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High-resolution measurements of the ir stretching bands of OH and OD at about 3500 cm ™' and
2600 cm~! in monodomain SrTiO; crystals yield spectroscopic data for a local anharmonic-
oscillator model. The optical polarization dependence and the splitting of the absorption bands at
low temperature under applied electric field and uniaxial stress give additional evidence for three
sets of local oscillators proposed earlier [S. Kapphan, J. Koppitz, and G. Weber, Ferroelectrics 25,
585 (1980)], one being polarized completely perpendicular and the other two forming an angle of 45°
with the tetragonal c axis. The main O-H and O-D lines have also been found in Raman spectros-
copy displaying the same general behavior and splitting into three components below the structural
phase-transition temperature. The above results support the model assuming localized O-H oscilla-
tors at regular oxygen lattice sites with the O-H stretching vibration along the oxygen-oxygen direc-

tions.

I. INTRODUCTION

Hydrogen impurities have been the subject of many re-
cent investigations in oxidic material, because of their
presence in most as grown crystals and their influence on
physical properties useful for device applications. In
LiNbO; hydrogen appears to play a prominent role in
waveguides produced by proton exchange and titanium
in-diffusion.’"? For instance, the mobile ions, which neu-
tralize the electronic space-charge field during the thermal
fixing of volume holograms in LiNbOs:Fe have been iden-
tified to be protons® and the laser optical damage seems to
be favorably diminished in the presence of hydrogen in
these crystals."* The OH-group second-overtone absorp-
tion, on the other hand, is limiting the performance of
many optical fibers and therefore hydrogen is studied in-
tensively in SiO, products.’~® In potassium titanate
orthophosphate the presence of hydrogen reduces the non-
linear polarizability as seen by second-harmonic genera-
tion.!® In MgO and Al,0; hydrogen is found to influence
the luminescence in thermochemically reduced samples
thereby affecting adversely their properties as active ma-
terials for tunable lasers.!!"!2

Diffusion studies of OH, OD, and OT in materials'>~!°
such as TiO,, Al,0;, KTaO;, and LiNbO; at elevated
temperatures did yield diffusion coefficients and activa-
tion energies. However, very little conclusive evidence
about the possible sites of hydrogen in the oxidic lattices
has been reported. The infrared optical properties of ox-
ides containing hydrogen and its isotopes provide not only
a convenient means of estimating the concentration of
OH, but also allow one to study the interaction of hydro-
gen with neighboring ions in some more detail. The O-H
stretching vibration exhibits a change of the electric di-
pole moment along the molecular axis and thus the ir ab-
sorption of a single molecule is linearly polarized. The
axial symmetry of the free molecule is lowered to the
symmetry of the site in the host, reflecting the local envi-
ronment. Therefore the ir absorption is an adequate tool
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to study the change of the environment induced by phase
transitions and the influence of external electric fields and
stress.

This is of particular interest for SrTiO; with its proto-
type structural (antiferrodistortive) phase transition at
about 105 K. Several studies have examined the tempera-
ture dependence of the relative sharp O-H absorption
peaks® and their splitting into three components below
the phase-transition temperature.’! ~2* Limited spectral
resolution and partly polydomain samples used in some of
the earlier studies led to conflicting discussions about the
actual sites for hydrogen in SrTiO;,22~2* and a coupling
to the ferroelectric zone center mode.>»?* We therefore
investigated the O-H and O-D vibrations in monodomain
SrTiO; samples with improved resolution under the influ-
ence of external electric fields and uniaxial stress. Prelim-
inary measurements of the spectroscopic data close to the
phase transition and first results on the electric field
dependence have been published previously.??> Here new
experimental data on both field- and stress-induced prop-
erties as well as first results on Raman scattering of the
hydrogen centers are reported. The field-induced splitting
of the vibrational modes yields new and detailed informa-
tion about the vibrational directions of the hydrogen im-
purities. The results favor a model for the hydrogen sites
close to oxygen lattice sites with the O-H vibrating in
direction of the next-nearest oxygen ion.

II. EXPERIMENTAL CONSIDERATIONS

A. Samples

The crystals used in our investigations have been grown
by two different growth techniques, the Verneuil and the
Czochralski methods. They were obtained from different
crystal-growth laboratories.>>? This variety of samples
of different origins and growth processes allows one to
find out common spectroscopic features. The samples
studied are rectangular-shaped slabs of about 5X 10X 5
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mm? cut from as grown crystals and polished. All crys-
tallographic axes are given with respect to cubic axes.

Nominally pure single crystals show a low hydrogen
content. Typical figures of the absorption coefficients are
of the order of 1 cm™!. In order to raise this value and to
study the variation of the spectroscopic properties on the
hydrogen content, the crystals have been doped, using a
hydrothermal pressure technique.?’” Doping with H,0 or
D,O vapor at high pressure and a temperature of about
800 K results in an increase of the absorption coefficient
of the stretching vibration up to values of 8 cm™!. In ad-
dition we want to point out that doping with D,O (or
H,0) vapor allows a nearly complete exchange of hydro-
gen against deuterium.

B. Apparatus

The infrared spectra were obtained using a Bruker
rapid-scan Fourier ir spectrometer (IFS 113 Cv) with a
resolution better than 0.1 cm~'. In order to guarantee a
signal-to-noise ratio of better than 10°, the spectral range
has been limited by means of suitable optical bandpass fil-
ters. A liquid-nitrogen-cooled InSb detector was used.
Linear polarized light was achieved by Perkin Elmer
wire-grid polarizers.

The experiments were performed in an exchange-gas
helium cryostat with an absolute temperature accuracy of
+0.5 K and a relative temperature stability of 0.1 K.
External electric fields and uniaxial stress are applied by
means of well known techniques.?*?° For the absorption
spectra with a light beam (k;) parallel to the external
electric field, Ni nets (4x 107> m width of mesh) with
50% transmission were used. Absolute figures for both
the electric field and stress are given with an uncertainty
of 5%. This is due to minor irregularities of the crystal-
net contact and small friction of the stress piston at low
temperatures.

Right-angle Raman scattering experiments have been
performed using a double Spex 1400 spectrometer with
holographic gratings and conventional photon-counting
techniques.

III. INFRARED SPECTRA AND THEIR ANALYSIS

A. Room-temperature spectra

A free diatomic O-H oscillator can be excited by light
only, which has electric field components parallel to the
molecule axis. This holds for a single dipole in a solid,
too. Governed by the symmetry group of the crystal,
there exist several energetically equivalent positions for
the diatomic oscillator. Therefore in cubic crystals such as
SrTiO; at room temperature an isotropic absorption is ex-
pected and indeed found.

In crystals of different origin the main absorption line
due to a O-H (O-D) stretching appears at room tempera-
ture at (OH)=3495.4 cm ™' (v(OD)=2581.6 cm~') with
a full width at half maximum (FWHM) of Av(OH)=2.6
cm~! and Av(OD)=1.9 cm™!, respectively. Thus within
experimental scattering the relative half-widths (FWHM)
are Av/v=7.4x10"* for both O-H and O-D vibrations.
The hydrogen (deuterium) content can be estimated to be
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n(H)=(7.0x10' cm~?)ay,,(OH)
n(D)~(0.95%10'® cm™2)a,,,,(OD)

using the oscillator strength of the appropriate stretching
vibration in TiO,."* a,,,(OH) and a,,,,(OD) are the max-
imum of the corresponding absorption lines in cm 1.

Beside the main absorption line, some samples show
weak additional structure at both higher and lower ener-
gies compared to the main bands. However, their intensi-
ty ratios with the main band vary, presumably depending
on the chemical purity of the samples. Figure 1 shows the
room-temperature spectra of the O-H stretching vibra-
tions of three different crystals. The central spectrum
consists of only one line caused by the O-H stretching vi-
bration and represents one extreme case of our investiga-
tions. The bottom spectrum exhibits another extreme
case, because several additional structures are seen. The
peak positions are despite of a general shift of about 1
cm~! almost identical with those in references.?>?* Most
of the shift is easily explained by the use of vacuum wave
numbers in our case. A typical result is shown with the
spectrum at the top of Fig. 1. Only a few additional
structures are seen on the high-energy side of the stretch-
ing vibration. We have shown that the additional high-
energy lines are closely related to hydrogen, because they
grew in a similar manner as the main band as observed
with controlled doping experiments. Supplementary
broad structures with half-widths of 10—20 cm™! have
been seen on the low-energy side (2850—3380 cm™!) of
the main line. Because no clear correspondence with the
hydrogen content could be established, we exclude this
part of the spectrum in further discussions.

B. Overtone spectroscopy

Valuable information may be gained from the detection
of the first overtone of the stretching vibration. Figure 2
shows the spectra of the first overtone for the O-H and
O-D stretching vibration at room temperature. The ap-
pearance of the overtone at a wave number 6816 cm ™!
(5073 cm~!) almost twice that of the fundamental mode
and its small linewidth of 7.5 cm™! (6 cm™!) indicates a
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FIG. 1. Absorption spectra of three different SrTiO; samples
doped with hydrogen.
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FIG. 2. First overtone of the O-H and O-D stretching vibra-
tion in SrTiO;.

local mode with a deep potential and little anharmonicity.

This is supported by the isotope shift of
v(OH)/v(OD)=1.354 which is comparable to that of
KBr:OH(OD),® and is very close to the value
u(OH)/u(OD)=1.374 expected for a local mode with re-
duced mass u.

We can also use the ratio of the intensity of the stretch-
ing vibration I(0,1) and its first overtone I(0,2) to draw
more conclusions on the nature of the vibrating molecule.
The intensity ratio I(0,2)/1(0,1) is found experimentally
to be

1(0,2)  a(0,2)Av(0,2)
1(0,1)  a(0,1)Av(0,1) —

for O-H vibrations and (1.3+0.2)x 10~ for O-D stretch-
ing modes. The figures in parentheses indicate the vibra-
tional quantum numbers, see Sec. III D.

This ratio has been calculated®! with respect to the
molecular dipole moment p=py+p;x+p,x2 For a
linear dependence of p on the elongation that means
P2/p1=0, a value of 2.5Xx1072 was obtained. This
reduces to 0.8 1072 in the case of a nonlinear depen-
dence (p,/p;=—0.5) and is close to the experimental
finding. According to calculations on the OH molecule in
neutral and ionized states, the neutral molecule possesses a
linear dependence of the dipole moment on the displace-
ment, while the OH™ molecule requires a nonlinear one.*

(1.0+0.2)x 1072
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Thus we have evidence for the existence of OH™ mole-
cules in SrTiO;.

C. Temperature dependence

While lowering the temperature below T,=105 K, the
main line splits into three components v, <vp <v¢ (Fig.
3) reflecting the cubic to tetragonal structural phase tran-
sition. The temperature dependence of the frequency of
the dominant local oscillator is that reported previously
by several groups.?!=2* In the cubic phase both the fre-
quency and the crystal volume depend linearly on the
temperature. For 70 K< T <T(=105 K the square of
the energy splitting v¢ —v 4 is proportional to the differ-
ence T—T,. This is the temperature dependence of the
order parameter, the rotation angle of the oxygen octahed-
ron.3*** The phase transition temperature T, has been
found with a sample dependent scatter of +2 K to be
T,=105 K by means of an extrapolation of (vc —v,)? to
zero splitting. Outside the sample dependent variation of
2 K no dependence of T on the hydrogen content has
been found. The relative linewidth reduces from
7.4%10™* at room temperature to 1.3 10~* at 120 K
and at helium temperature. Close to T, a broadening of
the linewidth is observed.
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FIG. 3. O-H and O-D absorption spectra at different tem-
peratures. The spectra are shifted for better viewing.
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The weak bands at higher energies shift with lowered
temperatures in the same manner as the main line and
most of them split in an analogous pattern. The intensity
ratio of these bands with that of the main line is nearly
temperature independent. The assumption that the weak
bands are due to O-H vibrations perturbed by other de-
fects in the vicinity of the hydrogen impurity can account
for this temperature independent fixed intensity ratio and
the energetic shift parallel to the dominant band.

None of the satellite bands exhibit a temperature depen-
dence analogous to that of the “ferroelectric” soft mode.
Therefore both the temperature dependence and the varia-
tion of the side bands from sample to sample (see Fig. 1)
cast doubt on the proposal** of their origin being due to a
coupling to ferroelectric and antiferrodistortive mode
fluctuations. In the following we will limit our discussion
to the behavior of the main O-H and O-D stretching
band.

Below T, SrTiO; becomes tetragonal due to a rotation
of the oxygen octahedra and a doubling of the unit cell.
Usually three orthogonal domain directions appear with
equal probability. It has been shown that under moderate
uniaxial stress in a {110) direction a monodomain sample
with the tetragonal ¢ axis parallel to the cubic (001) axis
results.> Therefore the crystal is no longer isotropic with
respect to the absorption of linear polarized light. Be-
cause the stretching vibration can only be excited by linear
polarized light with an electric field vector E; parallel to
the dipole axis, pronounced dependence of the absorption
on the direction of E; is expected. Preliminary data with
limited spectral resolution for O-H bands in monodomain
samples have been published previously?? by us, in partic-
ular spectroscopic data close to the phase transition and
preliminary measurements on the electric field depen-
dence. New experimental data with improved resolution
using polarized light are presented in Fig. 4 and clearly
demonstrate the strong polarization behavior of the
stretching mode. For light with E;||{[110], all the ab-
sorption lines are seen with the center line dominating in
intensity. This changes drastically for E;||[001], with
light polarized parallel to the tetragonal ¢ axis. Here the
center line of the triplet disappears for both O-H and
O-D, whereas the outer components are seen with an in-
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FIG. 4. Polarization dependence of the O-H and O-D dom-
inant lines below T in a monodomain crystal (S, stress).

tensity increased by a factor of 2. Therefore the center
line vp corresponds to dipoles lying in the xy plane, while
the outer components v, and v must have displacement
components parallel to the tetragonal axis.

D. Spectroscopic constants

In the preceding section we have pointed out that weak
anharmonic effects have to be considered to understand
the excitation energies. Therefore we have applied the
model of a local anharmonic diatomic oscillator to
describe the stretching vibrations. A realistic and often
used potential is the Morse potential

V(x)=D[1—exp(—ax)]? (3.1

with x=r—r,. D is the depth of the potential energy
minimum and represents the bond dissociation energy, the
energy required to separate the two ions from their equili-
brium distance r, to infinite separation. Solving the
Schrodinger equation, the constant a and the energies in
reciprocal centimeters for the levels G (v) with vibrational
quantum number v are given by>%%’

G(V)=0,(v+3)—w.x,(v+7) 3.2)
with

w,=(a /2me)(2D /u)'? (3.32)
and

x,=hcw, /4D . (3.3b)

The quantity x,o, is known as the anharmonicity con-
stant. In the above equation 4 is Planck’s constant, c is
the speed of light, and p is the reduced mass.

Substitution of the hydrogen ion of the diatomic OH
molecule by deuterium of mass m; results in a molecule
of reduced mass u; equal to m;my/(m; +mgy) with my,
the mass of oxygen. With the use of p; =(u/u;)'/? the
energy levels now read®’

Gi(V)=p;w, (v +3)—piwx, (V++)2 . (3.4)

From this equation we derive the expressions for transi-
tions from v=0to v=1and v=2:

vi(0,1)=G;(1)—G;(0)=p,0, —2p}w,.X, , (3.5
v;(0,2)=G;(2)— G;(0)=2(p;w, —3piw.x,) . (3.6)

The isotope shift and the first overtone offer two in-
dependent ways to determine the spectroscopic parameters
from the experimental data tabulated in Table I. We start
with the isotope shift at room temperature and obtain
from Egs. (3.3a), (3.3b), and (3.5), a frequency w, =3688
cm ™!, an anharmonicity constant w,x,=96.7 cm~" and a
dissociation energy D=4.36 eV. These values are
presented together with those for lower temperatures in
Table II. A second set of parameters follow for room
temperature from the energy of the first overtone accord-
ing to Egs. (3.3a), (3.3b), (3.5), and (3.6) and has been in-
cluded in Table II. The figures calculated agree with w,
within 1%, while for x,w, and D a variation of about
10% was found.
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TABLE 1. Experimental data of the O-H and O-D stretching vibrations in SrTiO;. In column three the expression 2:1 gives the
intensity ratio of the absorption line for light vector E; ||c to E; Lc. If no figure is given, the line is completely polarized with respect

to the ¢ axis.

O-H vibration

O-D vibration

Temp. Absorption Energy (cm™) FWHM Energy (cm~!)  Energy FWHM  Energy (cm™))
T (K) band Polarization v(0,1) Av (cm™Y) v(0,2) v em™")  Av (cm™) v0,2)
300 A=B=C Isotropic 34954 2.6 6816 2581.6 1.9 5073
120 A=B=C Isotropic 3510.4 0.5 2593.4 0.35
94 A 2:1}|C 3509.6 0.7 2592.9 0.5
B onlylC 3512.1 0.6 2594.6 0.45
(& 2:1||C 35139 0.45 2595.9 0.35
42 A 2:1||C 3507.4 0.4 2591.5 0.3
B only ILC 3514.2 0.35 2596.1 0.25
C 2:1||C 3518.1 0.3 2598.9 0.23
Uncertainty +0.2 +0.05 +1 +0.2 +0.05 +1
The isotope shift and the first overtone probe the poten- 3gE
tial in different manner. The isotope shift reflects the 0, (E)=w.(E=0)|1— Z‘?B , (3.8)
lower part behavior of the oscillator potential, which
should be similar in other 4BO; compounds with stretch-  for 34 /40D << 1. From this we calculate
ing vibrations of small linewidth. This assumption is sup-
ported by the dissociation energies of about 4.3 eV and V(0,1 E)=w (E)1-2x,) . (3.9

anharmonicity constants of (96+3) cm™' found also in
the case of KTaO;:H and BaTiO;:H.!®3® The parameters
determined from the first overtone are more sensitive to
anharmonic terms in the potential, because the ionic dis-
placements are larger. For example, for the free OH ion
an anharmonicity constant x,0,=87.8 cm~' has been
calculated with an uncertainty of 10%.3? Our values are
close to this estimate and together with a very small half-
width (FWHM) of the lines indicate a weak interaction of
the local O-H oscillator with the host lattice. This is
quite different for TiO, and Al,O;, where larger band-
widths indicate a stronger coupling to the host lattice and
thus larger values for w,x, are reported.'*!’

For the discussion in IV C we present here the expres-
sions for an anharmonic oscillator in an external electric
field. To obtain the potential energy a term Egq(x +r,)
has to be added to (3.1). With the condition V'(xy)=0
and

V”(XQ)
u

we obtain the frequency

) (3.7

1
E)=——
w.(E) e

With the assumption of an electric field independent
quantity x,, the frequency shift between a dipole parallel
and antiparallel to the field is given by
Av(0,1) 3 Egq
2V B =221
v0,1) (E) 2 aD
Here E is the local field and a can be expressed in the
form

aE . (3.10)

= 31 Zwexe

Py (3.11)

phe’w?

and evaluated with the parameters presented in Table I1.

E. Raman spectra

In addition to the infrared spectra we have investigated
the Raman spectra of the O-D and O-H stretching vibra-
tions. Results are shown for room temperature and for
T <T, in Fig. 5. We achieved typical count rates of a
few counts/sec using a focussed beam of the Ar 488-nm
line with a power of 3 W. Each data point represents an

TABLE II. Spectroscopic parameters of the O-H and O-D stretching vibrations in SrTiO;.

Isotope shift

O-H overtone O-D overtone

Temp. W, X, W, D W, Xe®, D W, Xe®, D
T (K) (ecm™YH (cm™) (eV) (cm™Y (ecm™") (eV) (cm™1) (cm™") eV)
300 3681.6 93.1 4.5 3669 87 4.8 2672 45 49
120 3701.0 95.3 4.4

94 3700.6 95.5 4.4
3702.5 95.2 4.5

3704.2 95.2 4.5

4.2 3699.4 96.0 4.4
3704.4 95.1 4.5

3708.1 95.0 4.5
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FIG. 5. Unpolarized Raman scattering of the stretching vi-
bration at room temperature and below T.

integration of 100 sec obtained in 10 scans. For room
temperature, the band pass of the spectrometer is compar-
able to the half-width of the infrared bands (see Table I),
while for T < T, the resolution is limited by the instru-
ment. For both O-D and O-H the room temperature
spectrum exhibit a single line. At temperatures 7 <7, a
splitting in a triplet is observed. The splitting and tem-
perature dependence of the Raman lines show a behavior
in complete analogy with the infrared absorption. The
observation of three Raman lines of nearly equal strength
is in full agreement with the octahedron model discussed
above. More details will be discussed in a forthcoming
publication.*

IV. MODELS FOR THE HYDROGEN SITE
AND ENERGY SPLITTING BY EXTERNAL
PERTURBATIONS

A. O-H site models

The energy of the O-H stretching mode is about 60
cm~! lower than that of the free molecule, measured re-
cently.* Such small shifts combined with a small half-
width of the absorption line at room temperature are com-
mon to other ABO; compounds such as KTaO; (Ref. 18)
and BaTiO;.*! Because of the small linewidth we rule out
a hydrogen bridge bond in a OH - - - O configuration, but
follow the assumption of hydrogen vibrating in direction
of the O—O bond proposed in (Ref. 21). In SrTiO; there
are two possibilities to place hydrogen between oxygen
ions. We will in the following call this proposal of hydro-

SrTiO:;

Qs

A v

L Tk

oxygen octahedron cube face model

model

FIG. 6. Octahedron model and the cube face model.

gen vibrating along the O—O bonds the octahedron
model.

Another model, which places the hydrogen between ox-
ygen ions has been proposed by Brebner et al.?> Here the
hydrogen is assumed to be placed in direction of nearest-
neighbor (NN) oxygen ions along the cubic axes. First,
the oxygen distance of about 4 A gives no motivation for
such a model and second, none of the absorption bands
with polarization parallel the tetragonal c axis as required
by this axial site model has been observed. Therefore this
model is omitted. A third version has been introduced by
the same group.?* This model places the hydrogen on the
faces of the cube, between the oxygen and the strontium
atoms.

The octahedron model and the cube face model are
shown in Fig. 6 for comparison. Above T, in the cubic
phase, all sites are degenerate with respect to energy,
predicting one frequency as observed. This is altered for
T < Ty where adjacent octahedra rotate in reverse sense.
The unit cell obtained has doubled lattice constants and is
different from the conventional unit cell in tetragonal sys-
tems.

We start with the octahedron model. First we consider
the two different sites I and II, which are on the edges of
the octahedron, but not in the a,b plane. These positions
are assumed to cause the two outer components with the
predicted and observed intensity ratio 2:1 for E; ||c and
E;Lc. Sites IIla and IIIb are responsible for the absorp-
tion peaks completely polarized with E; lc, namely the
center line of the triplet. Oscillators at IIIa, and IIIb are
different with respect to the rotation of the octahedra
indeed, but within the experimental linewidth only one
line is observed. A nonstatistical distribution of hydrogen
can be excluded, because of an almost equal intensity of
the lines v, vp, and v¢, when polarized spectra are con-
sidered. In the octahedron model we assign the sites I and
II to v4 or v¢, and Illa and IIIb are considered to be
equal and produce vp.

Very similar conclusions can be drawn considering the
cube face model. The sites I and II are again inequivalent
and different from III. They are assigned to the outer
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components and can explain the observed polarized spec-
tra, because of their projection angles between E; and the
dipole axes. Site III and that created by a rotation of 90°
about the c axis are equivalent and are only weakly influ-
enced by the phase transition. Therefore the central peak
of the triplet should be assigned to this site, because of its
strong polarization with E; 1¢ and its temperature depen-
dence analogous to that of the volume.

Both models propose 24 sites for hydrogen. In both
models the oxygen-hydrogen bonds are along a (110)
direction. Thus the set of dipole directions is identical in
both models. Consequently, as far as only the directions
of the dipoles are concerned, the predictions of the split-
ting pattern due to external fields are the same. A de-
cision between the different models must be based on
properties, which reflect the different neighborhood of the
sites. This will be discussed in more detail after a presen-
tation of the influence of external fields on the stretching
vibration.

B. Stress dependence

External fields can serve as an experimental tool to col-
lect more information on the hydrogen sites responsible
for a certain optical transition. We start with uniaxial
stress in [100] direction. Figure 7 shows the results ob-
tained at T=4.2 K for various directions of the propaga-
tion and polarization of the light beam (for details consult
the insert). The bottom spectrum of Fig. 7 is that for zero
stress and light polarization E;,||[010]. The three spec-
tra above are measured with an uniaxial stress S=174
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FIG. 7. O-H stretching vibration in SrTiO; under uniaxial
stress along [100]. The spectra are shifted for better viewing.

Nmm~? along [100]. For stress S g, tetragonal ¢ axes
are allowed along the y and z axis, respectively. The sam-
ple is not monodomain, but has [010] domains. The ratio
of these domains can be read off from the absorption peak
vg from the spectra with E;,||[010] and E;;||[001]. A
preferential alignment of the tetragonal ¢ axis along [001]
was found, and has been taken into account for the con-
clusions drawn below. The components v, and v¢ split
into doublets, while vz only shifts to lower energies. Both
peaks of the doublet are seen for E;;||[001], while
E;,||[010] produces the low-energy peak of the doublet
and E;||[100] the high-energy one. The splitting can be
explained as follows. Because v, and v are related to the
sites I and II, one half of the dipoles is aligned perpendic-
ular to the uniaxial stress, while the other half makes an
angle of 45° with S. The sites III are equivalent with
respect to S and thus show no splitting. Each light polar-
ization, E;, or E;, is perpendicular to one set of dipoles
and has a nonzero angle with the members of the other
set. For E; ; both sets form nonzero scalar products with
the dipole axes. The stress dependence of the components
v4, vg, and v¢ is different, resulting in a splitting vc-v4
increasing linearly with S.3® In addition the splitting is
larger for light polarization perpendicular to S than for a
parallel configuration. This behavior can be explained by
an increase of the rotation of the octahedra under uniaxial
stress*? and an additional distortion of the octahedra.

For these experiments with uniaxial stress along [110]
samples with both hydrogen and deuterium doping have
been used. With S}, stress a monodomain sample with
the tetragonal ¢ axis along [001] was produced. This axis
served as the propagating direction of the light, too. Fig-
ure 8 shows the results of S,y stress at helium tempera-
ture. In all these cases a shift to lower energies is ob-
served, but of different size for the three components.
The shifts, linear in S, are strongest for v, and almost
negligible for vc. For both v4 and v no individual split-
ting with stress is predicted, because in monodomain sam-
ples all sites of type I and II make an angle of 60° with the
stress direction. However, the sites of type III have dif-
ferent angles with S. One half of them is parallel to S,
while the other half is perpendicular. The splitting pro-
posed by both models for vz could not be verified within
the half-width of the line.

C. Electric field dependence

An external static electric field offers another possibili-
ty to decide between dipole sites. Under electric field di-
poles aligned parallel or antiparallel with respect to E are
no longer equivalent, as has been outlined in Eq. (3.10).

Before we go into the details of the electric field split-
ting, we want to mention two effects, which are respon-
sible for a general shift of the bands. First, we applied to
each sample an uniaxial stress of 51 Nmm? along the
[110] direction in order to assure the crystals to be mono-
domain below T,. This corresponds to a relative shift of
v4 and vp of less than 104, which is in the order of the
half-width. Second, a volume change is caused by the in-
duced polarization, because of electrostriction.** The in-
crease of the volume shifts the oscillators to lower ener-
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FIG. 8. Absorption spectra of the O-H and O-D stretching vibrations under uniaxial stress Sjo.

gies in analogy to the temperature dependence.

Uniaxial stress along [110] produces monodomain sam-
ples with the tetragonal c axis along [001]. For the elec-
tric field E we used the configurations E||{[001] and
E|[[110]. In each case the propagation of light was

chosen perpendicular to E in order to be able to measure
the spectra with E; LE and E;||E. Figure 9 shows the
spectra for E||[001] for a sample containing both hydro-
gen and deuterium. Under both polarizations of the light
beam, the outer components v, and v¢ split into a doub-
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FIG. 9. Stretching vibrations of monodomain SrTiO;:H(D) under electric field Eq; along the tetragonal axis.
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let, while the center line remains a singlet (for E; ||[110]
only). The dipoles of the sites of type I and II, responsible
for v, v¢ form an angle of 45° with E, predicting a split-
ting. The larger splitting of v, compared with v should
be kept in mind for the further discussion. The dipoles
corresponding to the center line vp are perpendicular to E
and thus do not split. The observed general shift of the
spectrum is due to the electrostriction as already men-
tioned.

Results obtained for E||[110] are presented in Fig. 10.
Again we have an overall shift to lower energies and a
splitting of the outer components. But in contrast to the
case (E||[001]) just discussed, the size of the splitting here
is equal for v, and vc. The center line vz remains a sin-
gle line for E;||[[110], but forms a doublet for
E;,||[110]. The size of this splitting is twice that of the
outer components. The explanation of this result goes
along the following lines. First we notice, that dipoles of
type I and II form an angle of 60° with the field E ;.
Thus an equal splitting for v, and v¢ is predicted and ob-
served. One half of the type III dipoles is parallel the oth-
er half is perpendicular to E 5. Those dipoles, which are
perpendicular to the electric field, are not affected by the
field, and therefore do not show any splitting. On the
other hand, those which are parallel show a splitting,
which is twice that of v, and v, because of a difference
of a factor cos60°=+ in the corresponding scalar prod-
ucts of the potential energy.

In order to draw more stringent conclusions we investi-
gated an additional direction of the field, namely the
E||[100] case. A small uniaxial stress of S;p0=28
N mm ™2, producing a line shift and splitting less than the
half-width, was applied to an appropriate crystal contain-
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FIG. 10. Stretching vibrations of monodomain SrTiO3:H(D) under electric field E,;, perpendicular to the tetragonal axis.
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ing hydrogen. Domains with the ¢ axis along [010] or
[001] result, as already explained in the preceding section
for the case of So stress. The parallel alignment of S g
and E,y insures a perpendicular orientation of the elec-
tric field E o with respect to the tetragonal axes along a
or b in the two different domains of the crystal. Figure
11 shows the results for different propagations and polari-
zations of the light. The height of the band vy for zero
(broken lines) indicate a preferential alignment of the
tetragonal axis along [010]. The spectrum at the bottom
of Fig. 11 was taken with light propagating along [001]
and polarization E;,||[010]LE,o. The upper two spectra
are observed with light propagating along [010] and light
polarization parallel or perpendicular to E . The center
line vy splits into a doublet with equal spacing in all three
cases investigated. The same splitting pattern was found
for E; ||[100]||E e for the outer components v,, vc.
Triplets may be deduced for configurations with the po-
larization of the light perpendicular to the static field.
The triplet can be seen clearly for v but is hardly
resolved in the case of v4. The splitting pattern, in par-
ticular the occurrence of a triplet, follows immediately
from the set of oscillators proposed. All dipoles of type
III and one half of those of type I and II form an angle of
45° with the field. Light with polarization vector parallel
[100] interacts with all these dipoles in the same manner.
This explains the equal splitting patterns in the upper
spectrum of Fig. 11. The other half of type I and II di-
poles are perpendicular to Eo. For light with E; 1[100]
this half of dipoles is seen, too. In this case no splitting is
predicted and observed, because these dipoles are perpen-
dicular to E;p. Summing up a pattern of three lines re-
sults for the outer components.
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FIG. 11. Stretching vibration of SrTiOs:H under electric field
E | perpendicular to the tetragonal axis.

Hysteresis effects impede a quantitative analysis of the
field splitting. For the evaluation the full hysteresis
curves have been measured in the following way. First
the static field was raised in several steps up to a max-
imum and then lowered. For each step a spectrum was
recorded. After a reversal of the electric field the pro-
cedure was repeated in order to obtain the complete hys-
teresis curve. Finally the mean splitting at each field
strength was determined and plotted in Fig. 12 for the
three different orientations of E. For an easy comparison
of results for hydrogen and deuterium, the relative quanti-
ty 8v(E)/v(0) was chosen. The lines in Fig. 12 have been
calculated with Eq. (3.10) according to

E+Lp
€o

%Z(E)=aEk,ccos*y=a cosy . 4.1)

The local field E,,. acting upon an anharmonic oscillator
was taken in the Lorentz approximation

Eo—E+LP. 42)
€0
E is the applied electric field, P the field-induced polari-
zation, 3 the Lorentz factor, €, the permittivity of free
space, and y describes the angle between the dipoles and
the field E. The quantities a,B,P are determined as fol-
lows. The parameter a can be calculated from spectro-
scopic data according to Eq. (3.11). Using the data for v
at 4.2 K we obtain a=1.5Xx10"% cm/kV.
The field-induced polarization P has been derived from
the minimum of the derivative of the free energy with
respect to P according to

g— Eno v:0" | SrTi0;:0-Hand 0-D
1074 E!
v(0) 1 5viE)
6:(0):acoslev-g—°P]
2F
0
a a=15x10"cmkv™!
$ " B=61x1073
-
“f“ y=45°
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¥ a v, O-H
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O . " i o \:) 0-H
E100 o vg O-D
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FIG. 12. The relative splitting of the stretching vibrations in
SrTiO;H(D) for different electric field directions.

XP+EPP—E=0. (4.3)

Here X is the dielectric inverse susceptibility, which is al-
most identical with the reciprocal dielectric constant. The
parameter £ has been determined from electric field
dependent measurements of the dielectric constant*** to
be £=6.5% 10" kV cm>C —3 independent of the tempera-
ture. Taking the inverse susceptibility of Ref. 46, Eq.
(4.3) allows the calculation of P(E,T). The parameter 3
follows from the splitting of one component at a given
field E. With 8v at E;;=7.7 kVcm~! we obtained
B=6.2x 1073, The curves, calculated with these parame-
ters, describe the experimental data in a very reasonable
way, except for v¢ in the case of a E, field.

The field-induced polarization P(E,T) depends on the
temperature, as mentioned above. Due to the temperature
dependence of X(T), the polarization P(E,T) decreases
with increasing temperature. The nonlinear dependence
of Pon E at helium temperature changes to a linear rela-
tion at liquid-nitrogen temperature. Thus a linear in-
crease of dvg with E is expected and in fact observed at
86 K.3® The temperature dependence of Svp at a fixed
field is given in Fig. 13 together with a corresponding cal-
culation using the parameter set given above. The trend is
well reproduced, but the quantitative agreement is poor.
The deviation is more pronounced at higher temperatures,
which might reflect the influence of the soft mode on P,
which has been neglected in our calculations.

A numerical analysis of Eq. (4.1) shows, that the split-
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FIG. 13. Temperature dependence of the splitting of transi-
tion vy under constant electric field along [110].

ting 8v/v is mainly determined by the second term, which
is proportional to the product of a and 3. Therefore simi-
lar or even improved fits are obtainable with other param-
eter sets, as far as the produced a-fB is not altered very
strongly. Since a is given by the evaluation of the spec-
troscopic parameters, one might use Eq. (4.1) to deduce a
phenomenological value of S for the local field correction.
In view of the simplified model used, this value, however,
should not be taken to be accurate. The feedback parame-
ter B=4.5X10"* given in the literature*’ according to a
Curie-Weiss—type behavior, is even smaller than our
value rather than a Lorentz factor +, indicating the diffi-
culties encountered in applying the local field correction.

V. DISCUSSION

The octahedron model and the cube face model consist
of sets of dipoles, which are equivalent with respect to the
orientation of the dipolar axes. Thus simple geometrical
arguments for the dipoles and their splitting pattern under
external perturbations yield the same predictions for both
models. The situation changes if the site symmetry of the
dipoles and the size of the splitting pattern is considered.
In Fig. 12 we have demonstrated that Eq. (4.1), using an
isotropic Lorentz factor 3, can describe the electric field
splitting for E o and E;o in an almost quantitative
manner. This agreement is not found for Eyy,. Here the
splitting of v, follows Eq. (4.1) with acceptable devia-
tions, but v shows a splitting of approximately one half
of the predicted value. On the other hand, since the tran-
sitions v4 and v¢ behave identically in all other cases in-
vestigated, we have to assume equal orientations of the vi-
brations. This discrepancy can be solved if different local
fields for the oxygen ions involved are considered. In the
cube face model, both v, and v are related to the same

02~ oxygen ion (Fig. 6) and one has to expect therefore
the same splitting factors for v, and v¢c. The octahedron
model, on the other hand, relates one band with the O, ion
and the other with the O, ion (Fig. 6). These are different
ions with respect to site symmetry. Different Lorentz fac-
tors are easily justified in accordance with theoretical cal-
culations by Slater.*® The experimental result of different
splitting factor for v, and v¢ therefore supports the oc-
tahedron model.

The temperature dependence of the stretching vibra-
tions at the phase transition offers an additional argument
in favor of the octahedron model. The high frequency
line v deviates only weakly from a linear extrapolation of
the temperature dependence in the cubic phase.?!-2%2438
Therefore this dipole should be generated by a hydrogen
ion linked to an O, ion, which is only weakly influenced
by the phase transition. In contrast to line v¢, the line v 4
is subject to a strong deviation from a linear extrapola-
tion. A H—O, bond fulfills this requirement. Therefore
the octahedron model explains this behavior without any
problem. The cube face model would predict an almost
equal temperature dependence for v, and vc, in contrast
to the experimental finding. Our conclusion that the lines
v 4 and v¢ should be related to H sites at different oxygen
ions is supported by the significant difference in their
spectroscopic constants at helium temperature, compare
Table II.

Hydrogen bound to oxygen has been investigated in
many other oxidic materials, such as KTaO,,'®
TiO,, '>4%  LiNb0,;,  Si0,, '  AL03;!  and
Ba,NaNbsO,s.>> None of the investigations just cited
propose a proton vibrating in the direction of a positive
ion. A calculation of the potential energy is available for
Ti0,.** The minima are found in the direction of an adja-
cent oxygen ion. These results and our own investigations
of BaTiO; (Ref. 40) support a hydrogen site in between
two adjacent oxygen ions. A recent calculation®® for hy-
drogen in SrTiO; indeed shows sites of minimum energy
in direction of oxygen-oxygen connections of the octahe-
dra in SrTiO;.
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