parameter b of Eq. (10) found for the same sam-
ple at T=4.2 K (45 us, Table II). The activation energy
E, is nearly the same as the one obtained from the visible
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FIG. 5. Distribution of decay times obtained from a numeri-
cal evaluation of the inverse Laplace transform of the decay
curves shown in Fig. 3. The numbers on the right are the tem-
peratures in K.

luminescence band intensity in BaTiO; (0.08 eV, Ref. 19).
We could not determine whether the activated competing
nonradiative process involved is intrinsic or extrinsic in
origin.

V. CONCLUSIONS

We have studied the visible broad emission band in
SrTiOj; in detail. This band is assumed to be excitonic in
origin since it is observed in many compounds containing
titanate octahedra and cannot be associated with any par-
ticular impurity. The agreement between the observed
band shape and what is predicted on the basis of the
Huang-Rhys model indicates that the emission is accom-
panied by strong lattice relaxation. The vibronic levels in-
volved in the excitation transition are separated by an en-
ergy #i{l= (88+4) meV and the Huang-Rhys factor S,
has a value of about 6. The small variations of S for dif-
ferent samples can be attributed to the presence of crystal
defects. The values of the vibron energy and the Huang-
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FIG. 6. Evolution of the peak of the distribution of decay
times as a function of temperature. The solid lines show the fit
obtained using Eq. (28).

Rhys factor are consistent with what is required for exci-
ton self-tra}O)ping, according to the theory developed by
Toyozawa.?

Time-resolved measurements show that both mono- and
bimolecular processes are involved. The experimental
data can be well explained by a model in which the elec-
trons form small polarons while the holes interact with
the polarons to form self-trapped excitons, either immedi-
ately or after being trapped for a certain time by impuri-
ties. The recombination rate of the STE is not constant,
but rather leads to the decay law ¢ ~7¢ ~!/". We tentative-
ly explain the preexponential factor in terms of an
infrared-divergent behavior of acoustic phonons interact-
ing with the self-trapped exciton. The evolution of the de-
cay curves with temperature indicates that the emission is
quenched by a competing nonradiative channel which has
an activation energy of 0.07 eV.
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