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In this paper we present two-photon absorption spectra of BaTiO;, SrTiO;, and KTaO, single
crystals at various temperatures and for various polarizations of the light beam. These spectra
show a strong similarity, which is a consequence of the interband nature of the two-photon optical
transitions and the similarity between the band structures of these materials. An analysis of the
temperature dependence of the spectra for various polarization configurations is carried out
(BaTiO,). The energy gaps and their temperature dependences for a number of direct and indirect
transition edges are determined for the first time. A substantial splitting (~ 100 meV) is observed
in various portions of the spectra, both for edge and deep states, at the phase transition in BaTiO,
(for light polarization parallel to the axis of spontaneous polarization of the crystal). On the basis
of the data obtained, a diagram of band-edge states and optical transitions is set up for these
compounds on the actual energy scale. A comparison of the features of the two-photon spectra
with various interband transitions within the framework of existing band structure calculations is

carried out.

I. Crystals of BaTiO;, SrTiO,, and KTaO, belong to a
group of oxygen-octahedral ferroelectrics having the perovs-
kite structure (ABO;). In the high-temperature phase all of
them have O} cubic symmetry. In the ferroelectric phase
transition (7= 393 K) in BaTiOj, the unit cell is somewhat
elongated along one of the fourfold axes, and its symmetry is
reduced to C},. The phase transition also has a substantial
effect on the band structure of BaTiO,. It can lead to a shift
and splitting of certain energy states.

In SrTiO; at 105-110 K there is a structural phase tran-
sition which lowers the symmetry of the crystal to D ;3, and
in KTaO;, without an external influence there are no phase
transitions down to liquid helium temperatures.

Various calculations'™ have shown that the band struc-
tures of all the compounds of this group are very similar,
with the lower states of the conduction band being built up
on the basis of the 3d (for Ti) or 5d (for Ta) atomic orbitals of
the transition metal, and the upper states of the valence band
being formed from the 2p and, partially, of the 2s oxygen
orbitals. In recent experimental investigations, using x-ray
spectral and x-ray photoemission methods,’ it was conclud-
ed that there is a strong hybridization of the titanium 34, 4s,
and 4p orbitals with the oxygen 2p orbitals, and that these
states make a contribution to the valence band states. How-
ever, there are as yet no band structure calculations that take
into account all these interactions.

Experimental investigations of the band structures of
this group of compounds by optical methods have been car-
ried out in a large number of works. A fairly complete review
of these investigations is given in Refs. 2—4. Edge absorption
and electroabsorption spectra have been studied, and in a
wider spectral range, spectra of reflectance, electroreflec-
tance, and thermoreflectance have been measured. Even
though in almost all of these experimental investigations the
authors compare their results with existing band-structure
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calculations,'™ the conclusions which they draw on the ba-
sis of the comparison, as well as the threshold energies for
the optical transitions, differ widely among the various auth-
ors. The experimental transition threshold energies have
been comparatively reliably established only for the relative-
ly deep states. The band structure and the nature of the opti-
cal transitions directly after the fundamental absorption
edge for this group of compounds have also been insuffi-
ciently studied.

Study of the band structure of the oxygen-octahedral
ferroelectrics by the method of two-photon spectroscopy
was begun in Ref. 6, in which an analysis of the two-photon
absorption spectrum of SrTiO; at 295 K was carried out.” In
Ref. 7, two-photon absorption spectra of BaTiO; were taken
for several temperatures and light polarizations. At the tran-
sition temperature in BaTiO, a polarization linear dichroism
appears in the two-photon absorption spectra; this dich-
roism is associated with splitting of the bands as a result of
the lowered symmetry of the crystal.

It was shown in Refs. 6 and 7 that the use of two-photon
spectroscopy for the study of this group of materials is very
informative, since several states, between which transitions
occur, fall in the energy range in which two-photon spectra
can be obtained.

In this work we obtain two-photon spectra of potassium
tantalate and strontium titanate for a number of tempera-
tures, we describe the results of the changes of the two-pho-
ton spectra of SrTiO, due to directed internal deformation or
an applied electric field, and we compare the spectra of
SrTiO;, BaTiO,, and KTaO;. On the basis of the analysis of
the spectra and their temperature and polarization behavior,
we propose a model for the structure of the energy bands
over the investigated energy range. The proposed model is
compared with the band structure calculations published in
Refs. 1-4.
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FIG. 1. Two-photon absorption spectra of BaTiO;, SrTiO; and KTaO,
crystals for various polarization configurations and temperatures.
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B is the edge for indirect transitions, C, D, E, F, and G are the edges for
direct transitions, 4 and £ are the threshold energies for transitions with
the emission and absorption, respectively, of phonons. The insert shows
the polarization configurations I and II for BaTiO;.

II. Figure 1 shows the two-photon absorption spectra
for the crystals BaTiO;, SrTiO;, and KTaO,. For BaTiO,,
spectra are shown for the paraelectric phase at a temperature
394 K and for the ferroelectric phase at 392 K, for two polar-
ization configurations.” The spectra for KTaO, are shown
for two temperatures, 298 and 399 K.

First of all, the similarity of structure of the two-photon
absorption spectra of these crystals should be noted. This
similarity is particularly noticeable for SrTiO, and BaTiO,.
Potassium tantalate is a wider-band crystal, and its two-pho-
ton absorption index 3 is considerably less than that of stron-
tium or barium titanate for the same energy excess
#iw = h (w; + w,) above the threshold, (where w, and w, are
the frequencies of the laser and probing radiation, respec-
tively). This decrease in 8 for wider-band crystals is a specific
property of two-photon absorption.

Each of the two-photon spectra in Fig. 1 consists of
several segments with different slopes of 5. In the vicinity of
the edge of the spectra there are segments having very small
slopes, and the values of £ itself are also very small there.

The temperature behavior of these segments was ana-
lyzed and it was shown that these segments correspond to
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indirect two-photon transitions with the absorption and
emission of a phonon. From this analysis the energies of the
corresponding edges, the energy of the phonons, and the
constant for the temperature variation of the energy gap
were determined. In particular, it was found that in BaTiO,
there is a single indirect edge, whereas in SrTiO, there are
two (Fig. 2). In potassium titanate there is one indirect edge.

In each of the spectra there is a sharp break (indicated in
the spectra by the letter C ) in the higher energy region, and a
considerable increase in the slopes of B (fiw). A study of the
temperature shift of this threshold and the attendant
changes in the absolute values of # showed that the break in
the spectrum corresponds to the direct transition edge in this
group of materials.

The singularities (kinks) in the spectra at higher enegies
we also associate with direct two-photon transitions® into
higher energy states. The basis for this conclusion is the par-
allel temperature shift of the spectra without significant
change of B (in the paraelectric phase). The threshold energy
for direct transitions for all the materials studied are shown
in Table I. The threshold energies are indicated by the letters
C, D, E, F, and G. It should be noted that there are four such

Shablaevetal. 1257



B, 10~* cm/MW

8

-_—
-
——

filw, + w,), eV

FIG. 2. Edge segments of two-photon absorption spectra of BaTiO, and
SrTiO, for various temperatures.
A —39%K,
BaTiO3{ A —423K, SrTiOg {
+ — 468K,

O —301K,
[)— 423K,

4 and B are the edges for indirect transitions, C is the edge for direct
transitions.

threshold energies for strontium and barium titanate in the
range of energies investigated, and five for potassium tanta-
late.

The temperature behavior of the two-photon spectrum
of BaTiO, (Fig. 1)is very typical of this material. At 7= 393
K the crystal undergoes a phase transition. Across this tran-
sition, for polarization configuration I (e, ||e, LP;) there are
practically no changes in the spectrum, while for configura-
tion II (¢, ||e, || P, ), all the spectra are considerably shifted to
higher energies, with nonuniform shifts over different parts
of the spectrum (in the above expressions, e, and e, are the
polarization vectors of the laser and probe radiation, respec-
tively, and P, is the direction of spontaneous polarization).
In Ref. 7 we have published spectra for BaTiO;, taken over a
wide temperature range. Those results make it possible to
plot the temperature dependences of the above-mentioned
threshold energies for both polarization configurations (Fig.
3). The symbol B in Fig. 3 denotes the indirect edge, for

which the complete spectrum in the ferroelectric phase
could be obtained only for polarization configuration II (be-
cause of interference due to the generation of the second
harmonic in the crystal, it was not possible to distinguish the
first part of the spectrum in configuration I).

IIL. In the analysis of the temperature behavior of the
energy thresholds in the two-photon absorption spectra of
barium titanate, it is noteworthy that the energy jump at the
phase transition for polarization configuration II is the same
for thresholds D, E, and F, while another energy jump is
common to both B and C. Further, for all three high-energy
thresholds in configuration II a practically uniform tem-
perature shift towards short wavelengths is observed upon
lowering the temperature in the ferroelectric phase. For en-
ergy thresholds B and C the analogous shift is considerably
less. In addition, the ordinary temperature gradient of the
energy gaps, observed in the paraelectric phase and in the
ferroelectric phase for polarization configuration I and
which are characterized by the value of dE; /9T, are found to
be identical for transitions D, E, and F. Transitions B and C
also have identical gradients as a function of temperature,
which, however, are somewhat larger in comparison with
transitions D, E, and F (see Table I and Fig. 3).

This kind of temperature behavior for the energy
thresholds can be explained by the fact that transitions D, E,
and F occur in one part of the Brillouin zone and transitions
B and C occur in another.

The energy shift of the spectrum towards higher ener-
gies at the phase transition for polarization configuration II
and the absence of a shift in the case of configuration I is
associated naturally with splitting of the bands (and the ap-
pearance of a spontaneous polarization) as a result of defor-
mation of the unit cell. Here, transitions, corresponding to
large band gaps, into the split-off states turn out to be forbid-
den for polarization configuration I and allowed for configu-
ration II. The reverse holds for transitions between states
which have not undergone an energy shift at the ferroelectric
transition.

Taking into account that the temperature behavior is
identical for transitions D, E, and F, we can propose that
these transitions take place from three valence subbands to a
single conduction band which also undergoes an energy
splitting which increases with decreasing temperature in the
ferroelectric phase. The identical temperature behavior of
transitions B and C, one of which is indirect and the other
direct, can also be explained on the basis of a model of transi-
tions from different valence bands (the extrema of which are
located in different points of the Brillouin zone) to a single
conduction band whose temperature splitting in the ferro-
electric phase also leads essentially to an energy splitting of

TABLE 1. Edge energies and their temperature coefficients for direct transitions.

3E, eV 8Ep eV 0ER eV 0Eg eV 9Ep eV
Crystal C, eV 7 K| D eV TR E, eV TR G, eV SR |5 eV BT K T.K
SrTiOs | 3,79 |0,8-10-¢| 3,96 (0,4-10—%| 4,08 |0,4-10—¢| — - 421 10,4-10-%} 423
BaTiOs | 3,67 | 4-10-%( 3,80 [1,2-10—+| 3,92 [1,0-10—¢| — - 408 [1,0-10—%| 423
KTaOs | 4,20 |1,3-10-%| 4,30 11,0-10-%( 4,38 [1,0-10-%| 4,46 |1,0-10-%| 4,55 [41,0-10-%[ 399
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FIG. 3. Temperature dependences of the energies of the transitions B, C,
D, E, and F of BaTiO; crystal for polarization configurations I (®) and II
(O), (see caption to Fig. 1).

the spectra for the two polarization configurations.

IV. Existing band structure calculations® predict that
the minimum interband energy gap for direct transitions in
the perovskites (BaTiO;, SrTiO;, and KTaO,) are located at
the I" and X points of the Brillouin zone (Fig. 4). It can be
seen from the band diagram shown here that the lowest con-
duction band is the approximately flat band from I" 5. to X,
while for the highest valence band the energy values for the
points I, X, R, and M are about the same. In addition, at the
top of the valence band there are a number of close-lying
subbands at these points. However, the energy differences
among these subbands (and the relative ordering of the
points X, R, and M) are quite different in different calcula-
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FIG. 4. Band structure of SrTiO; from Ref. 1.
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tions. The accuracy of the calculation does not permit a reli-
able determination of either the character of the edge ab-
sorption or of the position of the minimal extremum of the
conduction band (the I" or X point). Therefore, to construct
the structure of the edge bands on the basis of the two-pho-
ton spectroscopy data, we shall use only those conclusions
from the band structure calculations that practically coin-
cide in all these investigations.

We assume, in particular, that the transitions B, C, D,
E, and F that are observed in BaTiO; occur at the I" or X
points of the Brillouin zone. Considering that in the majority
of band structure calculations the valence band maximum
located at the I” point is considerably higher than at the X
point, and assuming that the conduction band is practically
flat along the direction from I to X, we reason that the first
direct transition (and the associated indirect transition B)
occur at the I" point of the Brillouin zone. The flat character
of the band is corroborated by the fact that in these materials
the indirect transitions that we have observed are associated
only with one extremum in the conduction band and not
with two, as would be the case if the conduction band ener-
gies at the I" and X points were appreciably different.

In accordance with the above discussion, we locate the
lattermost direct optical transitions D, E, and F at the point

Thus, the analysis of the experimental data obtained
allows us to draw some conclusions concerning the band
structure of the perovskites studied. Namely:

1) The absorption edge in these materials is indirect,
with a single indirect edge in BaTiO; and KTaO; and two in
SrTiO;.

2) The direct transitions C, D, E, and F occur at differ-
ent points of the Brillouin zone, specifically I" (transition C)
and X (transitions D, E, and F).

3) Transitions D, E, and F are from three valence sub-
bands to a single conduction band.

4) For linearly polarized light, the optical transitions D,
E, and F take place at the centers of the Brillouin zone boun-
daries which are perpendicular to the direction of polariza-
tion of the light (for more detail, see section VII).

On the basis of these conclusions we have constructed a
diagram of the band states at high symmetry points of the
Brillouin zone (Fig. S5a) for BaTiO; on the true energy scale.
The arrows indicate all the transitions we have observed
between initial and final states corresponding to the energy
thresholds of the two-photon spectrum. The energy levels
drawn in with solid lines are for BaTiO;. The left hand side
of Fig. 5a shows the band diagram for this crystal in the
paraelectric phase (O }, ) (at 395 K) and on the left hand side is
shown the diagram for BaTiO; in the ferroelectric phase
(Ci,) at 392 K.

We based our conclusions on the fact that in the ferro-
electric phase the extremum of the conduction band at the I"
point is split, while the extremum of the conduction band at
the center of the Brillouin zone boundary which is perpen-
dicular to the axis of tetrahedral distortion (at the Z point) is
shifted towards higher energy, whereas at the zone boundar-
ies that are parallel to this axis (at the X point) there is no
shift.
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FIG. 5. Energy band diagram of crystals BaTiO,,
SrTiO;, and KTa0,. 4, B, C, D, E, F, and G are band
states associated with the corresponding two-photon
transitions. I, X, R, M, and Z are high-symmetry
points in the Brillouin zone. a) solid lines: absorption
levels of BaTiO; in the paraelectric phase (O }) and the
ferroelectric phase (C},) for configurations I and II,
T =392 K. dashed lines: StTiO;, (0,), ¢|le, ||[001],
T =395 K; b) solid lines: KTaO,, (0,) ¢,||e, ||[001],
T=39K.
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In constructing the energy band diagram we have as-
sumed that the indirect two-photon transitions correspond-
ing to thresholds 4 and B for SrTiO; and B for BaTiO, origi-
nate from the top of the valence band at the points R and M
of the Brillouin zone. This assumption stems from the fact
that the band structure calculations’~ predict that the ex-
trema of the valence band at these points are close in energy,
and according to Ref. 4, the highest-lying points of the va-
lence band are there (at R and M ). We have previously noted
that for BaTiO, there is only one indirect transition (B ) at the
edge, while for SrTiO, there are two (4 and B). The differ-
ence in the strengths of the indirect transition B for BaTiO,
and SrTiO; (see Fig. 2) are noteworthy. These strengths are
determined by the value of 8 for BaTiO; and by the contribu-
tion to B from transition B in SrTiO, for the same energy
excess of the quanta over the threshold energy. This differ-
ence is easy to account for if we assume that the valence band
extrema at the R and M points in BaTiO; coincide in energy,
so that the indirect transition B occurs at both these points in
the conduction band, and as a consequence the transition
also has a large strength, while on the other hand in SrTiO,
these points differ in energy, so that in this material there are
also two indirect transitions.

V. The diagram which we have constructed for the band
states and the optical transitions on the basis of the investig-
tion of the temperature and polarization dependence of the
two-photon absorption spectra of BaTiO, should also apply
in essence to SrTiO; and KTaO, (by virtue of the generality
of the calculated band structures and the similarity of the
two-photon spectra). To verify this we have carried out addi-
tional experiments involving various influences on the
SrTiO,; crystal.

In the first case, measurements were made of two-pho-
ton absorption spectra for a crystal which was cut along the
cubic axes and to which an electric field was applied along
the [100] direction. The spectra were taken for the two
above-mentioned polarization configurations I and II. With
this external electric field acting on the crystal one can ex-
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pect an effect similar to that which occurs at the phase tran-
sition in BaTiO;, i.e., an elongation of the unit cell of the
crystal and the appearance of a spontaneous polarization
due to the relative shift of the Ti and O sublattices. We did
observe a small shift (5-10 meV) of the two-photon spectrum
towards the high-energy region for polarization configura-
tion II and no shift for configuration I, i.e., the picture is
qualitatively similar to that of the behavior of the two-pho-
ton absorption spectrum of BaTiO, in the ferroelectric
phase. )

In the second case, a similarly cut SrTiO; crystal was
subjected to an overall compression deformation which,
however, was less along one of the [001] axes than along the
other two.” The result of this compression was the forma-
tion of an optical axis due to the quasi-tension in this direc-
tion. The two-photon spectra obtained for these crystals for
configurations I and II (polarization configurations defined
with respect to the optical axis), showed a substantial split-
ting (~ 30 meV) of the spectrum towards higher energies for
configuration II relative to the spectrum for configuration I,
i.e., in this experiment also the shift of the spectrum for the
two polarization configurations was similar to that observed
for BaTiO;.

On the basis of these investigations we can conclude
that the band diagram we have worked out is applicable to .
the explanation of the edge optical transitions in SrTiO; (in-
dicated by the dashed lines in the diagram of Fig. 5a), and,
possibly, in other perovskites.

VL. In the investigation of the edge absorption in
KTaO, it was observed that in the two-photon spectra, in the
region of direct absorption, there are five direct transitions,
and not four as in the case of BaTiO; and SrTiO;. We have
indicated this “extra,” fifth, transition by the letter G. To
determine where this transition is located, it is necessary to
refer back to the complete two-photon absorption spectra of
the materials studied (see Fig. 1) and notice that after thresh-
old F the dependence of S on the energy of the quanta is
linear, whereas after thresholds C, D, and E it is a square root

Shablaev et al. 1260




dependence for all the perovskites investigated. Thus, these
thresholds (F) correspond to transitions between analogous
band states in all three perovskites. On the basis of this obser-
vation we have assumed that the extra transition in KTaO, is
associated with one of the thresholds that lie between C and
F. The appearance of the extra transition is logically asso-
ciated with the replacement of Ti in the first two perovskites
by Ta in KTaO, (here we have assumed that the band edges
are formed from orbitals of the transition metal and of oxy-
gen'). This replacement can lead to, among other things, a
substantial spin-orbit splitting of the conduction band at the
I point, since for Ta the spin-orbit splitting is large.® There-
fore, optical transitions associated with the spin-orbit split-
ting-off of the subbands should occur at the G point and,
consequently, should be separated from threshold C by an
amount equal to the spin-orbit splitting in this crystal. The
best candidate is the threshold separated from C by 270 meV
and which we have designated G.

In accordance with the discussion and reasoning which
we have presented, we have constructed an energy band dia-
gram for potassium tantalate in a true energy scale (Fig. 5b).
This diagram indicates all the transitions B, C, D, E, F,and G
which we have observed (for a temperature 399 K).

It should be emphasized that the presence of just five
thresholds in the two-photon absorption spectrum of
KTaO, confirms the correctness of the energy band diagram
which we have proposed. An alternate version of the dia-
gram, in which the transition from three valence subbands to
the conduction band would be located at the I” point in the
diagram, would, in the case of potassium tantalate, lead to
six energy thresholds because of the spin-orbit splitting of
the conduction band. With the expected energy of this split-
ting, only four of these thresholds would fall in the measured
range of the KTaO, spectrum, with the transition F coincid-
ing in energy with the transition from the top of the valence
subband to the spin-orbit split-off subband of the conduction
band. Thus, the extra threshold in the KTaO; spectrum
would appear.

VII. In order to identify the band diagram we have con-
structed from the experimental data (Fig. 5), with the specif-
ic symmetries of the states that enter into the theoretical
calculations, it is necessary to analyze the possible two-pho-
ton transitions within the framework of the calculated band
models.

The two-photon interband transitions in these crystals
when they are in the paraelectric phase (O } symmetry) can
be mainly of the permitted-forbidden type since almost all
the states in the valence band and the conduction band have
opposite parity.'™

The selection rules for a two-photon transition are de-
termined by the selection rules of the single-photon transi-
tions that comprise it. The selection rules for allowed—for-
bidden transitions are essentially determined by the
corresponding rules for the one-photon permitted transi-

tion, which we have also analyzed.

When the symmetry is lowered to C}, as a result of the
phase transition in BaTiO, or external action on SrTiO;, the
degenerate valence band and conduction band states at 1"
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become split. Thus, the I'\4 state is split into 4, and 4 and
the I',s, state into 4, and 4.

In the tetragonal phase of BaTiO, optical transitions for
light polarized parallel to the axis of tetragonal distortion,
the z axis, are allowed between the states 4 £ and 4 ¢, and for
polarization perpendicular to this axis, transitions are per-
mitted between 4 | and 4 § as well as between 4 § and 4 §,.
(Fig. 6). Therefore, in order to explain the splitting we have
observed in the two-photon absorption spectra for polariza-
tion configurations I and II, where the splitting occurred
without a change in the shape of the spectra relative to the
spectrum in the paraelectric phase, it is necessary to assume
that the splitting in the conduction band (4 §-A4 <) and the
valence band (4 }-A4 ) are the same, since if they were not,
one would expect additional thresholds in the two-photon
absorption spectrum for configuration I, and these are not
observed experimentally.

This character of the optically forbidden transitions in
the ferroelectric phase of BaTiO, supports the correctness of
the band transition diagram that we have chosen, since if the
transitions D, E, and F were located at the I" point, then in
order to explain the experimentally observed splitting it
would be necessary to assume identical splittings of one state
in the conduction band and three states in the valence band.
Such an assumption is unreasonable, since the states in the
valence band have different symmetry, and there is no basis
for assuming that they have the same splitting.

The selection rules for one-photon interband transi-
tions at the X point of the Brillouin zone (only the X ;, —X§
transition is forbidden) allows us to obtain various combina-
tions of two-photon allowed—forbidden transitions where
the interband transition from any of the valence subbands
(see Fig. 4) to one of the branches of the conduction band will
be allowed one.

With tetragonal distortion of the crystal in the direction
of the z axis, the degenerate states will be split and the nonde-
generate states will undergo energy shifts. In this case the
band states at the X (1, 0, 0) and X (0, 1, 0) points of the
ferroelectric phase and at the Z (0, O, 1) point, which are
formed as a result of the tetragonal distortion (the middle of
the Brillouin zone boundary in the direction of the tetra-
goinal distortion), are shifted and split unequally. We as-
sume that the minimum of the conduction band at the Z (0, O,
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FIG. 6. Diagram of splitting of edge band states I";s and I, into
A%, AY,45, and 4§ resulting from tetragonal distortion of the crystal
structure. The arrows show the optical transitions permitted for light po-
larized parallel (||) and perpendicular (1) to the tetragonal axis.
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1) point is shifted towards higher energy (reckoned from the
top of the valence band) relative to the minima at the X (1, 0,
0)and X (0, 1, 0) points, which do not change in energy in the
tetragonal distortion of the crystal structure, and we also
assume that the valence band states are practically unshift-
ed. This same result was obtained in a theoretical calcula-
tion® (for transitions on the Z,~Z, line) of the effect on the
band structure due to a displacment 4p of the oxygen atoms
relative to the center of the O-Ti—O chain along the polariza-
tion axis z.

The authors of Ref. 8 took into account only the change
in the overlap integrals ( pd7) and ( pdo) of the wave func-
tions and they ignored the effect on the matrix elements due
to a change in the bond angles between the atoms. Under
these assumptions the tetragonal distortion affects only the
levels at the boundaries perpendicular to the direction of the
displacement, while all the levels at the boundaries parallel
to the displacement do not change their energy. In this case
the optical transitions are split into two series which are per-
mitted for light polarized, respectively, parallel and perpen-
dicular to the tetragonal axis z.

Our two-photon spectroscopy experiments for BaTiO,
support such a model of band changes (at the X point of the
Brillouin zone) in the perovskites in the ferroelectric phase,
since the observed polarization splitting of the spectra of 5
are explained most simply on the basis of this model. Here it
is necessary that the two-photon transitions D, E, and F be
permitted between states at the Brillouin zone boundaries
perpendicular to the direction of light polarization, and for-
bidden between states on zone boundaries parallel to the po-
larization direction. These transitions could be the allowed—
forbidden transitions X 2 -X§ and X 2. -X ¢, for which this
condition is satisfied (while for transitions to X§ it is not
satisfied). However, we have previously noted that the tran-
sitions D, E, and F most likely should be associated with a
single conduction band whose shift in energy is determined
by the polarization splitting in the spectra of 5. Moreover,
the representations of X § and X ¢, are two-dimensional, and
for tetragonal distortion can be not only shifted in energy (at
the Z point) but also split [at the X (1,0, 0) and X (0, 1, 0)
points]. Therefore it is necessary to assume that these split-
tings of X% and X ¢ are either small or the same (then an
additional threshold will not appear in the spectrum of 8 for
polarization configuration I).

Thus, the representations appearing in the calculations
at the X point do not permit a satisfactory explanation of the
polarization variations of the two-photon absorption spectra
in the ferroelectric phase (BaTiO;). In particular it is not
possible to find in the valence band three states (for transi-
tions D, E, and F) connected with a single conduction band
state. This situation may be due to the simplified nature of
the band structure calculations of these compounds and, in
particular, to the neglect of the hybridization of the titanium
3d, 4s and 4p orbitals with the oxygen 2p orbitals and the
contribution of them to the valence band states.

Furthermore, the considerable difference we have ob-
served in the band gap (~0.1 eV) and the character of the
edge absorption for BaTiO; and SrTiO; (see Figs. 1 and 2,
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and Table I) are most probably a consequence of the effect of
the Ba and Sr orbitals in the formation of the band edge
states. In the theoretical calculations this effect was also ne-
glected.

VIII. Let us consider also the question of the band gap.
We have previously noted that in these crystals allowed-for-
bidden transitions occur. For interband absorption, without
taking into account the Coulomb interaction, the spectral
dependence of the two-photon absorption in the case of para-
bolic bands is described by the expression® 8~ (fiw — E,)*'2.
Allowance for the Coulomb interaction in the two-band
model'® leads to an approximately linear dependence. How-
ever, in the spectra we have presented, all the segments ex-
cept the last one have an approximately square-root depen-
dence. Here the widths of these segments are relatively
small: 0.1-0.15 eV for SrTiO; and BaTiO;. This can be ex-
plained only by the fact that the bands have a strong non-
parabolicity associated with their narrowness. Furthermore,
from the temperature dependences of the spectra of KTaO,
(Fig. 1 of this article) and of BaTiO, (Ref. 7), it can be seen
that the temperature-induced rise of the spectra in the region
of the indirect transition does not lead to a rise in the thresh-
old points in the high-energy region. Thus, the value of 5 at
the threshold point D in BaTiO, practically does not in-
crease with increasing temperature. This means that at the
energy at which the transition D takes place, the contribu-
tion to the absorption from transition B is already insignifi-
cant. On this basis we can also estimate the widths of these
bands: ~0.2 4 0.1 eV. Their narrowness and quasi-two-di-
mensional character are confirmed by theoretical calcula-
tions.!!

IX. Thus, in this paper we have presented two-photon
spectra of KTaO,, BaTiO; and SrTiO; and given an analysis
of their temperature behavior for different polarization con-
figurations (BaTiO,). We have determined for the first time
the energy gap for a number of indirect and direct transitions
in these crystals, and have found the coeflicients that deter-
mine their temperature-induced shifts. We have observed
the energy splitting of the various segments of the spectra at
the phase transition in BaTiO,, both for the edge and for the
deep states. On the basis of the data we have constructed a
two-photon transition diagram. We have made a compari-
son of the features of the two-photon spectrum with various
interband transitions in the framework of existing band
structure calculations.

The authors thank I. P. Areshev and E. L. Ivchenko for
discussions of a number of questions relating to the symme-
try of the two-photon transitions.

UReference 6 describes also the experimental apparatus we made for the
measurement of two-photon absorption spectra. The two-light-beam
method was used; one of the beams was produced by a high-power pulsed
aluminum-yttrium garnet laser and the other, the probe beam, by a
pulsed lamp.

2The experiments were carried out on a three-dimensional single-domain
uncolored BaTiO; crystal.

¥For this investigation we chose samples with no contribution of two-step
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one-photon processes. This was checked by the usual methods of two-
photon spectroscopy.

“Band-structure calculations of such complicated compounds are carried
out using simplified models'~* where a number of parameters are used to
producea fit. An example is the ionicity of O and Ti (Ta); these are chosen
so as to obtain a band gap E, that agrees with the value known from
experiment. However, the experimental values of E, determined from an
analysis of one-photon absorption spectra, which have an exponential
character, cannot be determined with sufficient accuracy. Furthermore,
the authors of the theoretical calculations did not take into account that
the edge transitions in these materials are indirect.

%Such a deformation is obtained by quenching (sudden nonequilibrium
cooling of the crystal after annealing.

9In the majority of the band structure calculations of the perovskites,
spin-orbit splitting is not taken into account, but its value in the crystal is
estimated by the spin-orbit splitting in Ti atoms for BaTiO; and SrTiO,
and Ta atoms for KTaO,. For Ti it is relatively small: ~20-30 meV, but
for Taitis relatively large: ~300 meV. The spin-orbit splitting in oxygen
atoms is smal (~6-8 meV) and therefore it can be neglected in the va-
lence band of the crystals studied.
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