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Polarized Raman scattering investigations of the ir OH stretch mode vibration have been performed
in a variety of prototype oxidic crystals, KTa03, SrTi03, Kl Li„Ta03, TiO&, LiTaO„with the aim of
providing information on the sites of the incorporation of hydrogen. The traditionally used polarized ir
absorption is limited by ensemble averages and its lacking sensitivity to crystallographic orientations of
defects. Contrarily Raman scattering is sensitive to the symmetry of the dynamical mode. The problem
of extracting information on a single defect from an ensemble is treated in the behavior-type theory,
which has been developed recently for defects in cubic crystals and was extended to tetragonal and trigo-
nal crystals in the course of these investigations. The principles of the method and the extensive tables
are summarized. We describe an experimental method for determining the precise optical alignment of
the scattering geometry. In the cubic phase of the perovskites SrTiO3 and KTa03 with isotropic ir ab-
sorption, the Raman data allow us to reject one out of three models, where the protons vibrate between
the two next-nearest oxygen ions along the cubic axes, by excluding the related C2[100] symmetry. In
tetragonal SrTi03 the absorption band splits into three components. In the second model the protons vi-

brate between the 0 and the Sr + ions on the face diagonal of the cube, in the last along the edges of
the oxygen octahedron between the two nearest-neighbor oxygen ions. The second model can be reject-
ed, because the claimed vertical mirror plane o.(010) is not observed in the Raman spectra. The third
model claims no mirror symmetry because of the tilting of the octahedra. In K~ Li, Ta03, x=0.023, a
polar tetragonal phase occurs due to the ofl'-center freezing of the Li~ ions along the polar axis. Again
three subbands of the OH mode occur. But the bands, which reflected the breakdown of the cr(010) sym-
metry in SrTi03, do not occur in K&,Li„Ta03. The observed vertical mirror plane o.(010) reflects the
nontilted arrangement of the octahedra in K, ,Li„Ta03. In TiO& (rutile) the Raman data reveal a
Clz(001) symmetry for the prominent OH stretch mode. This firmly establishes the model, where the
protons vibrate in the center of the open channels between the next-nearest 0 ions in the basal plane.
In trigonal LiTa03 the crystal symmetry is so low that hardly any models can be discriminated on the
basis of their symmetry, because most of them deal with C& symmetry. This is detected in the experi-
ment and thus any orientation not along the trigonal axis or the vertical mirror plane is compatible with
this result. Still one model proposed for LiNbO, can be excluded.

I. INTRODUCTION

Hydrogen impurities are found in most as-grown oxid-
ic crystals. Their presence can be revealed by the near-ir
absorption band of the OH stretch mode. At elevated
temperatures the protons may become mobile and con-
tribute to the ionic diffusion and electrical conductivity.
Hydrogen may also affect the refractive index. Because
of the inhuence of hydrogen on device applications, it has
been the subject of many recent investigations in oxidic
materials.

Diffusion and conductivity studies of protons, deute-
rons, and even tritons in materials such as Ti02, '
A1203, KTa03, ' and LiNb03 lRefs. 6—gl yielded
diffusion constants and activation energies, but weak con-
clusive evidence for possible hydrogen sites in oxidic lat-
tices. In LiNb03 the influence of hydrogen on the refrac-
tive index is important for applications, such as planar
wave guides produced by proton exchange and titanium
in-dN'usion. ' The mobile ions, which neutralize the elec-
tronic space-charge field during the thermal fixing of
holograms in LiNb03. Fe, were identified to be the pro-

tons. '" Protons also seem to lower the laser optical
damage in LiNb03/LiTa03. ' The point defect chemis-

try, and the solubility and mobility of protons in alkaline
earth titanates of the perovskite structure, e.g. , SrTi03
and BaTiO„were investigated because of the great tech-
nological importance of these materials for electronic
ceramics used in passive components. '

The infrared absorption of the OH stretch mode pro-
vides information on the direction of the OH dipoles and
their interaction with the neighboring ions. The ir ab-
sorption of a diatomic defect molecule is linearly polar-
ized. The angular dependence of the interaction of the
transition dipole moment toH, which is parallel to the
static dipole moment poH, with polarized light EL is
determined by the scalar product toH-EL. This allows
the determination of directions. Most of the information
on the directions of each p&H is obscured, because the ir-
radiated light interacts with the ensemble of energetically
degenerate defects, which usually are randomly distribut-
ed onto discrete equivalent orientations in the crystal.

This loss of information may eventually be retrieved
when either the high symmetry associated with random
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distribution is lowered or when the energetic degeneracy
of the sites is lifted. In both cases it is necessary to apply
an external perturbation, such as an electric or an uniaxi-
al stress field. The first requires a reorientational
behavior, but in contrast to paraelectric OH defects in al-
kali halides' none has been observed in oxidic crystals so
far to the best of our knowledge. Lifting the energetic de-
generacy would lead to a line splitting. A structural
phase transition could also cause a line splitting. A good
example is SrTi03 with its prototype antiferrodistortive
phase transition at about T, =105 K. The sharp OH ab-

sorption band splits into three components in the tetrago-
nal phase below T, .' From extensive ir studies only
plausible, not stringent, conclusions could be drawn in
favor of the octahedron edge (OE) model. ' In this model
the protons are assumed to vibrate along the 0—0 edges
of the oxygen octahedra. Later on the cube face (CF)
model' ' was discussed, according to which the protons
are believed to vibrate on the face diagonals of the cubic
unit cell between the 0 and the Sr + ion. Unfortunate-
ly for each site of the OE model there is a corresponding
site of the CF model with the same direction of the OH
dipoles, i.e., 45' to the cubic axes. Thus polarized ir ab-
sorption is of no further use for the decision making.

However, both models differ with respect to the local
symmetry of the environment in the crystal. The different
symmetry of both models was exploited in a recent polar-
ized Raman investigation. ' We applied the rather novel
Raman behavior-type (BT) method, which was developed
in Ref. 22 for the analysis of polarized Raman spectra of
defects in cubic crystal lattices and reviewed recently. In
a reappraisal Raman scattering combined with the BT
method is considered as an independent and competitive
technique for the determination of the symmetry of de-
fects.

Because of the cubic-tetragonal phase transition in
SrTi03, we had to extend the method to tetragonal sys-
tems. The increased discriminative power and the suc-
cessful application to OH defects stimulated us to exam-
ine similar problems in other tetragonal systems,
KTa03:Li (Ref. 21) and Ti02, as well as to extend both
theory and application to still lower symmetric
trigonal crystals, ' like the technically important
LiNb03/LiTa03 system.

We start with a comparative overview of the capability
of the extensions of the BT method to different host crys-
tals. Then the emphasis is put on a comprehensive pre-
sentation of the experimental data. In particular the
perovskites, represented by SrTi03, KTa03, and
KTa03.Li, the Ti02 as well as the LiNb03/LiTa03 fami-

ly have been investigated. Each of these families
represents a whole class of materials of significant techno-
logical interest and in each family there are conflicting
models for the sites of hydrogen.

II. THEORY: BEHAVIOR TYPE ANALYSIS
OF POLARIZED RAMAN SPECTRA

A. Formalism of the behavior-type method

While applying the Raman behavior-type method a set
of extensive tables forms the backbone for the analysis of

Raman spectra of defect modes in cubic crystals. A
summary of the capability and successful applications is
presented in a recent review.

The polarization dependence of first-order Raman
scattering is characterized by a second-rank tensor,
which connects the unit electric field polarization vectors
a =E;„and b —=E,„, of the incident and scattered light,
respectively,

The form of the Raman tensor T depends on the sym-
metry of the dynamical mode, characterized by the point
group 01 and the irreducible representation I", to which
the mode belongs. The Raman tensors, expressed in the
reference frame of the defect, are listed in Ref. 28.

For lattice modes the transformation properties and
thus their Raman tensors can in principle be completely
determined. A suitable choice of the polarization vectors
(a,b) along the rectangular axes of the crystal frame
(x,y, z) allows a direct experimental determination of the
tensor elements, because according to Eq. (1), we have,
e g , for. (.a, b)=(x,y) that I-, ~=I„~(T)„,etc Po.lar-

ized measurements of gases and fluids belong to the oppo-
site extreme. They are usually expressed in terms of the
two invariants of the symmetric Raman tensor, the aver-
age polarizability a, and the anisotropy y. Because ex-
periments can only yield relative intensities, the symme-
try information is contained in only one intensity ratio,
usually called the depolarization ratio p, which allows a
discrimination merely between totally symmetric modes
from all the others. Further discrimination between irre-
ducible representations or conclusions concerning the
symmetry point group of the molecules are not possi-
bl 28,29

Local modes (defect modes) in crystals represent a situ-
ation between the two extremes. Here, one deals with a
finite number of discrete orientations of the single defects
within the crystal. It is the task of the behavior-type
method to spell out to what extent information on the ir-
reducible representation and the symmetry, i.e., the form
of the Raman tensor of the single defect, can be retrieved
after the ensemble average.

The detected polarized Raman scattering intensity I-b
(n)

is the incoherent superposition of the contributions I-, b

of defects with the n = 1, . . . , h' energetically equivalent
orientations vn weighed with the population numbers
N

(n) (n)I -= g X'"'I —.
a, b a, b

n=1
(2)

For any arbitrary initial orientation v1 of a dynamical

mode possessing the Raman tensor T "' the orientations
vn and the related Raman tensors T' ' of the energetical-
ly equivalent modes in the crystal lattice with the symme-
try point group 6' are generated by the symmetry opera-
tions R„E6' according to

vn Rnv1 and T' '=Rn T

Each orientation contributes the amount
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I-,'"-'=kI la 'T' 'b I2
a, b 0 (4)

h'

P kI ~ ~(tI) T(n) T(n)
ijkl 0 ij kl

n=1
(6)

For nonresonant Raman scattering ( T;, = T~; ), the
amount of 81 IP's defined in Eq. (6} reduces to at max-
imum 21 independent quantities when all the population
numbers X'"' and the tensor elements T, are assumed to
be independent. For a better survey we use the short-
hand notations (q;, r;,s;, t;, u;, u, ) for the IP's introduced
in Refs. 22 and 24.

Although the intrinsic quantities (N'"', T;, ) could in

principle be retrieved by solving the system of equations,
with the IP's as the input parameters, this procedure is
not practicable, as discussed in Ref. 22. As an alternative
the behavior-type method focuses on the existence of sim-

ple, symmetry-induced algebraic relations between the
IP's. Very often rather simple characteristic relations are
induced, such as x; =0, x; =cx, , x; =c (x1+xk ),

x, =c (x xk )'~, where the x„(v=ij,k) represent specific
IP's and c is a positive or negative integer or half integer.
The comp/etc set of 21 IP's together with the relations
among the IP's is defined as the behauior type (BT) of a
mode.

In this context symmetry accounts for the local sym-
metry 01 and the transformation properties I"' of the
mode of the single defect as well as the distribution of the
defects onto the orientations. The symmetry of the mode
is manifested in relations between the tensor elements T,-

and the defect distribution in the population numbers
N'"'. The complete formalism allows one to treat partial
preferential orientation, but here we concentrate on the
most relevant case of random distribution,

This equality reduces the number of
independent IP's to a maximum of 3 for cubic, 5 for
tetragonal, and 6 for trigonal crystal symmetry. The re-
lations among the IP's, which are purely induced by ran-
dom distribution, are called the minimum BT for the
crystal symmetry O'. This BT holds for a defect with the
lowest point symmetry O', =C1, i.e., the most general
form of the Raman tensor. When the defect symmetry
0', increases, i.e., when additional relations among the
tensor elements T, are group theoretically required,

to the total scattering intensity. Here, I0 is the intensity
of the incident laser beam and k represents the experi-
mental detection efficiency, which accounts for the opti-
cal geometry of the experiment, the orientation of the
crystal, the quality of the crystal surfaces, etc. A reorder-
ing of Eq. (2} allows one to separate the geometrical fac
tars of the experiment, which are solely determined by
the choice of the polarization vectors a and b, from the
intrinsic quantities [N'"', T; =(T'"); ]. These contain all

the information on the symmetry of the defect and the
distribution onto its orientations U„:

3 3 3 3

y a[bja/&bIP/)k/ .
i =1 j=1 k =11=1

This defines the intensity parameters (IP's)

more and more algebraic relations are added to the
minimum BT.

The variety of possible dynamical modes (O', :I") of de-

fects, i.e., their irreducible representations I ' subject to
the actual local symmetry 0'1 EG', is classified into sets
of representative modes I subject to representative sym-
metries O„such that each representative mode (0, :I )

corresponds to a characteristic BT. There is a many-to-
one mapping of dynamical modes O', :I" onto the BT.
This is not only because different dynamical modes may
possess the same form of the Raman tensor and thus
trivially the same BT, but also because of internal sym-
metries in the explicit expressions of Eqs. (6).
Dynamical modes belonging to the same representative
mode cannot be distinguished further on the basis of the
Raman data alone.

It is the idea of the BT method to supply a set of com-
piled tables, which essentially contain the results of a
complete a priori calculation of all the BT's for all possi-
ble representative modes. An inspection of these tables
(e.g. , Tables I, II, and IV) reveal that there occur certain
actual IP relations, which are characteristic for specific
representative defect symmetries 0, . The characteristic
IP relations can relatively easily be checked in an experi-
ment. Then the defect symmetries, which correspond to
relations not compatible with the observed BT, can be ex-
cluded.

We point out that the BT method may not be viewed
as a schematic "black box" procedure to analyze polar-
ized Raman data. Limitations occur for two reasons: (i)

Because of the many-to-one mapping of the dynamical
modes onto the representative modes in general, several
possibilities have to be taken into account for each exper-
imentally determined BT. (ii) The symmetry-induced IP
relations calculated and discussed so far shall be called
actual BT's. The IP relations derived from the experi-
ment make up what is called the obserued BT's. It is im-

portant to notice the distinction. It is possible that be-
cause of accidental relations among the Raman tensors
elements, e.g. , because of the specific nature of the
dynamical mode or details of the vibronic coupling, cer-
tain relations among the IP's are simulated, which may
not be required by the actual defect symmetry. This
leads to problems when such nearly fulfilled IP relations
cannot be excluded stringently due to insuScient experi-
mental accuracy of the polarized intensities. In those
cases the observed BT may correspond to a higher sym-

metry than the actual symmetry. The possibility of this
so-called accidental degeneracy was investigated for de-
fects in cubic and tetragonal crystals in full detail.

B. BT method in di6'erent crystal systems

The point group 0', of the defect is a subgroup of the

crystal point group O'. In order to include all possible
dynamical modes O', :I"one has to start with the largest
crystal point group G' in each crystal system. This is
O'=Oh for the cubic crystal system, G'=D4h for the

tetragonal system and G' =D3d for the trigonal system.
Partial preferential orientation is treated with an orien-

tating operator F acting on the population numbers. The
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population numbers N(u„} and N(iv„} of two orienta-
tions connected by the inversion i can in principle be
inAuenced differently by F. But because the Raman ten-
sor is invariant under the inversion, both orientations are
treated as partners with a common population number
N'"'=N(v„)+N(iv„). Therefore, the treatment of F is

restricted to the subgroup G which generates G'= G XI
according to the direct product with the group
I =

I e,i I. ' A reduction from 6' to 6 can also be per-
formed for the variety of all possible dynamical modes.
Because of the invariance of T under inversion, several
modes with different actual defect symmetries 0& CG'
reduce to the same representative symmetries O, CG.
Together with the irreducible representations I of the
representative symmetries 0& one arrives at a
classification of the variety of modes (0'i.I") according
to the representative modes (Oi.I ), which the actual
behavior types are related to.

1. Cubic crystals

For the case of random distribution and for the most
general Raman tensor of a defect with 0, =C, one ob-
tains the minimum BT for defects in cubic crystals. This
comprises the IP relations

f) =f2=f3 =f

S~ =S2=S3—S

t; =u;= u=0 (i =1, . . . , 3, j =1, , 6) .

Table I presents an extraction of the extensive tables in
Ref. 22 for later applications. It illustrates the
classification of 124 possible dynamical modes (O', :I")
into the 33 subgroups 0& of 0& into 24 representative
modes (0, :I ) subject to 10 representative symmetries

TABLE I. Cubic crystals. Classification of the 124 possible dynamical modes I"of the 33 subgroups 0] of 0& into 10 representa-
tive symmetries 0] and 24 representative modes I . The corresponding BT numbers are from Ref. 22 and the IP relations for a ran-
dom distribution of defects are given in the last two columns.

Representative Representative
symmetry 0] mode I

C]

CR [010]

Dynamical modes (0']:I")

C].A S2.Ag

Cp [010]:A C|g(010):A' C,g [010]:Ag
C2 [010]:8 C|I,(010):A" C2g [010]:Bg

BT
No.

60 q

60 q
15

IP relations

C [110] C2 [110]:A CiI, (110):A '
C2g [110]:Ag

C2[110]:8 Cip(110):A" C2g [110]:Bg
60 q
40 q

D2[100] A

B]
D2 [100]:A C2, (100):A, D2I, [100]:Ag

D~[100]:8(,8~,83 C~„(100):A2,8(,82 D2q [1001:Big,Big,83g

50 q
15

D2 [110] A

B]
B2

Dp [110]:A C2„[110]:A | C2„(110):A, D2g [110]:Ag 60 q
D2[110]:8| CiU [110]:8, C2„(110):A2 Dgg [110]:B,g 14 q

D2 [110]:82,83 C2„[110]:82,A 2 C2„(110):8„82 D2g [110]:82g,83g 15

CB[111] C3.A S6.Ag

C3.E S6.E6
39 q
40 q

q

D [ill] A

E
D3.A] D3d. A]g C3U A]

D3 E D3d Eg C3 E
39 q
40 q

q

C, [001] C4. A

C4.B
C4.E

S4..A

S4.B
S4.E

C4h ..Bg

C4h ..Eg

50 q
40 q

15

r
——'q

D~ [001]
B,
B2
E

D4:A, D4h. A, g
D4..B] D4h.B]g
D4.82 D4h .'B2g

D4..E D4h ..Eg

D,„[001]:A,
D2d [001]:8i

D,„[001]:8,
D2g [001]:E

Dzd [110]:A, C4„..A,
D,g [110]:8, C4„8, .
D2d [110]:B, C4„B~..
Dz„[110]:E C~„:E

50 q
14 q
15
15

A

T

T A Th Ag 0 A ]
T:E Th ..Eg 0:E

T T Th Tg 0 T2

Td..A]
Td ..E

Td T2

Oh ..A ]g

Oh ..Eg
Oh ..T2g

13 q
14 q
15

2=24 2=124
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0, t 0 and relates them to the cubic BT.
When only one defect mode can be detected, only

seven sets of modes can possibly be discriminated, be-
cause of seven different BT's for random distribution.
This has to be compared with the two distinguishable sets
of modes in gases and fluids. The discriminative power
may be enhanced when the BT of two or more modes of
the same defect can be detected and analyzed, or when
partial preferential orientation can lower the high sym-
metry related to random distribution.

2. Tetragonal crystals

With the arguments of Sec. IIB the treatment is re-
duced, G'=D4& =G XI to G =D4. The minimum BT
(for 0

&

=C
&

) in tetragonal crystals comprises the rela-
tions

q& =qr =:q& 2

$3 Note that r, z is also different from zero in the gen-
eral case, but not independent from the other five
nonzero IP's, because of the last relation of Eqs. (S). The
explicit dependences of these IP's from the Raman tensor
elements are given by

q1, 2 kIO[(T11) +(T22) ]

q3=8kIo(T, 3)

rt, z 4kIO[Tit T33+ ~2 q3],

r3 =8kIO T] & T22

i2= "O[(

s3 =8kIO( T,2 )

r1 r2 'r1 2~ r3

$i $2 '$i 2~ $3

t, =u, =v =0 (i =1, . . . , 3, j =1,. . .6),
(q»+ r, ) =2(r, , )'/q3

(S)

It consists of Gve independent IP's, q, 2, q3, r3, s, z, and

The classification of 80 dynamical modes in 25 sym-
metries O', CD4& into 20 representative modes with 8

representative symmetries 0, CD4 and the correspon-
dence to 13 different BT's for random distribution in
tetragonal crystals is given in Table VI of Ref. 24. The
characteristic IP relations of these BT's are provided in
Table II.

TABLE II. Listing of all BT s which can occur for a random distribution in tetragonal crystals, corresponding to the representa-
tive modes I and symmetries 01 of Table VI in Ref. 24.

C1

01 BT No.

BT 21 q12 q3 112

IP relations

73 S12

Cp [001] A

B
BT 26
BT 45

q12 r12 r3

S12

S3

C2 [010] A

B
BT 24
BT 42

q12 112 r3 S12

$12 S3

Cp[110] A

B
BT 22
BT 36

q12

q12

r12

q12

S12

S12

$3

Dp [100]

D~ [110]

A

B1
B2

A

B1
B2

BT 30
BT 46
BT 45

BT 27
BT 43
BT 45

q12

q12

q12

q3

112

112 ql

S12

S12

$3

$3

C4[001] A

B
E

BT 33
BT 38
BT 45

q12

q12 q12

S12

$3

D4 [001] A

B,
B2

BT 33
BT 43
BT 46
BT 45

q12

q12

"12 ql
q12

S12

$3

~q12+~3 ~ ~2r12 ~q3 ~

b 1/2
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3. Trigonal crystals C. Comparison of discriminative power

Here the treatment can be reduced to G =D3. The
minimum BT contains seven nonzero IP's, six of which
are independent:

92='-qj„2~q3 ~

1 2 ' 1,2 3

$1 $2 '$1 2~$3

t=u= —
U1 1 1 ~

t, =u =Ui=o (i =2, . . . , 3, j =2, . . . , 6),

(10)

q1 2 3kIp[ ~(T11+T22) T11 T22+(T12) ]

q3
=6kI11( T33 )

r, 2 =3kIp[T11T33+T22T33],

f3 3kIp[ 4 ( T11 + T22 ) + T11T22 ( T12 ) ]

$1 2=3kIp[(T13) +(T23) ]

$3 3kIp[( T12 ) +
4 ( T11 T22 ) ]

t 1
=3kIp [T12 T13 +

2 ( T1 1 T22 )T23 ] .

The classification of 29 dynamical modes in 13 sym-
metries 0& CD3d into 10 representative modes with 5

representative symmetries 0, CD3 and the correspon-
dence to 8 different BT s for random distribution in trigo-
nal crystals is given in Table III. The characteristic IP
relations of these BT's are provided in Table IV.

(ql, 2+ 3r} 2(r1, 2 } ~q3

The explicit forms of the trigonal IP in terms of tensor
elements become

In Table V we compare the capability of the BT
method to distinguish dynamical modes I" and the sym-
metry 0', of defects in different crystal systems on the
basis of a BT analysis. The discriminative power
quantified by figures reveals two general trends. (i) The
variety of possible dynamical modes is reduced with de-
creased defect symmetry, because the defect symmetry is
governed by the forces of the local crystal field. This
means that the defect symmetry 0& can only be a sub-

group of the local symmetry of the site of defect incor-
poration, which in turn can only be a subgroup of the lat-
tice symmetry G', i.e., 0& CG'. Accordingly the num-

bers of representative modes and symmetries reduce
when going from cubic to tetragonal and to trigonal crys-
tals. (ii} The number of independent quantities, either
IP's or polarized Raman intensities, increases when the
symmetry of the environment decreases. This trend can
be traced from the case of free molecules with two in-
dependent quantities to the three independent quantities

[ A 1s,Es, T2s ] or [ q, r, s ] for discrete orientational distri-
bution in cubic crystals. ' ' The trend continues when
the number of energetically equivalent orientations de-
creases. A similar effect is obtained when the high sym-
metry of random distribution (F, = G} is lowered due to
partial preferential orientation of the defects. For all
three crystal symmetries, the number of distinguishable
representative modes for the minimum orientational sym-

metry F&=C& is larger than for random distribution.
The strongest enhancement occurs for cubic crystals as
seen in the last two rows of Table V.

D. Measurement configurations

A complete test of the increasing number of BT rela-
tions in lower symmetric crystals requires the perfor-

TABLE III. Trigonal crystals. Classification of 29 dynamical modes I" in 13 symmetries 0& C D3d according to 10 representative
modes I into 5 representative symmetries 0& CD3.

Representative modes
Representative Representative

symmetry mode

CI

Dynamical modes
Number
of modes

CI.A S2.Ag

Cp [100] C2 [100]:A C|h (100):A Cz1, [100):Ag

C2 [ 100]:B C,„(100):A" C2„[100]:Bg

C, [1&30] A

B
C2[1&30]:A C,h(60 ):A' C2h[1&30]:Ag
C, [1&30]:B C, I, (60'):A

"
C2I, [1&30]:Bg

C, [001] A

Ey

C3 [001]:A S6[001]:Ag

C, [001]:E„S6[001 ]:Eg"'

C, [001]:Ey. S6[001):Eg' '

D, [001] AI
E

D, [001]:A, D,d [001]:A,~ C3„[001]:A|
D3[001) E E» D3d[001] Eg1;E C3 [001]E» Ey
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TABLE IV. Listing of all BT's which can occur for random distribution in trigonal crystals, corre-
sponding to the representative modes I and symmetries 01 of Table III.

01 BT No.

A BT 12

IP relations

r12 512

Additionally

C, [100]

C2 [1&30] A

B

BT 13a
BT 24

BT 13b
BT 21

q12

q12

r12

r12

r3

r3

S12

S]2

$12

S3

q]2

a,b
r, (Ob

a,c

C3 [001] A

E,
Ey

BT 25
BT 19
BT 17

q12 q12

S12

q12

S3

e

V], t]WQ1

(q, 2
—r3) =2s

D, [001] A

B
BT 25
BT 21

r12

q12 S12 q12

(q12 + r3 ) (2»12 iq3 )'
bt + (S S )1/2

ct = (S S )1 2

r12 (q12q3 )

mance of a larger number of polarized scattering intensi-

ty measurements. Adopting the terminology of Ref. 22, a
single configuration of the polarization vectors of the in-
cident and scattered light, (a, b ), shall be called an opti-
cal geometry pair (OGP). The set of possible OGP's for a
single orientation of a crystal with respect to the wave
vectors of the incident and scattered light, (k;„,k,„,), is
called the OGP set. For practical reasons only rectangu-
lar scattering configurations are considered.

From the principles of crystal optics it follows that
tetragonal and trigonal crystals become optically unaxial
and birefringent. Let the optical axis be the zii[001]
direction of the orthogonal crystal frame of reference

(x,y, z). For any direction of k not along [001] only the
two states of ordinary (o)(Ej.k, El[001]) and extraordi-
nary (e) (E within the plane spanned by k and [001]) po-
larization are possible.

For an easy determination of the IP's the OGP should
be chosen, such that according to Eq. (5) the polarized in-

tensities I-, b
become very simple linear expressions of the

IP's. This is achieved when a and b are chosen along the
orthogonal crystal axes (xii[100],yii[010],zip[001]) or
along the bisectors (xy ii [110],xy ii [100],etc.).

A summary of suitable OGP sets is sketched in Fig. 1

as a guideline for the experimenter. The orientation of
the crystal axes (x,y, z) is indicated for various crystal

TABLE V. Comparison of the discriminative power of the behavior-type method in cubic (Refs. 22
and 23), tetragonal (Ref. 24), and trigonal (Ref. 26) crystal symmetries.

Symmetry groups G, G'

Order h of 6
Number of dynamical modes
in point groups 01 E G'

Cubic

O, Op

24
124
33

Crystal symmetry
Tetragonal

D4, D4
8

80
25

Trigonal

D3,D3d
6

29
13

Classification according to
representative modes
representative symmetries

24
10

20
8

10
5

Number of different BT's
IP's different from zero for F, =G
independent IP's for Fl =G

65
3
3

46
6

25
7
6

Number of distinguishable representative modes for single mode BT analysis

(a) for F, =G
(b) for F, =C

7
15

13
16

8

10
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FIG. 1. Schematic sketch of the scattering configurations in

the OGP sets 1-8 of Table VI.
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$1 Iy z&$2 Ix,z&$3 Ix y

(r3+s3) ~(I„„y I„„). —
(12)

orientations in the fixed laboratory frame of reference
(X, Y,Z). This is defined by the incident laser beam
(k;„11Z) and the optical axis of the detection system

(k,„,11X). In Table VI we summarize the explicit expres-
sions for the polarized intensities I-, b

in terms of the IP s
calculated from Eq. (5) for the general case F] =C, . The
relations of the minimum BT, namely, Eqs. (7}, (8), and
(10), for cubic, tetragonal, and trigonal systems, respec-
tively, can be applied to simplify the expressions.

The OGP sets 1-3 recommended in Ref. 22 suffice for
cubic crystals. But the constraints of birefringence,
which lower the number of OGP's per OGP set, and the
need for additional OGP's due to the increased number
of independent IP's in lower symmetric crystals, necessi-
tate measurements in the OPG sets 4-6. These six OGP
sets allow the determination of all the independent IP's,
even for trigonal systems. OGP sets 7 and 8 yield redun-
dant OGP's only. However, they may become useful
when additional experimental constraints arise for
specific materials; see Secs. IV B and IV C.

Polarized intensities I-, b, obtained with different OGP
s

sets, must be linked, because the detection efficiency k is
very sensitive to experimental conditions. Therefore the
same intensity I-b has to be measured in two different
OGP sets. Finally, the prescriptions to calculate the IP's
from the intensities I-b shall be given. From the expres-
sions of Table VI using the minimum BT relations, Eqs.
(7), (8), and (10), one finds

The polarization vectors a and b may be interchanged in
the I-, b. The IP's t„v, , and u& become relevant only for
trigonal crystals. They can only be obtained by combin-
ing intensities measured in more than one OGP set.

A precise orientation of the crystal axes with respect to
the laboratory frame of reference is very important. A
complete theoretical description of the problem is given
in Sec. III E of Ref. 22. Let P; (i =x,y, z) denote small
angular deviations of the crystal axes with respect to the
laboratory frame for rotations around the i axis. Then
two cases can be distinguished for the dependence of the
error hI of a polarized intensity. Either hI is of first or-
der in P;, i.e., EI oc P;, or of second order, i.e., bI oc P; or
AI ccP;PJ. For precise intensity measurements the latter
case is less critical. A calculation of the behavior of LU
for the OGP's of OGP sets 1-8 has been performed for
the case of random orientational defect distribution. The
results can be summarized by stating that fortunately for
nearly all OGP's b,I is of second order in the P;. The
only exceptions are the OGP's of the type (a, b ) =(p,po )

and (p,pa },where (p, rr =x,y, z) For th. ese OGP's the in-
tensity takes the form I-& or. —,'(q;+s kvk); see Table VI.
This means that the determination of the IP vt,

(k =1, . . . , 6) is very sensitive to angular deviations. In
particular, this becomes relevant for trigonal systems, as
the corresponding BT's involve relations with the IP
v] = t]; com—pare Eq. (10) and Table IV.

III. EXPERIMENTAL DETAILS

A. Sample preparation

The samples were cut from boules of SrTi03, KTa03,
K[ „Li„Ta03 (x =0.022}, Ti02, and LiTa03 single crys-
tals. An angular accuracy of better than 1' was
guaranteed for the orientation of the sample surfaces. All
six faces of the rectangular-shaped samples were grinded
and polished to optical quality. This was essential for the
suppression of stray light for the measurement of the very
low scattering intensities of the OH stretch mode.

Without additional experimental constraints all neces-
sary OGP sets can be performed for uniaxial crystals
with one suitable shaped single crystal. The shape, the
orientation, and the directions k;„(n),k,„,(n) of such a
sample, which is suitable to realize the OGP sets
n (n =1, . . . , 8), are illustrated in Fig. 2. Starting from

I) 00)—crystal )110I—crystal

k..t(4)
Jk

k,„(5)
k.„t(2)

k.„t(4)
ik

k.„,(8)

Y

k0,1[1,51
-- k;„(4)

k,i„(1,2,7)

FKJ. 2. Realization of the independent OGP sets 1, 2, 4, 5,
and 7 from Table VI with one suitably prepared {100j crystal
(left side). Realization of OCyP sets 1, 4, 7, and 8 with one j 110)
crystal (right side).
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TABLE VI. Polarized Raman scattering intensities I-, b, which can be measured in the OGP sets of
Fig. l, ex~ressed as linear combinations of the IP's. An OGP (a, b ) in a certain OGP set generated by
k;„and k,„, is specified by using the Porto notation k;„(a,b)k, „,. The OGP s are given in the crystal

(x,y, z) frame and in the laboratory frame (X, Y, Z), where Z ilk;„,X ilk, „,.

Lab. frame Crystal frame I--
a, b

Z(Y, Y)X
( Y,Z)
(X,Z)
(X, Y)

(XY, Y)

(XY, Y)

(XY,Z)
(XY,Z)

(a) OGP set l: k;„llz, k,„,llx
z(y, y)x

(y, z)
(x,z)
(x,y)

(xy, y)
(xy, z)

(xy, z)

Si

$2

$3

2 q2+$3+2V6)
-'(q2+s3 —2u6)

—,'(s, +s2+2t, )

2 (S) +$2 2t3)

Z(Y, Y)X
( Y, Z)
(X,Z)
(X, Y)

(XY, Y)

(XY, Y)

(b) OGP set 2: k;„llz, k,„,lly
z(x, x)y

(x,z)
(y, z)
(y, x)

(xy, x)
(xy, x)

Sp

Si
$3
—'(q, +,—2, )

—,'(qi+s, +2u, )

(XY,Z)
(XY,Z)

(xy, z)

(xy, z)

—(s, +s2 —2t, )

—,'(s, +s2+2t3)

Z(Y, YZ)X
( Y, YZ)

(X, YZ)

(X, YZ)

(c) OGP set 3: k;„llyz, k,„,llx
yz (yz, z)x

(x,z)

(x,y)

—,'(q3+s, -2v, )

—,'(q, +s, -2u, )

Sp

$3

Z(Y, Y)X

( Y, Z)
(Y, YZ)

(Y, YZ)
Z(X, Y)X

(X,Z)
(X, YZ)
(X, YZ)

(d) OGP set 4: k;„llxy, k.„,llz
Xy (xy, xy)z

(xy, xy)

(xy, y)
(xy, x)
(z, xy)

(z, Xy)

(z,y)
(z,x)

4(qi+qp)+ 2r3+s3+(V5+V6)
-'(q, +qz) —-'r3

2 (q2+S3+2V6)
—,'(q, +s, +2, )

—'(s, +s2+2t3)

2
(S i +Sp —2t3 )

Si

S2

Z( Y, Y)X
( Y, Z)
(X, Y)

(X,Z)

(e) OGP set 5: k;„lly, k,„,llx
y(z, z)x

(z,y)
(x,z)
(x,y)

Si

S2

$3

Z(XY, Y)X
(XY,Z)
(XY, Y)

(XY,Z)

(fl OGP set 6: k;„llx k-tllyz
x (z,yz )yz

(z,x)
(y,yz )

(y, x)

—'(q, +s, +2v&)

S2

—,'(q, +si —2v& )

S3

Z(X, Y)X

(X,Z)
(Y, Y)

(a) OGP set 7: k;„llz, k,„,llxy
z (xy, xy)xy

(xy, z)

(xy, xy)

—(q& +q2)
—'(s& +sz —2t3 }

4(q&+qz)+ 2r, +s&+(us+ue)
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TABLE VI. (Continued).

Lab. frame

( Y,Z)
(XY, Y)

(XY,Z)
(XY, Y)

(XY,Z)

Crystal frame

(xy, z)

(x,xy)

(x,z)
(y, xy)

(y, z)

I-
a, b

—'(sl +s2+2t3 )

—'(q
&
+s3+2v, )

$2

2 (qp+$3+2v6)
S)

Z(X, Y)X

(X,Z)
(Y, Y)
( Y,Z)

(a) OGP set 8: k;„~(xy,k,„,()xy

xy (xy, z )xy

(xy, xy)
(z,z)

(z,xy)

2 (S& +s2 2t3 )

—(q, +q ) ——1 1

q3
(s& +s2 +2t3)

a cubic-shaped sample with 3—8 mm edges and (001),
(010), and (100) faces, one grinds and polishes two oppo-
site edges parallel to [001], such that additional narrow
surfaces with [110]normals under 45' to the front faces of
about 1-3 mm width will result. The OGP sets 1, 2, 4, 5,
and 7 of Table VI can be realized. with this specimen.
Starting from a sample with (001), (110), and ( ITO) front
faces and two opposite narrow (100) surfaces parallel to
[001],one can realize the OGP sets 1, 4, 7, and 8.

In order to raise the expected very low scattering in-
tensities we increased the hydrogen defect concentration
cH using the electric-field-enhanced in-diffusion of hydro-
gen from humid atmosphere3 and/or a hydrothermal
treatment similar to that described in Ref. 35. Because
the in-diffusion technique produces an inhomogeneous
hydrogen distribution, we concentrated on the hydro-
thermal treatment. Compared to the usual "as-grown"
concentration we enhanced the concentration in KTa03
by a factor of 2, in LiTa03 by 4, in SrTi03 and in
stoichiometric LiNb03 by 5, and finally in congruent
LiNb03 by 90. Both the increase of cH and the homo-
geneous distribution have been confirmed by monitoring
the OH stretch mode absorption band.

B. Measurement of polarized intensities

In our experiments we used an Ar ion laser beam to ex-
cite the Raman scattering. The rectangular scattered
light was imaged onto the entrance slit of a 0.75 m
Czerny- Turner double monochromator. The convention-
al photon counting technique was used to detect the scat-
tered intensity. The incident laser beam was repolarized
with a fixed prism polarizer. Then it passed a rotatable
A, /2 plate to define the incident polarization a =E;„with
constant intensity Io. Using the same principle, the scat-
tered light passed a polarizer to define b=k,„„hiwch
was followed by a A, /2 plate. This allowed us to rotate
the polarization to the direction of maximum transmit-
tance of the monochromator. Thus we eliminated the po-
larization dependence of the detection efBciency k.

Typical excitation conditions were I0=4-6 W at 488
or 514 nm. For SrTiO3 and KTa03 the OH bandwidth
varied between I =0.5 cm ' at T=25 K and I =3.5
cm ' at room temperature. The corresponding data for
Ti02 and LiTa03 are 20 and 34 cm ', respectively. For
6~=1.5 cm ' the typical scattering intensities fell in the
range of 70 (SrTi03) to 200 counts/s (KTa03) in OGP
with a ~~b, but only 4-15 % of this for configurations with
a lb.

For the BT analysis of a mode, the relevant symmetry
information is contained only in the ratios of the polar-
ized intensities I-, &. Once it was proved that the spectral

7

distribution of the OH band of a crystal material does not
depend on the OGP (a, b), we used a spectral window
technique for faster and/or more precise measurements.
The spectral resolution hv was set to approximately 1.3
times the value of the bandwidth I . With the center of a
spectral window at the maximum of the spectral distribu-
tion we performed an integration of the peak intensity.
The contribution of the background was determined at
two frequencies symmetrically left and right outside of
the OH band and then substracted. Using the window
technique we obtained an accuracy as good as 3% for in-
tensity ratios measured in the same OGP set.

The long term stability of the detection sensitivity was
checked periodically by measuring the Raman intensities
of prominent and spectrally isolated lines of the phonon
spectrum. In addition to the redundant measurement of
specific IP's of the OH band in different OGP sets
(k;„,k,„,) the off-diagonal Raman tensor elements of such
lattice mode intensities were also used to link the OH in-
tensities in different OGP sets. In the case of Ti02, this
was the only procedure left, because the IP's s, and s2 of
the OH band otherwise used for linking were equal to
zero.

Apart from the statistical uncertainties due to low
scattering intensities, a more important source of sys-
tematic experimental errors is the misalignment of the
crystal axes (x,y, z) with respect to the rectangular labo-
ratory frame (X, Y,Z), defined by k;„~~Z and k,„,~~X. In
the course of our investigations we have developed a
practical experimental procedure to realize precise align-
ment of these axes.
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IV. RKSUI.TS AND DISCUSSIQN

A. Hydrogen in perovskite crystals

Elaborate investigations have been performed, includ-
ing measurements of the temperature dependence, ' ' '
in combination with electric' ' or uniaxial stress' fields
and the effects of H-D substitution' ' ' on the OH ab-
sorption. Still two contradicting models for the hydrogen
sites are controversially discussed. ' ' The present Ra-
man investigations were intended to solve this conflict by
considering the local symmetry properties of the OH
stretch mode.

The perovskite crystal structure is cubic primitive; the
crystal point group G' is O„(m 3m ). The ions of the basis

occupy the following sites: A is located at (0,0,0), 8 at
( —,', —,', —,

'
), and 0 at ( —,', —,', 0), ( —,',0, —,

' ), (0, —,', —,
' ). In Fig. 3

we illustrate the three models introduced for hydrogen
sites. An arbitrary initial orientation v

&
of the OH dipole

and the symmetry elements of the point group 0'„which
describe the local symmetry of the defect, are sketched
for each model in the cubic unit cell. The protons are
bound on interstitial sites close to 0 ions. The result-

ing OH dipole is represented by a bold arrow. The C„„
symmetry of the free OH dipole is reduced to the finite

subgroup 0
&
C O' C C„„.The energetically equivalent

orientations U„=R„v, with R„EG' will be found in

different unit cells and within the scattering volume all

these orientations will occur with a common average
population number.

According to the cube axis (CA) model' the proton
was believed to vibrate towards another oxygen ion in the
direction of the cubic crystallographic axes, the next-
nearest 0 ion. This is located at a distance Ro o =a,
the lattice constant. One twofold axis Cz[001] and two

vertical mirror planes o (100) and 0 (010) are identified to
define the local symmetry; thus O', =Cz„[100](100,010)
and O, =Dz[100) for the representative symmetry from

Table I.
In the octahedron edge (OE) model, ' the proton is be-

lieved to vibrate along an edge of the BO6 octahedron to-
wards the nearest-neighbor 0 ion (Ro~ =a/&2). The
OH dipole points along a (110)-type direction. Only a
o (010) mirror plane exists with a point group

0& =C&h(010) represented by O, =Cz[010]; see again
Table I.

In the cube face (CF) model, ' the hydrogen is oriented
along the face diagonal of the cubic unit cell towards the
A cation. A twofold axis Cz[101] and two vertical mir-

ror planes o.(010) and 0 (101) represent the local symme-

try of such a site. Therefore 0& =Cz, [101](101,010),
which is represented by 0, =Dz [101]=Dz [110].

1. ETa03

Nominally pure KTaO3 exhibits only one single ab-

sorption line even at T=1.5 K. At room temperature
the band maximum is observed at v,„=3474 cm ' and

the half width is I =3.8 cm '. Upon cooling to T =1.5
K the frequency increases continuously to 3488 cm ' and
the half width narrows to 0.3 cm ', reAecting the fact
that pure KTa03 preserves its cubic symmetry.

For polarized Raman scattering in pure KTa03 we

used the same crystal as in the ir investigations reported
in Refs. 37 and 38. %'e measured the Raman spectra in

Fig. 4 according to the OGP sets 1 and 7 of Table VI and
determined the three independent IP's q, r, and s. The
three peaks with weak intensity are clearly not related to
OH defects. They are due to elastically scattered photons
from plasma discharge transitions in Ar. These plasma
lines were advantageously used as a reference for the fre-

quency position of the OH bands and for the spectral
resolution of the detection system. The latter is identical
to the observed half width of a single plasma line.

The equality of the intensities I,~s„ I, ~s2, and

I y s 3 measured in OGP set 1 indicate that within ex-

perimental accuracy, the relation s, =s2=s3 ——s of the

general BT's in cubic crystals [compare Eq. (7)] is
satisfied.

According to Table VI the two equalities Iy yz I
and I,=I indicate that the IP's U

&

=0 and v6 =0, re-
y Vz

selectively. The sample was rotated by 90' about k;„and
k,„„in order to check in OGP sets 2 and 5 the relations

U 3 U 5 0 and v ~
= v 4

=0, respectively, as well as the re-

lation q, =qz =q3 =q of the general BT, Eq. (7). For all

crystals and all crystal symmetries investigated in this
work we have performed similar tests of the minimum

c,[001] a(01 0) . a(010)

e)
a(010) . -. C,[101]

~(1OO)

OTi, Ta'
Sr, K..
00
10H

..0(101)

FIG. 3. Schematic representation of the three models for hy-

drogen incorporation in the perovskites, (a) the cube axis (CA)
model, (b) the octahedron edge (OE) model, and (c) the cube
face (CF) model, within the cubic unit cell. For each model the
OH dipole is sketched only in an arbitrary initial orientation U, ,

together with the elements of the point group 01 representing
the local symmetry.
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FIG. 4. Polarized Raman spectra of the OH stretch mode in

a nominally pure KTa03 crystal, measured at room temperature
in OCrP set 1 (left part) and OGP set 7 (right part).



49 INCORPORATION OF HYDROGEN IN CUBIC AND UNIAXIAL. . . 169

BT relations, Eqs. (7) for cubic, (8) for tetragonal, and
(10) for trigonal crystals, in order to check the adjust-
ment of the experimental setup and the polarization
properties of the samples. In all conclusive experiments
concerning the symmetry of the hydrogen sites, these re-
lations proved to hold actually.

Conclusions concerning the local defect symmetry fol-
low from the s/q and r/q ratios. The relevant intensity
values were precisely measured using the spectral window
technique and inserted into Eqs. (12) to calculate the IP's.
Together with the IP's of the OH bands in other crystals,
the r/q and s/q ratios are collected in Table VII.

In a BT analysis of the figures in Table VII it is impor-
tant, first, that q &0 hold. Thus the OH stretch mode is
an A mode as expected, because in cubic crystals all oth-
er modes demand q =0. From the set [BT 60, BT 50, BT
39, BT 13] belonging to A modes, the results 1 & r )0
and s &0 uniquely select BT 60. The same BT 60 has
been observed at room temperature for the 3474 cm
band in K&,Li, Ta03 samples with x =0.018 and 0.023.

The Li-doped sample with x =0.018 has been investi-
gated before (as grown) and after a hydrothermal treat-
ment (973 K, pH o=4X10 Pa); see Fig. 5. The ir ab-

2

sorption constant and the Raman intensity of the 3474
cm ' band increase by the same factor. The r /q and s/q
ratios remain unaltered. However, the Raman spectrum
of the hydrogen-doped sample exhibits an additional peak
for Iy y q at the high energy shoulder with a maximum
at 3488 cm . This peak cannot be identified in the cor-
responding ir absorption spectrum. The polarized Ra-
man spectra of the H-doped x =0.018 sample yield

Iy y q & 0 and 1 & r & 0. But in contrast to the behavior
of the prominent band at 3474 cm ' the intensitiesI, s&,I„, s2,I ~s3 for the satellite peak at 3488
cm ' are not detected, either because they are zero or be-
cause they are below the detection limit. Therefore, the
vanishing of these IP's cannot definitely be ruled out.

In our BT analysis we identified a cubic BT 60 for the
prominent band. This result shall be related to the three
models in Fig. 3. For the CA model with Ot =D2[100],
one would expect the cubic BT 50. In particular, BT 50
requires s/q =0, in obvious disagreement with the exper-
imental result sAO. For both of the other models
sketched in Fig. 3, the OE (0, =C2[110]) and the CF
models (Ot =D2[110]),a BT 60 is expected and found.

10—

R
C
4)

c 4-
Absorptio~n

Ram

/

3450 3460 3470 3480 3490 3500
Wavenumber / cm '

FIG. 5. Comparison of the Raman and ir absorption spectra
of a K&,Li„Ta03 (x =0.018) crystal, before (as grown) and
after a hydrothermal proton doping (973 K, p« =4X10' Pa}.

2

All spectra were recorded at room temperature.

Consequently the CA model can definitely be ruled out
for the main band in KTa03 and K, „Li,Ta03 already
in the cubic phase.

Because of the many-to-one mapping of representative
defect symmetries onto the BT's the other two models
cannot be discriminated in the cubic phase. Moreover,
any other site of incorporation of the proton, not de-
scribed by the three models, is consistent with our Ra-
man data. This is because such sites would be represent-
ed by Ot =C& and would yield the observed BT 60, too.
We point out that because of the isotropic behavior of the
ensemble for all three models no discrimination is possi-
ble at all by means of ir absorption in cubic crystals.

2. Cubic SrTi03

The Raman spectra in the cubic phase of SrTi03 in

Fig. 6 have been recorded with 514 nm excitation at
room temperature in order to minimize spectral overlap
with plasma lines. One plasma line now appears at 3478

TABLE VII. Summary of the IP ratios r/q and s/q of the OH stretch mode in various investigated
cubic perovskite crystals.

Crystal

KTa03 (pure)
KTa03..Li (1.8%)
KTa03..Li (2.3%)
SrTi03
SrTiO:H'

v/cm

3474
3474
3474
3496 (A)
3511 {C)"
3515 (D)"
3536 (R

r/q

0.32+0.04
0.73+0.07'
0.75+0.06
0.75+0.03'

0.205+0.020
0.316+0.023
0.128+0.019

s/q

0.099+0.007
0.047+0.006'
0.049+0.008
0.049+0.008'
0.070+0.009
0.031+0.006
0.022+0.010

'Before and after hydrothermal doping.
Labeling according to Ref. 39.

'Hydrothermal doping 973 K, pH o =4X10 Pa."2
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absorption spectrum. Similar to the main OH band la-
beled A, the Fe-associated bands C, D, and I' exhibit the
cubic BT 60. In addition we obtained s& =s2 =s3 ——s&0
and the relation 1)r /q )0. While obeying BT 60 all the
OH bands in SrTi03 exhibit different r/q and s/q ratios.
The precise values are summarized in Table VII. The
discussion of the behavior of the main band in SrTi03 fol-
lows precisely the route for the main band in KTa03.
The result sAO (BT 60) again rules out the CA model.
Because all Fe-associated sidebands exhibit BT 60, they
are of no use for a model distinction.

FIG. 6. Polarized Raman spectra of the OH stretch mode in
SrTi03, measured at room temperature in OGP sets 1 (left part)
and 4 (right part).
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FIG. 7. Effect of the hydrothermal treatment (973 K,
pH O=4X10 Pa) on the OH spectrum of nominally pure"2
SrTiO, due to Fe impurities. The ir absorption spectra before
(upper curve) and after (central curve) doping are compared
with the Raman spectrum after doping {bottom curve).

cm '. The main OH band is found at 3496 cm '. The
structures in Fig. 6 above 3500 cm ' belong to Fe-
associated OH complexes discussed later. We concen-
trate on the 3496 cm ' line caused by undisturbed pro-
tons. From OGP set 1 in the left part of Fig. 6 we find
the relation s& =sz =s3 =—s@0. The analog relation is ob-
served for the IP's q, =q2 =q, =q&0. From the right
part of Fig. 6 we read 1 & r/q &0. As for the main band
in KTa03 a cubic BT 60 is also identified in SrTi03.

A strong hydrothermal treatment (973 K,
p H o =4 X 10 Pa) gave rise to additional, strong, high"2
frequency OH bands. The new bands were attributed by
Waser' to associate complexes of OH defects with Fe
impurities in the crystals. The ir and Raman spectra are
shown in Fig. 7. The bands labeled B and E in Fig. 7 do
not appear in the Raman spectrum and the relative inten-
sities of the other bands differ considerably from the ir

B. Tetragonal SrTi03

OE CF

CF
2 1

X

= OH

FIG. 8. Schematic sketch of the antiferrodistortive structure
of the tetragonal phase of SrTiO, . The left part shows a projec-
tion in the x-y plane, the right part in the x-z plane. The hy-
drogen sites according to the OE and the CF models are indicat-
ed in both projections.

The CA model has already been ruled out. Although
the three models of Fig. 3 differ with respect to the
representative symmetry, the OE and the CF models in-
duce the same cubic BT and have no distinguishing
feature. With a partial preferential orientation of the de-
fects there exist a distinct possibility. Indeed an inspec-
tion of Table VIII from Ref. 22 reveals that the cubic
BT's for the OE and the CF models differ in lower sym-
metry of random distribution. However, to the best of
our knowledge no traces of reorientation of OH defects in

oxide materials have been observed until now. Instead
we make use of the increase of the discriminative power
of the BT method in lower symmetric hosts. We analyze
the inQuence of the tetragonal crystal structure on the lo-
cal symmetry of the OH defect.

The structural cubic-to-tetragonal phase transition in
SrTi03 at T, = 10S K is described by a counterwise rota-
tion of the oxygen octahedra around one of the former
cubic axes, reducing the symmetry to the point group
D4& (4/mmm ). This leads to an unpolar, antiferrodis-
tortive, tetragonal phase; see Fig. 8. Because no preferen-
tial direction exists for the rotation of the octahedra, uni-
axial stress S is used while cooling the crystal below T, to
align the axes of the domains perpendicular to S. The
alignment is preserved, even with S removed. Practically
monodomain crystals with their tetragonal axis ziiI001]
are obtained when a pressure S»0 & 55 N/mm is applied
along the [110]direction. ' The tilting angle is q =2. 1' at
T=4.2 K"
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~(o& o) v(010) c2[101]

Sr,
Ti,

O Q2

OH
. (x(101)

FIG. 9. Schematic sketch of the energetically diferent sites
of hydrogen according to the OE {left part) and the CF {right
part) models in the tetragonal phase of SrTi03. The symmetry
elements, which are remanent from the cubic phase, are indicat-
ed for the sites related to the outer two components v& and vc.

The structural changes induce a temperature-
dependent splitting of the OH band into three com-
ponents v~ & vz & vc. ' These features are also observed
in the Raman spectra. Polarized absorption in mono-
domain samples' shows that the central line v& is polar-
ized perpendicular to the tetragonal (z) axis. Therefore
vz is associated to sites, where the OH dipole is oriented
within the xy plane. The outer two components v~ and

vc possess equal polarization components parallel and
perpendicular to z. This indicates an angle of 45' with
respect to the z axis.

In Fig. 9 we have sketched the energetically different
sites of hydrogen for the two competing models. The la-
beling was taken from Refs. 19 and 20. According to the
CF model the central line v~ is attributed to the ensemble
of eight equivalent sites generated by the two representa-
tive sites 1 and 2, while in the OE model vz is attributed
to the ensemble generated by the sites labeled IIIa and
IIIb. An assignment of the outer two lines v„and vc to
one of the ensembles generated by sites 3 and 4 of the CF
model has not been claimed. The assignment of vz to
ensemble II and vc to ensemble I in the framework of the
OE model is not stringent.

Both models have their drawbacks (for details see Refs.
19 and 20) and both can principally not be distinguished
by ir absorption. Even from electric-field-induced line
splitting patterns and from polarized absorption one can
only deduce information on the direction cosines of the
dipole moment poH. For each of the dipole ensembles I,
II, or [IIIa,IIIb ], in the OE model there is a correspond-
ing ensemble 3, 4, or [ 1,2 J in the CF model, respectively,
with the same direction of the dipole.

We start the discussion of the predictions of the BT
theory in tetragonal systems with a recapitulation of the
local symmetry elements in the cubic phase. In the CF
model there are a diagonal twofold axis C2 [101]and two
vertical mirror planes 0(010) and o(101), or equivalents
for the other sites, while in the OE model there is only
one mirror plane o(010), or equivalents (Fig. 9). Unfor-
tunately, the different symmetry groups 0', (CF)
=C2„[110]and 0&(OE)=C&&[010] lead to the same BT's
in cubic crystals. In the tetragonal phase the situation
becomes more complicated, but more favorable. '

First we concentrate on the sites of the CF model. Be-

cause of the tilting of the octahedra, only one symmetry
element is preserved for each site, namely, o(010} for
sites 3 and 4, and cr(001) for sites 1 and 2. This is be-
cause during the rotation of the octahedra sites 3 and 4
remain within the vertical o (010) mirror plane, although
leaving the center of the square; see Fig. 8. Hence for the
outer two lines v„and vc (site 3 or 4) the local symmetry
is 0', (CF,v„)=0', (CF,vc) =C&q(010) and for the central
line vs (sites 1,2) it is 0 t(CF,vs ) =C,h(001). From Table
VI in Ref. 24 we read the representative symmetries
0, (CF,v „)=0, (CF,vc )=C2 [010] and 0, (CF,vs )

=C2[001], for which according to Table II the tetrago-
nal BT 24 and BT 26 are expected, respectively.

Now we consider the situation for the OE model.
Upon rotation of the octahedron sites I and II move out
of the vertical mirror plane o (010) (see Fig. 9), while the
corresponding horizontal mirror plane o(001) of sites
IIIa and IIIb is preserved; see Fig. 8. The resulting local
symmetries of the sites are 0 &(OE,vz ) =OI(OE,vc) =C,
and 0&(OE,vs)=C&&(001). According to Table VI in
Ref. 24 these correspond to the representative sym-
metries 0

&
(OE,vz ) =0

&
(OE,vc ) =C

&
and 0

&
(OE,vs )=C2 [001],which are related to the tetragonal BT 21 and

BT 26, respectively, see Table II.
Comparing the predictions of both models we note that

the symmetry O', =C, h (001) and therefore the tetragonal
BT 26 for the central line vz is equal for both models.
The BT's for v~, vc in the CF model and for v„,vc in
the OE model differ in the IP s3. According to the OE
model, 0&(OE)=C&, one expects a nonzero intensity
I y

~ $3%0 (BT 2 1), while the existence of the vertical
mirror plane 0 (010) in the CF model, 0'&(CF)
=C&i, (010), forces this IP to be zero, s3=0 (BT 24).
Thus a discrimination between the two models is only
possible via the BT's of the outer two components v„and
~c

In Ref. 43 we suggested the only possible experiment to
test this difference. It is read from Table VI that even un-
der the constraints of birefringence the intensity I y $3,
i.e., and OGP with (a, b ) =(x,y), can in principle be real-
ized in any of the OGP sets 1, 2, 3, 5, or 6. However, ad-
ditional constraints arise because of the need to apply
uniaxial stress S~~[110] to obtain monodomain crystals.
This required the preparation of an unusual octagon-
shaped crystal for our investigations and an arrangement
like that sketched in Fig. 3 of Ref. 43. Such an arrange-
ment corresponds to OGP set 1 of Table VI.

The crystal was slowly cooled below T, in a liquid He
cryostat (0.5 K/min} while applying the S»o uniaxial
pressure. At T =50 K well below T, the pressure was re-
moved. From a measurement of all the independent
tetragonal IP's of the OGP sets 7 and 8 it was possible to
reconstruct the Raman tensor of a single defect.

The temperature dependence of the intensities
Iy y q & & and I„~q 3, integrated over al 1 the three well-
resolved subbands, shows a steady increase upon lower-
ing the temperature, apart from a significant dip at T, .
One cannot distinguish whether the dip is due to a
lowered detection efBciency as a consequence of refrac-
tive index fluctuations or critical opalescence near T, or
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another physical effect, which affects the polarizability
changes B(z/BQ of the OH stretch mode. The steady in-
crease can be understood by assuming that the polariz-
ability changes of the electronic charge distribution of the
OH bond are attenuated by the lattice vibrations. This
unexpected effect facilitated the precise measurement of
the low intensities for the BT analysis, especially in the
discriminating OGP*s with a lb.

The polarized spectra of Fig. 10 form the basis of the
BT analysis of v~, v~, and vc. The tetragonal IP's for
the individual subbands calculated from the polarized in-
tensities I-, b

of Fig. 10 are summarized in Table VIII.
The relevant characteristic IP relations can directly be
read from the spectra. For the central band v~ the IP
s, 2~I, vanishes, while s3 I

y is different from zero.
For the outer bands v„and v& it is found that s, =s2&0
and s3%0. That is, all three IP's s; (i =1,2, 3) are
different from zero. The other tetragonal IP's q, z, q3,
and r3 all are independent in the sense of the BT relations
given in Table II. Therefore we clearly determined the
tetragonal BT 21 for the outer bands vz and vc and BT
26 for the central band v~.

It will turn out in the following discussion that espe-
cially the existence or nonexistence of reAection sym-
metries lead to discriminating model decisions. In Table
IX we therefore combine Table VI in Ref. 24 and Table
II and display a useful extraction. The inspection of this
table reveals a direct correspondence between individual
mirror symmetries and related IP relations.

First we consider the central band v~. The tetragonal
BT 26 is related to the representative symmetry

0, =Cz [001];see Table II. One of the corresponding ac-
tual symmetries in Table VI of Ref. 24 is 0') = C)), (001).
The horizontal mirror plane (r(001) is compatible to the
predictions of both, the OE (for sites IIIa and IIIb) and
the CF model (for sites 1 and 2 indicated in Fig. 9). The
existence of the (r(001) mirror plane is the Raman ana-

log to the ir dichroism polarized perpendicular to the
[001] axis. According to Table IX one can say that the
horizontal mirror plane o (001) induces the IP s) 2 to be
zero. This is exactly our interpretation of the behavior of

The vanishing of s, 2 for v~ ensures that the crystal
was actually monodomain during the experiment. There-
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FIG. 10. Polarized Raman spectra of the OH stretch mode in

the tetragonal phase of SrTi03 recorded at T =50 K. Left part:
intensities measured to determine the IP's q1 „s„s2,and s3
from the OGP set 1. Right part: intensities measured to deter-
mine r3 and q3 from OGP sets 7 and 8, respectively.

fore the nonzero intensity I ~s3 is not a contribution
from polydomain regions in the crystal. Furthermore,
from the fact that the intensity ratios Iy y q& 2 and
I ~s3 for the outer lines v„and vc are different, we
can rule out that the nonzero IP s3 is a remanent of the
intense IP q, z.

Now we consider the outer bands v~ and vc. The CF
model predicts the existence of a vertical mirror plane
(r(010) for the related sites 3 or 4. From Table IX we
note that this would induce the vanishing of the IP s3.
This clearly contradicts the experimental result,
s3(v„)%0%s,(vc). Thus the nonvanishing of the IP s3
rules out the validity of the CF model and the existence
of a vertical mirror plane cr(010). '

Because of the observed BT 21, the local symmetry of
the outer bands v„and v& is 0, =C, . From this result
alone the directions of the dipoles are not at all deter-
mined. From the Raman data we only concluded the ex-
istence of a reAection symmetry for the sites related to
v~. In principle this still allows for any OH dipole direc-
tion within the mirror plane. But the fact that the dipole
axes make angles of 45' with the crystallographic axes
determines the direction to be along the oxygen octahed-
ron edge.

In addition to the model decision our Raman data al-

TABLE VIII. Summary of the IP's for the subbands v&, v~, vz measured in tetragonal SrTi03 at

T =50 K. For each subband the IP's are normalized to q, 2 in lines 4—8. In line 3 the IP's q1 & are nor-

malized to the most intense subband v&.

Line
frequency

q12 /q12~ vc ~

q3

S12

$3

vz /cm
3507.8

0.79+0.04
1.000

0.520+0. 109
0.517+0.068
0.082+0.021
0.244+0.012

21

v~/cm '

3513.7

0.44+0.03
1.000

2.190+0.460
0.859+0.118

(0.02
0.190+0.011

26

v~/cm '

3517.3

1.00
1.000

0.467+0.098
0.548+0.071
0.082+0.021
0.147+0.008

21

Uncertainty'

21%
13%
25%
5%

For the normalization of the intensities I-, b measured in different OGP sets.
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tervals for the tensor elements. They follow from the ex-
perimental uncertainties of the IP's, and are approxi-
mately +0.10 in the units used in Eq. (17).

As a surprising result and as a common feature of all
three tensors we note that the polarizability changes
along the axis parallel to the second octahedron edge,
perpendicular to poH, are particularly small. In Eqs. (17)
the corresponding elements are set in parentheses (

. ).
Contrarily, the diagonal elements for the third molecular
axis, along the cubic crystal axis, are even larger than
those for the dipole axis. The directions connected to
large diagonal tensor elements point towards other oxy-
gen ions. This indicates that the electronic orbitals of the
oxygen ions are strongly oriented and very easily polariz-
able in these directions. In this way, the OH defect ob-
served by means of Raman scattering can be regarded as
a sensitive probe for local electronic susceptibilities in the
lattice.

ELl[001]. This points to an almost complete poling by
the external electric field. The poling is retained even
after switching off the field E„„below T, . The outer two
lines v, and v3 possess an isotropic absorption.

The splitting and the polarization of the three com-
ponents of the OH band in KTL resemble the situation in
SrTi03, although the structure of the tetragonal phase is
different. The splitting in KTL is due to the interaction
poH. P of the OH dipole moment poH with the macro-
scopic inner polarization P resulting from the off-center
LiK ions. The low and high energetic components v& and
v3 in KTL are assigned to those sites with p OH com-
ponents antiparallel or parallel to the polarization P. For
the central line we have sites with poHlP. A distinction
similar to that for sites IIIa and IIIb in SrTi03 (see Fig. 9)
is therefore not necessary.

2. Predictions of the BTmethod ttnd results

C. Hydrogen in K& „Li„Ta03

1. Hydrogen centersin Kq „Li„TaOq

I
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FIG. 12. Polarized ir absorption spectra of the OH stretch
mode in a K, Li Ta03 (x =0.023) crystal, which was poled
with a static external field E„„~~[001],E„„)3 kV/cm upon
cooling below T, .

In K, ,Li„Ta03 (KTL) a phase transition is induced
due to the off-center displacement of the Li ions. "' It is
obviously established that for T (T, the Li ions occupy
off-center positions displaced along the cubic axes.
Kleemann and co-workers ' interpret the transition to
be of the order-disorder type into a polar ferroelectric
phase; Hochli and co-workers ' consider the

K, Li, Ta03 system as a model substance for a dipole
glass characterized by the absence of a long range order.

A splitting of the single cubic OH band into three com-
ponents has been observed for the x =0.023 sample used
in the present Raman experiments; see Fig. 12. In con-
trast to the notation for SrTi03 the subbands in KTL
shall be denoted 7& &vz&v3. A static external electric
field E„„~~[001](E„„)3 kV/cm) applied upon cooling
below T, leads to a pronounced dichroism of the central
line vz with maximum absorption for light polarization

The effect of Li doping or of the inner polarization on
the local symmetry cannot be predicted. If the influence
of LiK can be neglected, the vertical mirror plane o (010)
is preserved during the phase transition for sites I and II
(OE) as well as for sites 3 and 4 (CF). The local symme-
try of the outer bands 7, and v3 is at least OI =C, t, (010)
with s3=0. Contrarily, a strong influence of Li ions
would destroy the reflection symmetry and a nonzero s3
is expected.

If the polar character of KTL has only a minor
influence on the local symmetry of hydrogen, the hor-
izontal mirror plane o (001) is preserved for sites III (OE)
and sites 1 and 2 (CF), inducing the IP relation s, z =0. A
strong influence of the nonpolar character would destroy
the horizontal refiection symmetry and s,z@0 would re-
sult.

We note that in contrast to SrTi03 the horizontal
o (001) or cr(010) mirror planes do not allow a decision
because of equal IP's s; (i = 1,2, 3). A model discrimina-
tion is only possible in the case of a negligible influence of
LiK. In this case an additional diagonal vertical mirror
plane cr(110), i.e., 0', (vz, CF)= Cz, [110](110)(001),
occurs for sites 1 and 2 (CF) (see Fig. 9), with an addi-
tional IP relation r3 =q, z(BT 27). No such diagonal mir-
ror plane is present in the OE model. Therefore r3 and

q, z are independent (BT 26).
When applying an external electric field the three

characteristic IP's s; (i =1,2, 3) can only be obtained in

OGP set 5. In our Raman experiments we use a
K, Li TaO3 crystal, x =0.023+0.004, with a
T, =44+2 K. Unfortunately the unresolvable splitting of
the subbands does not allow studies of the isolated single
subbands; see Fig. 12. Neither the energetic splitting in-
creases nor the bandwidth decreases considerably when

going below the measurement temperature of 24 K to
suprafiuid helium temperature (1.5 K).

Again we need a monodomain crystal. Because of the
spectral overlap of v, and v3, absorption contributions to
vz for Et ~~z cannot be excluded. Therefore the polariza-
tion behavior of Vz is not a sensitive criterion for a mono-
domain state. SHG (second harmonic generation) experi-
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FIG. 13. Characteristic polarized Raman spectra of
the OH stretch mode in the tetragonal phase of
K& „Li„Ta03 (x =0.023) at T =24 K. Left part: unsmoothed

spectra; right part: PLSC smoothed spectra.

ments similar to those described in Ref. 46 have also been

performed with crystal used here and indicate an almost

complete alignment of 90' domains. In Fig. 13 we

present the polarized Raman spectra for the IP's q3 ~I„,
s3 ~ I~ ~, s2 ~ I,» and s, ~ I~, . The left part shows spec-

7 1

tra without smoothing, the right part after smoothing
with the PLSC (polynomial least squares convolution)

technique.
Because of the strong noise and, more serious, the

spectral overlap, the precise intensity ratios cannot be ob-
tained. However, the relevant behavior of the IP's can be
observed. In the spectrum I„~q3 all three bands over-
lap and yield a broad structure. This indicates that q3%0
for all three lines. The IP's s; show a complementary
behavior. For the central line v2 we observe s, =sz=0
and s&%0; for the two outer bands v& and v3 we find

s, AOAsz and sz =0. The IP's q, z and rz could not be
measured. According to Table IX these two IP's are
nonzero for all A modes. Together with this theoretical
result, we identify the tetragonal BT 24 for v, and v3.
For vz only BT's 26 or 27 are in question. Without
measuring I"3 and q& 2 one cannot decide further between
these BT's.

3. Discussion

At first we consider the BT's of the outer lines v& and

v3 From all the possible actual symmetries in Table VI
of Ref. 24, to which the observed BT 24 belongs, only
0& =C&&(010) is compatible with the structure of KTL.
The o(010) mirror plane is compatible with a collective
off-center displacement of the LiK ions along z~~ [001]and
the influence of the external poling field. For a weak
influence of the LiK ions the o (010}mirror plane is ex-
pected for both the OE and CF models in KTL.

Assuming a homogeneous distribution of the LiK, we
expect that only each X=3.5th unit ce11 contains one LiK
for x =0.023 (N=x '~ ). Thus the distance OH-LiK is
large enough to suppress the interaction of both, because
the OH symmetry is dominated primarily by the
Coulomb interaction with the ions in the very next envi-
ronment. In contrast to SrTi03 the outer bands in KTL
are of minor importance.

We turn to the behavior of v2 and use similar argu-

ments as before. The vanishing of the IP's s, 2 indicates
at least the existence of a horizontal o (001) mirror plane,
i.e., 0& =C&&(001) or higher; compare Table IX. This
appears to conflict with the polar character of the tetrag-
onal phase of KTL, which does not possess a horizontal
reflection symmetry. Even the argument that the local
symmetry of hydrogen is determined only by the posi-
tions of the surrounding nearest ions, such that the
influence of the off-center LiK might be negligible, does
not suSce to solve the conflict: the ferroelectric polariza-
tion induces an off-center position also of the Ta + ions.
Without quantifying the Ta + displacement, Fujii and
Sakudo detected a breakdown of the inversion symmetry
in pure KTa03 by means of electric-field-induced SHG.
The size of their electric field (some kV/cm) was compa-
rable to the polarization field in KTL. The off-center
displacement of Li~; 5=(126+2) pm, ' is about one-
quarter of the lattice constant. From extended x-ray-
absorption fine-structure (EXAFS} measurements the
much smaller displacements of the ions in the center of
the oxygen octahedron could be determined for materials
closely related to KTa03.Li. For KTa03.Na Yacobi
et al. found 5=14 pm along (111) for Ta +. In
KTa, „Nb„Oz with x =0.09 at 70 K the value 5=14.5
pm was estimated for Nb + along (111). Another ar-
gument in favor of the expected breakdown of the o (001)
reflection symmetry follows from the comparison with
the Raman data for SrTi03. The displacement of the
0 ions due to the rotation of the oxygen octahedra
(q=2'} is 5=7 pm. The related breakdown of the verti-
cal minor plane was clearly detected in the Raman spec-
tra in the behavior of v„and vc (s3%0).

Now arguments shall be collected which may explain
the observed Raman data for KTL. Even though 5 z in

SrTiO& is of the same order as the expected 5T, in KTL,
the influence of these displacements on the local symme-
try 0

&
of hydrogen may be much stronger in SrTi03 than

in KTL. This is because in SrTi03 it is just the 0 ion
to which the hydrogen is bound, which changes its posi-
tion. Furthermore the reconstructed Raman tensors
[Eqs. (17)] in SrTiOz indicate the strong anisotropic elec-
tronic polarizability of the OH mode with a strong cou-
pling to the oxygen sublattice. This finding and the fact
that in the OE model the proton occupies a site on the
O-O bond favor the assumption that 0', is almost com-
pletely determined by the structure of the oxygen sublat-
tice. The oxygen sublattice preserves a horizontal
reflection symmetry even in case of a tetragonal elonga-
tion along [001). Finally the obserued IP relation s, z =0
for v2 in KTL may be a consequence of an accidental de-
generacy of an actual BT with s& zAO. The poor signal-
to-noise (S/N) ratio of the spectra in Fig. 13 and the spec-
tral overlap of the outer bands v& and v3 do not allow one
to prove the vanishing of s& 2 for v2 with better accuracy.

A distinction involves a test of the equality or non-
equality of r3 and q& 2, respectively. Such a test is ham-
pered by the experimental constraints. However, the ob-
viously negligible influence of the Li~ ions on the OH de-
fect and the lattice constant in KTL, which is nearly
identical to that in SrTi03, favor the application of the
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OE model also for KTa03.Li. Consequently this means
that the different behaviors of the tetragonal Raman IP
s3 for SrTi03 (Fig. 10) and KTa03:Li (Fig. 13) reflect the
difference between the polar off-center character in the
tetragonal phase of KTa03:Li and the antiferrodistortive
structure of SrTi03.

D. Hydrogen in TiQ2

l. Models for the OH defect in Ti02

0 Ti 0 0 Ti 0

G G ~ C)
' BOE NBOE

01 2 3(A)

+ l +
+ / +

+ +b$ +

+ / +

FIG. 14. Schematic sketch of the crystal structure of TiOz
(rutile). The left part redrawn from Ref. 55 emphasizes the oc-
tahedral arrangement of the oxygen ions. The —Ti —0—0—
sequence is directed along [110] or [110]. The right part
redrawn from Ref. 58 represents a cut through the basal {001)
plane. The hydrogen sites according to the OBOE and BOE
models are sketched by the arrows in the left part. The sites
( —,.', —', 0) and a', a" of the BOE and MBOE models, respectively,
as well as the sites ( —,', 0,0) and b', b" of the CC and MCC mod-

els, respectively, are indicated in the right part.

Several ir absorption studies of the OH stretch mode at
vQH=3277 cm in TiOz lead to various atomistic mod-
els proposed for the proton sites. (i) Guided by the
empirically established correlation of vQH with the dis-
tance R Q Q in an 0—H 0 configuration, van Hippel
et al. proposed the protons to vibrate onto those edges of
the TiOz octahedra which do not lie in the basal (001)
plane. %e call this the nonbasal octahedron edge
(NBOE) model. The sites are illustrated in the left part of
Fig. 14, which emphasizes the stacking of oxygen octahe-
dra along the tetragonal axis of TiO2. A dichroism per-
pendicular to the z axis ' selects proton sites on 0—0
bonds within the basal plane; see the right part of Fig. 14.
(ii) The site adjacent to ( —,', —,', 0) lies on the diagonal oc-
tahedron edge, the shortest 0—0 bond (252 pm) oriented
along [110]. We call this the basal octahedron edge
(BOE) model. (iii) The site at ( —,, 0,0) in the center of the

open channels, which traverse the crystal parallel to the
optical axis, shall be called the channel center (CC) model
( R o o =333 pm). Although approximate potential calcu-
lations favor the BOE model, Johnson et al. preferred the
CC model. " Because of another empirically established
correlation of the bond length r, =RQ H with RQ Q in an
0—H . - 0 configuration' the bond lengths are expected
to be r, = 106 and 96 pm for the BOE and the CC models,
respectively. Therefore the proton will be shifted along
0—0 towards either oxygen ion. (iv) The resulting pro-
ton positions a' and a" shall be referred to as the

modified BOE (MBOE) model and (v) the sites b' and b"
as the modified CC (MCC) model. In the modified mod-
els the proton vibrates in a double well potential. For the
MCC model the corresponding splitting of the OH band
is expected to be smaller than 0.1 cm ', well below the
room temperature linewidth (20 cm ), while for the
MBOE model it would be larger than 100 cm

All models discussed so far have their drawbacks. The
NBOE model cannot explain the strong dichroism, while
the (M)BOE and the (M)CC models contradict the empir-
ical correlation between VoH and Ro o. The (M)BOE
and the (M)CC models can principally not be dis-
tinguished by means of polarized ir absorption, because
an isotropic behavior of the dipole ensembles within the
basal plane is expected and observed. From the angular
dependence of the electron paramagnetic resonance
(EPR) of Fe + impurities associated with protons Ander-
son et al. deduced the proton site to be (0.56,0.11,0).
Elaborate potential calculations of Bates et al. yielded
(0.57,0.12,0). Both investigations are only indirect hints
in favor of the MCC model, while a conclusive spectro-
scopic investigation is still missing.

2. Predictions of the BTmethod and results
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FIG. 15. Polarized Raman spectra of the OH stretch mode in

TiOz (rutile) measured in OGP set 1 (left part) and OGP set 7 as
well as OGP set 8 (right part).

In Fig. 14 it is easy to see the different characteristic
symmetry elements of the point groups 0

&
belonging to

the various models. For the NBOE model there are nei-
ther mirror planes nor twofold axes; therefore O', =C,
with BT 21. Because rutile possesses an unpolar phase,
the sites of the CC and MCC models lie within a horizon-
tal mirror plane o(001), i.e., O', =C, t, (001). This in-
duces the vanishing of the IP's s, 2 (BT 26). The sites of
the BOE and the MBOE models, which also lie in the
horizontal mirror plane cr(001) (s& 2=0), possess an ad-
ditional vertical diagonal mirror plane o(110). This in-
duces the IP relation r3=q& 2. Both reflection sym-
metries fix the proton site on the basal octahedron edge,
i.e., O', =Cz„[110](110)(001). The combination of
s, &=0 and r3=q& z makes up a tetragonal BT 27. In
summarizing we note that all models [NBOE, (M)BOE,
and (M)CC], can be discriminated by Raman experi-
ments.

Two Raman bands are clearly observable in the spectra
displayed in Fig. 15. The prominent band centered at
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TABLE X. Normalized IP's of the OH stretch mode in Ti02 for the main band (v0=3277 cm ') and the Al+'-associated sate11ite

peak {vA,—3325 cm ').

OH band

3277 cm
3325 cm

qi2{&Ai)
a

q g2(&0)

100.0
7.02+1.93

b
qlZ

100.0
100.0

8.26+0.86
8.50+5.50

57.70+4.4
100.0+5.0

Sl

0.0+0.3
0.0+5.0

$3

6.78+0.27
11.5+6.50

26
27

'Main band vo normalized to 100%.
IP's q» normalized to 100%.

3277 cm ' (main band) belongs to the undisturbed pro-
ton sites, while the satellite peak at 3325 cm ' has been
attributed to protons associated with Al + impurities.
From the integrated peak intensities of Fig. 15 we calcu-
lated the normalized IP's for both bands summarized in
Table X.

For both bands we can directly read the characteristic
IP relations s& =s2=0 from the two lower spectra in the
left part and the lowest spectrum in the right part of Fig.
15. For the main band the other IP's yield a BT 26. For
the satellite peak we find a zero intensity for the OGP
(a,b)=(xy, xy), checked in both OGP sets 7 and 8. The
measurement of this intensity provides a direct and sensi-
tive test for the characteristic behavior of the IP r3, be-

cause one has I =0 r3=q, 2. We observe a BT 27
Zy, Zy

for the Al +-associated protons.

3. Model decision and tensor reconstruction

The existence of a horizontal mirror plane o (001) for
the main OH band clearly excludes the old NBOE mod-
el. From the result I %0 it follows that r3%q, . Ac-

Xy, Zy

cording to Table IX this excludes the existence of a verti-
cal diagonal cr(110) reflection plane and therefore the va-
lidity of the (M)BOE models. For Oi =C,h(001) all di-

pole directions apart from the [110]or [110]octahedron
edges are compatible. Therefore the incorporation pre-
cisely along the 333 pm 0—0 bond across the open chan-
nels cannot be proved from our data alone. This follows
from the general tendency of interstitial hydrogen to
form 0—H 0 configurations, as was confirmed in oth-
er oxides, e.g., for SrTi03 (see Sec. IVB) and is strongly
assumed for LiNb03/LiTa03.

The vanishing of I for the satellite peak indicates

r3 q, and is related to an additional o.( 1 10 ) reflection
plane. Accidental degeneracy of behavior types is ex-
cluded for the Al + satellite peak: a precise evaluation of
the intensities in Table X for both peaks in the spectra re-
veals an almost constant intensity ratio independent of
the scattering geometry. If this held also for I, then

Xy, xy '

by comparison with I„the detection efficiency of the ex-
periment would have been sufficient to detect a nonzero
I„„also for the satellite peak. Therefore we are sure
that the relation r3=q& 2 deduced from I =0 actually

Zy~Zy

reflects the cr(110) mirror plane. Consequently we as-
sume the A1 -associated protons to be incorporated
along the basal octahedron edges according to the BOE

or MBOE model. In order to preserve the local symme-

try Oi=Cz, [110](110)(001),the associated Al + ion
must also be located on the Cz [110]axis. Because of the
deviating charge state of the Al + impurity on the Ti +

site and the Coulomb interaction with the proton, an off-

center displacement is expected. From the symmetry and
the orientation of the Fe +-OH complex the displace-
ment is likely to occur along [110]. Any displacement
along this direction is compatible with the detected
Ci„[110]symmetry of the Al +-OH center. In TiOz we

are therefore confronted with the result that Al +-
associated protons possess a higher symmetry and occupy
different sites than the protons on the undisturbed sites.

Because of 0, =C,„(001)the Raman tensor T for the
main band contains only four independent elements.
This allows one to reconstruct T by solving Eqs. (9)
without further assumptions. We transform T from the
crystal frame to the defect frame (x,y, z) assuming the
MCC model. The proton at b'=(0. 57,0. 12,0) is bound
to the 0 ion at (0.805,0.305,0); see Fig. 14. We select

z(~poH (the OH dipole moment), y ~~[001], and x perpen-
dicular to both. We obtain two different solutions for T
from the IP's of Table X, namely,

r —2.06 +0.22

+0.22 +0.28

1.00

(18)

1.34 +0.11

Tyg =+ +0.11 +0.14

1.00

Both solutions show similar characteristics: (i) The po-
larizability changes T perpendicular to the basal plane
and the off-diagonal tensor element T are comparably
small. (ii) Within the basal plane, the derived polarizabil-
ity T perpendicular to the dipole axis is even larger
than the value T along pDH. This indicates a strong
deviation from the case of a free OH molecule with C„„
symmetry, for which one would expect zero off-diagonal
elements and T „=T AT, . These findings reflect the
results from the potential calculation of Bates et al. :
The defect structure and the significant deviations from
the free molecule properties are determined by the elec-
trostatic interaction of the proton with the surrounding
lattice ions in Ti02 rather than the O —H . . 0
configuration.
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K. Hydrogen in LiTaO3/LiNbO3

The optical, electrical, and acoustical properties are
influenced by a variety of intrinsic and extrinsic de-
fects. ' The results of numerous ir spectroscopic inves-
tigations of the OH stretch mode in LiNb03 were surn-
marized by Kovacs et al. Comparably few work has
been published for LiTa03, e.g. , Ref. 12. Earlier Raman
investigations of the OH stretch mode were performed
for LiNb03 (Ref. 63) and LiTa03, but without the BT
method extended to trigonal crystals yet available.

stacking sequence results, in which two sequentially
neighboring centers of oxygen octahedra are not occu-
pied by cations. The preferred site of the proton would
be in the intermediate oxygen plane for simple electro-
static reasons.

Because of the isotropy of the absorption in the hor-
izontal (001) plane, the direction of the potential
minimum for the incorporation of the proton cannot be
concluded from ir spectroscopy for all models discussed.

2. Symmetry aspects and results

1. Crystal structure and proton doping

LiNb03 and LiTa03 possess the same trigonal crystal
structure. Above the Curie temperature of T&=1210'
(620') they form an unpolar phase with point group
G'=D3d(3m). In the polar ferroelectric phase this
reduces to G'=C3„(3m). Between oxygen planes a stack-
ing sequence, Nb(Ta)-vacancy-Li-Nb(Ta)-vacancy-Li of
the cations, exists. One finds 0—0 bonds with three
different O-O bond lengths in the oxygen triangles of
each oxygen plane. A part of an oxygen plane is sketched
in Fig. 16, where the O-O bond lengths occurring in
LiNb03 and LiTa03 are indicated.

At room temperature the OH absorption band exhibits
an obvious structure of subbands and it is perfectly di-
chroic perpendicular to the z axis. Herrington et al.
decomposed the spectrum into two bands, which were at-
tributed to the shortest O-O bonds in two nonequivalent
local environments, in particular the sites labeled 1 and 2
in Fig. 16. Kovacs et al. proposed a three-band decom-
position, where the three subbands are attributed to pro-
ton sites on the three 0—0 bonds with three different
bond lengths. Because these bonds are embedded in
different cation environments, they assumed the sites (1,
2), (3, 4), (5, 6) from Fig. 16 to be energetically degen-
erate. A description of the band using four transitions
leads to a considerab1e improvement of the fit of the band
shape compared to that using only three transitions.

The intrinsic defects are explicitly taken into account
in the model of Birnie. When Nb(Ta) ions occupy va-
cant Li sites between adjacent vacant Nb sites, then a

Because of the different cation environment and the ab-
sence of a horizontal mirror plane o (001) in the ferrolec-
tric room temperature phase, all models result in the
same local symmetry of the defect, 0, =C, . In all cases
the minimum trigonal BT 12 of Table IV is expected;
therefore a distinction between the models based on po-
larized Raman measurements is not possible.

But the local environment in the model of Birnie
might simulate a local 0(001) reliection symmetry. A
horizontal mirror plane 0(001) would effect the form of
the Raman tensor, such that T&2

= T2z =0 (see Table V of
Ref. 24). According to Eq. (11) this would induce the IP
relation s) =s2 ——si 2 =0.

Our investigation includes a reexamination of the Ra-
man data of Refs. 63 for LiNb03 and Ref. 64 for LiTa03.
To avoid difhculties with intensity ratio changes due to
proton doping we measured undoped LiTa03 samples.
The resultant spectra are displayed in Fig. 17. Redun-
dant checks were performed in the OGP sets 1, 2, and 5
in order to compensate for different detection efficiencies
arising from the pronounced fanning of the laser beam
due to the photorefractive effect ("optical damage") in
OGP's with a ~~z. The measured values of the IP's q; and

s, (i =1,2, 3) are summarized in Table XI and compared
with the data of Ref. 64 for undoped and proton- and
deuteron-doped LiTa03.

3. Discussion

From Fig. 17 we read s, 2&0, ruling out the model of
Birnie expecting s, &=0. This holds also for proton-
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FIG. 16. Schematic representation of an oxygen (001) plane
in LiNb03/LiTa03 with the three 0—O bond lengths given for
both materials. The original figure from Ref. 60 was slightly
modified.
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TABLE XI. Summary of IP's for the OH stretch mode in LiTa03 and comparison with the results
from Ref. 64.

Experiment

LiTa03, as grown'
LiTa03, as grown
LiTa03, H doped
LiTa03, D doped

'This work.
Reference 64.

100+3
100+40
100+9
100+5

18+3
50+25
8+2
9+2

$1,2

8.1+1.0
&10
5+3
10+3

$3

5.3+0.6
&10
5+3
4+3

and deuteron-doped LiTa03 (Ref. 64) and LiNb03 sam-

ples with various Li/Nb composition ratios and ex-

cludes a horizontal mirror plane o (001) even in local ap-
proximation. Therefore the symmetry of the OH stretch
mode re6ects the different cation environment above and
below the oxygen plane.

The results s& &%0 and s3%0 also exclude the trigonal
BT 25 related to 0& =C3[001]or D3[001],i.e., an orien-

tation of the OH dipole along the trigonal axis. As a re-
sult we conclude that the symmetry of the OH stretch
mode in LiNb03 and LiTa03 is as low as 0&=C&,
preventing any stringent model discrimination in the
LiNb03 family. This finding can be generalized: Because
of the comparable low symmetry 6' of trigonal crystals,
there are only few possible different symmetries 0& CG'
for a local mode to be distinguished. Therefore an exten-
sion and application of the BT theory to still lower sym-
metric crystals, such as the orthorhombic crystal system,
does not appear very promising.

V. SUMMARY AND PERSPECTIVES

The scope of the present report is the investigation of
hydrogen defects in a variety of prototype oxidic crystals
by means of polarized Raman scattering from the OH
stretch mode. The Raman intensities reAect the symme-
try of the dynamical mode. The theoretical basis neces-
sary for the interpretation of the spectra and the basic ex-
perimental requirements for the performance of con-
clusive polarized Raman measurements are described
generally and independent of any specific defect system.
Then the focus is turned to hydrogen defects in the
perovskite systems (SrTi03,KTa03,K, „Li„Ta03), the
rutile system (TiOz), and the LiNb03/LiTa03 family. We
discuss the specific experimental constraints related with
these systems. Then we put the emphasis on the interpre-
tation of the Raman spectra in the framework of the
developed theoretical method.

The underlying theory is the Raman behavior-type
(BT) method introduced recently for cubic crystals. We
have extended the method to tetragonal and trigonal
systems. A set of suitable quantities, the so-called inten-
sity parameters (IP's), is introduced. The IP's are related
in to the polarized intensities I-, b, which depend on the
polarization vector of the incident (a ) and scattered (b )

light. The symmetry-induced form of the Raman tensor
leads to simple algebraic relations between the IP's. The
set of these relations is called the actual BT of a mode.

The IP relations can be checked in an experiment. From
these data all those possible actual symmetries of a mode
can be excluded for which the actual BT is not compati-
ble with the observed BT. The method consists of an ap-
plication of a set of extensive tables, which contain the
results of a priori calculations of the actual BT, for all
possible modes with all irreducible representations com-
patible with the crystal symmetry. The calculations in-
clude symmetry considerations only.

Lowering of the cubic crystal symmetry leads to a de-
crease of orientational averaging. The discriminative
power of the method is considerably increased. On the
other hand the optical anisotropy and birefringence in
the uniaxial (tetragonal and trigonal} systems necessitate
additional scattering geometries to exploit the complete
symmetry information. In particular, all A-type modes,
to which the OH stretch mode belongs, possess a different
BT for each representative symmetry.

Raman measurements of the OH stretch mode band in
differently prepared SrTi03 crystals and K& „Li,Ta03 in
different compositions (x =0,0.018,0.023 } aimed at a de-
cision between three models discussed in the literature for
the hydrogen incorporation in perovskite crystals.

The cubic-to-tetragonal phase transition in SrTi03 in-
duces a splitting of the single cubic OH band into three
components v~ & vz & vc. Application of the BT method
to this component favors the octahedron edge model with
the proton vibrating along the O-O bonds of the oxygen
octahedron.

The measurement of all independent tetragonal IP's for
all three subbands in SrTi03 allowed us to reconstruct
the molecular Raman tensors in the defect frames of
reference related to the different sites. The OH defect be-
comes a probe of local dielectric susceptibilities. The po-
larizability changes are extraordinarily strong on the oc-
tahedron edge parallel to the dipole moment pQH and the
(former cubic) axis perpendicular to poH. They are
surprisingly weak on the octahedron edge perpendicular
to poH.

The OH defect has also been investigated in mono-
domain tetragonal K& „Li„Ta03 (x =0.023). For
x &x, =0.022 the Liz ions freeze in an off-center posi-
tion along the [001] axis. As in SrTi03, the OH mode
splits into three components. The analysis of the polar-
ized Raman data shows characteristic IP relations result-
ing in a vertical mirror plane cr(010) for the sites of the
outer bands and a horizontal mirror plane o.(001) for the
central band. This result could not a priori predicated,
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because the effect of the Liz impurities on the local sym-
metry of the protons could not be estimated. A statistical
distribution of the Liz ions might destroy the vertical
mirror plane o'(010) and the polar off-center displace-
ment contradicts the horizontal reflection symmetry
o(001). The present Raman results seem to indicate that
the local symmetry experienced by the OH defect is only
determined by the configuration of the nearest neighbors
or the oxygen sublattice and not by the global symmetry
of the lattice. Assuming the OE model to hold also for
K, „Li Ta03, then the different behavior of the IP's for
the outer two bands v&, v3 with respect to that of v~, vc
in SrTi03 is able to reAect the difference between the po-
lar off-center character in K, Li,Ta03 [o.(010)~s3
=0] and the antiferrodistortive structure of SrTiO,
[breakdown of 0(010)~s3=0] in the Raman spectra of
OH."

For the specific tetragonal structure of rutile (Ti02) the
application of the BT method appears to be especially
efficient and successful. For each of the models for the
incorporation of hydrogen proposed in the literature
another O-O bond with characteristic local symmetry is
related to, see Ref. 25. For the main band and the Al +-
associated satellite peak we found IP relations exclude
the so-labeled nonbasal octahedron edge (NBOE) model.
The absence of further IP relations also excludes the
basal octahedron edge (BOE) and the modified (MBOE)
models, 0', (BOE)=Cz, [110]. The observed C, i, (001)
symmetry is in accordance with the channel center (CC)
model or the modified (MCC) version, supported by EPR
investigations and theoretical potential calculations. In
contrast to this we found for the Al +-associated band an
additional diagonal mirror plane 0 (110). This points to a
Cz„[110](110)(001)symmetry, which is characteristic for
the BOE or MBOE model.

Furthermore, Raman measurements were performed
with LiTa03 crystals representative of the LiNb03 fami-

ly. Theoretical analysis based on the extension of the BT
method to trigonal systems shows that some of the
characteristic trigonal IP relations become more compli-
cated than those in cubic and tetragonal crystals. Be-
cause of this, the IP relation belonging to a vertical
0(100) mirror plane could not be tested with sufficient
experimental precision. According to the low symmetry
of the LiTa03 lattice the Raman data indicate a O', =C,

site symmetry. This does not allow any conclusion con-
cerning a specific dipole site or dipole direction. Accord-
ing to the model of Birnie, which explicitly includes the
intrinsic Li-deficient structure, a horizontal o (001 )

reAection symmetry might be expected in local approxi-
mation. This notion can be excluded from the Raman
data.

Some interesting theoretical and experimental prob-
lems arise from the results of the present investigations.
On the theoretical side the strong increase of the discrim-
inative power of the BT method upon lowering the cubic
crystal symmetry renders an extension to hexagonal crys-
tals, G'=D6„(6/mmm), h'=24, highly appreciable. Be-
cause of D6& =D6 Xi, the treatment can be reduced to
G =D6(622), h = 12. This point group contains a
variety of subgroups, i.e., possible representative sym-
metries of local modes, which may be distinguished with
Raman experiments. In trigonal crystals the low symme-
try and the resulting small number of distinguishable
representative modes indicate that further extension to
still lower symmetric systems, such as orthorhombic
crystals, does not appear to be fruitful.

From the experimental point of view BT investigations
of the OH stretch mode in BaTi03 would be interesting.
The material is tetragonal at room temperature. A
speculation arose from ir absorption data that diverging
from the OE model the protons might occupy sites ac-
cording to the CA model. ' An interesting question
arises also in SrTi03 concerning the problem of the
strength of the inhuence of the global symmetry of the
crystal on the local symmetry relevant for the hydrogen
defect. In this incipient ferroelectric material ferroelec-
tric phase transitions are induced upon the application of
uniaxial stress, e.g. , along [100] or [010]. Similar to
K, ,Li Ta03 the question arises whether the polar char-
acter is able to break the horizontal mirror planes
of the OH defect. Possible comparisons with the
LiNb03/LiTa03 systems may arise in the trigonal phase
induced upon pressure on the (111)planes.
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