2 ANION-VACANCY PROCESSES OCCURRING AFTER - - -

In these conditions, one obtains after simple but
lengthy algebra

o/f =f'/f = (KpZpTr /Kpe Zy7)2
for any value of the illumination time after the ini-

tial transient. The situation is, therefore, similar
to that found under irradiation. During an interrup-
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tion, anion vacancies are lost by trapping, and con-
sequently, on resuming illumination, a new equilib-
rium is reached with the same value for the ratio
v/f but a lower concentration of vacancies (filled
or not). It follows immediately that Av~ Af, re-
lating the change in vacancy concentration during
the dark time to the fast decrease in F-center con-
centration upon resumption of the illumination.
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Polarized infrared reflectivity measurements have been made on single-crystal LiTaOg in
the frequency range 20 — 10000 cm™! at 300 °K. Kramers-Kronig and classical-oscillator dis-
persion-theory analyses of these data have yielded values for the frequency, strength, and
linewidth of the infrared-active transverse optic modes and longitudinal optic modes. Analysis
of the far-infrared interference spectrum yields values of 41 and 40 for the ordinary and extra-
ordinary clamped dielectric constants, as well as values for their temperature dependence and
dispersion. A calculation is made of the spontaneous polarization in LiTaO; and LiNbOj3 using

the x~ray ion displacements.

I. INTRODUCTION

LiTaOj; is an optically uniaxial trigonal crystal
belonging to the point group 3m. It was found to be
ferroelectric by Matthias and Remeika' and to ex-

hibit large electrooptic effects by Lenzo et

al.? The ferroelectric transition temperature

is approximately 900 °K. With the production of
high-quality single crystals of LiTa0O;,® there has
been increased interest in the material for use in
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nonlinear optical experiments as well as for elec-
tro-optic device applications. * Detailed x-ray dif-
fraction® and neutron diffraction® studies show
LiTaO; to have the same crystal structure as LiNbOj.
The present work parallels an earlier infrared study
of LiNbQ,;.” In that study the symmetry types of the
vibrational modes and the mode softening (i.e. ,
vibrational frequency approaching zero) at the fer-
roelectric phase transition were analyzed theoreti-
cally and experimentally, Most of that analysis
applies here and will be referred to where appropri-
ate, The main results of the present work are the
reflectivity spectra which allow assignment of
strengths and frequencies to most of the polar vi-
brational modes predicted by group theory. The
strongest modes produce considerable dispersion
and absorption of the dielectric constant in the far
infrared. These effects have been measured sepa-
rately using transmission spectroscopy and yield,
along with other quantities, the clamped dielectric
constants,

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The samples of LiTaO; used for this experiment
were grown from a melt using the Czochralski pull-
ing technique.® The boule was electrically poled
just below the ferroelectric transition temperature
to create a single-domain sample.® A rectangular
shaped slab 0,3x1.6x1.2 cm, having the ¢ axis
perpendicular to its long dimension was cut from
the center of the boule, lapped, and then polished
with 1-p diamond compound. Polarized reflec-
tivity measurements with the electric vector per-
pendicular and then parallel to the ¢ axis (E le
and Ell ¢) were made in the wavelength region
5-200 u using methods described in earlier work.®
Two other samples of LiTaO; were lapped down to
a thickness of 30 and 147 u for transmission mea-
surements below 90 cm™! using a far infrared
Michelson interferometer.

A Kramers-Kronig analysis of the reflectivity
data was made for each polarization to obtain the
real and imaginary parts of the dielectric function
€. From the plot of the imaginary part (€’’) of the
dielectric function versus frequency, the parameters
of the transverse-optic (TO) infrared-active phonon
modes can be estimated. Using such estimates for
the values of frequency, strength, and linewidth,
fits to reflectivity were carried out using an ex-
pansion of the dielectric function in a sum of clas-
sical-oscillator terms:

S, w?
€=€w+Zj 5 P
wj-w -y,

(1)

This procedure is explained in detail by Spitzer

and Kleinman® and has been used for LiNbO,;.” By
varying the parameters of each oscillator to obtain
the best fit of theory to the reflectivity data, we ob-
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tain more accurate values of the TO-mode param-
eters w;, S;, and y; than could be estimated from
the original Kramers-Kronig analysis. A similar
expansion of 1/€ could be carried out!® to obtain

the longitudinal-optic - (LO) mode parameters by
accurate fits to the reflectivity. There is generally
less interest in the LO modes because they do not
contribute directly to infrared absorption, so we
quote the LO frequencies obtained from the oscil-
lator expansion of €.”

At high frequencies (above 500 cm™!), the reflec-
tivity flattens out and the Kramers-Kronig analysis
suggests that € (1) and € (1)) both approach 4. 5.
Accurate refractive index data!! show that the index
n=ve is slightly anisotropic (less than 0.5%) and
does not flatten but rises rapidly in the visible due
to electronic resonances. We have analyzed the
published index curves!! to derive €., the effective
high-frequency dielectric constant, as was done
previously for LiNbQ,.” At frequencies below all
optical phonons, but well above any piezoelectric
resonances, the dielectric function is again fairly
flat. This clamped dielectric constant, usually de-
noted €,, is obtained from the oscillator-fit proce-
dure by taking the sum of €, plus all mode strengths
used to fit the reflectivity spectrum.®

Transmission measurements made on the thin
samples of LiTaO; showed interference peaks., Fits
to the transmission spectra using standard inter-
ference formulas were used to obtain the attenuation
at very low frequencies. In addition these fits were
used to predict more accurate values of €, using
the interference peaks and an accurate measurement
of sample thickness.

III. RESULT AND DISCUSSION

A. Optic Modes

Figures 1 and 2 show the reflectivity data for
each polarization. The bottom of each figure shows
the plots of the imaginary part of the dielectric
constant Im(e) and Im (-1/€) obtained from the
Kramers-Kronig analysis of the reflectivity data.
Peaks in Im(e) correspond to TO modes and peaks
in Im (—1/€) correspond to LO modes. As discussed
above, fits to the reflectivity were carried out to
obtain accurate mode parameters, Tables I and II
show the mode parameters. The tables show also
the values of €, determined by analysis of the index
of refraction. As in LiNbQ;, we expect nine trans-
verse and nine longitudinal E symmetry (E Lc axis)
fundamental modes.” The Im(€) spectrum shows
only six strong TO modes, but the (some quite
weak) or even more, depending on how accurately
the reflectivity must be fit. Because of this dis-
crepancy in the number of modes observed, a
separate discussion is given below of the mode
assignments and several comparisons are made

with the Raman spectra of Kaminow and Johnston!?!®
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FIG. 1. Reflectivity and dielectric functions for E

symmetry modes of LiTaO;. The parameters associated
with the solid curve at the top are listed in Table I.

(KJ). For E Il ¢ axis (A,-type modes), group theory
predicts four TO and four LO modes.” Table II lists
three strong TO modes and two weak modes. The
discussion given below suggests that only three of
these modes are fundamental lattice vibrations.

In Tables I and II, TO-mode frequencies are
generally precise to better than one-fifth of the
linewidth quoted., The LO frequencies corresponding
to main peaks in Im (-1/€) have the same accuracy
where the appropriate linewidth is that shown in the
Im (-1/€) spectra in Fig. 1 or 2. The frequencies
of other LO modes have a precision which may be
less than that of the stronger modes but which can
only be quoted by making a separate study of the ef-
fects of the mode on the reflectivity spectrum.

£l ¢ Axis Mode Assignments

There are four A,-type vibrations expected on
the basis of group theory.” These modes are all
both Raman and infrared active. These vibrations
are split into four pairs of TO and LO modes. To
shorten the discussion we will consider only the TO
modes. Im(e) (Fig. 2) shows three main peaks plus
weak fine structure. KJ find these same peaks as
prominent features in the Raman spectrum.? 13
Comparisons with the corresponding Raman spectra
of LiNbQ,"!%13 leave little doubt that these TO modes
at 200, 357, and 596 cm™! are fundamentals. For
the fourth mode we must choose between 253-cm™!
Raman mode seen by KJ or the fairly strong 657-cm”
infrared mode which caused a prominent dip in re-

1
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flectivity (Fig. 2). The reasonably large infrared
strength of the 657 mode and its presence (at

648 cm™') in the Raman spectra suggests that it is
fundamental. Many oxides, however, show extra
spurious modes on the top of restrahlen bands very
similar to the 657 mode here.®*'!5 To test the
253-cm™! mode reported by KJ, we have inserted
this mode in our oscillator fit to the reflectivity.
The measured reflectivity rules out a mode with
exactly the parameters quoted by KJ but there is
enough structure in the reflectivity to suggest the
presence of a mode at 241 cm™!, Figure 3 shows
the test fit. This frequency difference (241-253 cm™!)
is within the joint uncertainties of the infrared and
Raman methods. From the above considerations
(see also the arguments by KJ) we conclude that
the fundamental TO modes are at 200, 241, 357,
and 596 cm™! at 300 °K. The four associated LO
modes may be found by standard methods.

E L ¢ Axis Mode Assignments

In Fig. 1, the Im(e) spectrum shows six strong
well-resolved E-type modes. These modes at 142,
253, 316, 375, 462, and 594 cm™! are fundamentals
and agree with the assignments of KJ, In addition,
there is considerable fine structure which we have
approximated by seven additional modes., Most of
these additional modes are stronger than the
462-cm™! fundamental, but they have a much smaller
effect on the reflectivity because of being near other
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FIG. 2. Reflectivity and dielectric functions for A
symmetry modes of LiTaO3. See Table II for the oscil-
lator-fit parameters.
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TABLE I. E symmetry mode parameters determined TABLE II. A; symmetry mode parameters determined
by oscillator fits to the reflectivity. by oscillator fits to the reflectivity.

LiTaO, Polarization ~ Optic modes E I c axis LiTaOy Optics modes E Il ¢ axis
frequf:ncy Sy 2 ,frequlency Polarization S %

(cm™) (cm™Y) (cm™)

142 T 24.1 14 200 T 30.0 28
(165)* L, T 0.8 11 345 L oo s
(175) L,T 0.24 7 357 T 0.005 11
192 L . e e o0 388 L oo es 0
(215) T,L 0.36 13 596 T 2.66 18
(238) T,L 2.0 19 625 L e °e
253 T 2.4 9 657 T 0.34 56
278 L o e (760)® L,T 0.02 44
316 T 2.5 14 862 L ce e
345 L coe €0=4.527 0,004 €=€0t);5;=37.6
375 T 2.0 26 €, (from interference spectra)

(405) L,T 0.15 24 300 °K 39.8+0.5

455 L e e 80 °K 34.1+£0.25

462 T 0.036 6 15°K 33.5+0.25

g;i ; o T 2A small dip in the spectra suggests another mode pair
(673) L.T (2)3: gi near 241 cm™ (see Sec. III A).

) . b .
f. .
(750) LT 0.002 22 See Ref. a in Table I
855 L LY o e

€.=4.497+0.003 €) =€atdy; S;=41.5
€, (from interference spectrum)

300 °K 41.1+0.25
80 °K 39.4+0.25
15°K 39.2+0,25

2 Bracketed modes are very weak in reflectivity. For
such weak modes the transverse-longitudinal splitting
is much smaller than the linewidth and we list only one
frequency for both.

We now must assign three additional
KJ suggest that there is a funda-
mental at 206 cm~!, This is consistent with our
215-cm™! mode. KJ suggest also that there is a
fundamental at 662 cm™!, This mode is seen in our
spectra at 673 cm™! and is very similar to the A,
mode at 657, which we concluded was not a funda-
mental. The 673-cm™! mode is seven times weaker
than the 657 mode; thus we suspect that it is not a
fundamental, Finally, KJ detect a TO mode at
74 cm™!., They find an LO component at about 80 cm~™
This 6-cm™! splitting corresponds to the TO mode
having a strength of S =6. We have made a careful
study of the reflectivity near 80 cm™! and find no
mode structure. A study of fits to the reflectivity
shows that our reflectivity uncertainties would allow
a mode of strength at most S =3 (i.e., w;-w,
splitting at most 3 cm™!), Since we are short of
fundamentals, it was felt necessary to examine this
low-frequency region in a different manner, A
transmission study was made on a sample of LiTaO;
33 u thick in the range 70-90 cm™!, The absorption
is found to rise smoothly with frequency (Fig. 4).
Oscillator fits to this absorption were carried out
which showed that any mode near 74 cm™! must
have a strength less than S =1, 0 or else have a

strong modes.
TO fundamentals.

1

linewidth considerably greater than that measured
by KJ. -

KJ have listed nine TO modes for E L ¢ axis. We
cannot support two of their modes (74 and 662 cm™t)
and are thus two modes short in assigning funda-
mentals. The reflectivity spectra suggest that the
two remaining modes may be at 165 and 238 cm™!,
These are weak features, however, and their as-
signment as fundamentals must be regarded as
tentative,

100

90|

80

REFLECTIVITY
~
o

%

[
o

LiTa03

O EXPT EIIC-AXIS
50 — OSCILLATOR FIT TABLE TL

40

|
150

| I 1
250 300 350

FREQUENCY (cm™)

I
200
FIG. 3. Reflectivity of LiTaO; near 250 cm=!, The
solid curve results from the oscillator modes in Table II
plus the additional mode at 241 cm=! listed in the figure.
The reflectivity points show some evidence for such a
mode.
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FIG. 4. Absorption coefficient in LiTaOj at three tem-
peratures. The spectral resolution is 4 cm™! or better.

B. Low-Frequency Index and Absorption

Figure 4 shows the results for the attenuation
coefficient ., The attenuation is similar to that
measured in LiNbO,,!® with the exception that a(ll)
is about 2. 5 times larger, This latter result is
consistent with the fact that the lowest-frequency

TO mode is much stronger in LiTaQ, than in LiNbQ,.

Cooling lowers the attenuation somewhat, but even
at 15 °K the attenuation remains quite large.

Bosomworth has noted that a is roughly propor-
tional to frequency squared in LiNbO,;.'® It is useful
to note that a~«f? is exactly the prediction of the
classical-oscillator model [Eq. (1)] at frequencies
well below all optic modes. We find that Eq. (1)
will fit the measured attenuation in LiTaO; and
LiNbO; only if the linewidths used for the lowest
TO modes are two to three times larger than the
values suggested by the reflectivity fits (Tables I
and II) or by the Raman linewidths. Table III gives
the oscillator parameters for the lowest-frequency
modes in LiTaOg and in LiNbO; which reproduce the
measured attenuation below 90 cm™?,

Figure 5 (a) shows a typical interferogram!? for
a thin plate of LiTaO;. Figure 5 (b) shows the trans-
mission spectrum obtained by Fourier analysis of
the interferogram, The well-resolved interference
maxima and minima have been analyzed to give the
index shown in Fig. 5(c). Also shown are the re-
sults for other temperatures and for the E Il c-axis
polarization, The dispersion in the index fits that
predicted by the lowest mode given in Tables I and
II, The limiting value of €, however, is slightly
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TABLE 1II. Oscillator parameters which approximately
fit low-frequency absorption spectra.

LiTaO,

Temp, Polarization S w Y
°K) (cm™)  (cm™)
300 Elc 24 142 50
300 I 30 200 84
80 1 24 142 36
80 I 30 200 40

LiNbOg

300 1 22 152 40
300 i 16 248 62
80 L 22 152 22
80 Il 16 248 25

different, and since it is obtained more reliably
from the interference spectra we list it separately
at the bottom of Tables Iand II. The value of €,

for E llc axis has been uncertain, literature values
ranging from 36. 2 to 43 at 300 °K. The interference
method is capable of better accuracy than many of
the methods used previously. In spite of rather
large absorption for this particular temperature

and polarization, we are able to establish that €, (1)
=39.8+0.5 at 300 °K,

C. Spontaneous Polarization of LiTaO3 and LiNbO3

X-ray studies of LiNbQ; and LiTaO; have estab-
lished the distortions (ion motions) which occur on
cooling into the ferroelectric phase.”® In an earlier
paper, these distortions were combined with es-
timated charges for the ions to give the spontaneous
polarization Pg of the ferroelectric phase of LiNbO,.”
Since that estimate was made, methods have been
developed for measuring Pg and the estimate proved
to be quite close.!® We now make a similar calcu-
lation for LiTaO; using estimated charges and a
second calculation using charges derived from the
mode strength., Since the polarization develops
along the ¢ axis, we need use only the y component
of the distortions. The effective charge is a tensor,
in general, and must have different components for
the different ions in the unit cell. Only the com-
ponents of effective charge appropriate to a mode
of Ay, symmetry can be evaluated. It is noteworthy
that in lattice dynamics the charge which is mea-
sured is the charge which moves when an ion moves.
This must not be confused with the static point
charge assumed to reside on an ion when electric
field gradients are analyzed by nuclear magnetic
resonance, In many materials these latter charges
are much smaller than the long-wavelength lattice-
dynamical charges,

Table IV lists the ion distortions. Since the dis-
tortions are related to the soft optic mode in the
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FIG. 5. (a) Interferogram of a LiTaOj plate at 80 °K.

The structure at 2 and 4 mm is characteristic of a strong
channel spectrum. (b) Channel spectrum obtained by a
Fouvier transform of the interferogram above. (c) In-
dex of refraction obtained for different temperatures and
polarizations by analyzing channel spectra like that shown
in (b).

paraelectric phase,”!® (above T,) it is of interest
to go to ¢. m. coordinates so that the ion motions
correspond to an optic-mode eigenvector, Table
IV shows the eigenvector, We first use the dis-
placements and the full formal valence charges
shown in Table IV to obtain Pg=48 uC/cm? This
is to be compared with the measured value!® of
50 [.LC/Cl’nz. Since a 20% numerical error occurred
in our earlier calculation of Pg for LiNbO;, we re-
peat in Table IV the basic data on ion shifts for this
material. The result for Pg (LiNbQ,) is 60 uC/cm?
which compares favorably with the measured value'®
of 71,

The second method of obtaining Pg has been de-
scribed by Axe.'® Since an infrared-mode strength

AND DITZENBERGER 2

depends on the square of the dynamical charge, we
might expect that the strengths in Table II could be
used to obtain the charges which we have only esti-
mated above, Two major assumptions are needed
in applying such a method, First, a single free-
energy function must describe the crystal both
above and below Tc.20 Second, and probably more
serious for the present case, the mode strength to
be used must be measured near the transition tem-
perature.'®? Using the room-temperature strength
of the lowest-frequence A; mode and following the
method described by Axe, we obtain Pg(LiNbOs)
=58 uC/cm? Since we are using slightly different
values for the ion distortion for LiNbO; than used
by Axe, we repeat his calculation to obtain Pg(LiNbO,)
=61 nC/cm?, Both of these values are in very
reasonable agreement with the values obtained using
the estimates of the effective charge shown in Table
1v.

Table IV shows that an optic-mode eigenvector
corresponding to the c. m, displacements listed
is very similar in the two materials, This mode is
also very polar and of the form to be expected from
earlier discussions of the occurrence of the ferro-
electric phase in LiNbQ,.”

IV. CONCLUSIONS

The analysis of the infrared reflectivity of LiTaO;
has allowed the assignment of 11 of the 13 expected
fundamental-infrared and Raman-active optic modes.
There are a number of weak features in the spectra
which could account for the remaining two funda-
mentals; however, there is at present no method for
making firm assignments, For both polarizations,
the optic modes have sufficient strength to make
the material strongly absorbing (a >2000 cm™?)
over the entire infrared region from 100 to 900 cm™?,
The measured far-infrared interference spectrum
has led to accurate values for the low-frequency
clamped dielectric constant and its dispersion up
to 70 cm~!, Finally, we have shown that by assum-

TABLE IV, Prediction of ferroelectric polarization
from x-ray displacements.

c=13.86 4, cell volume (2 molecules) =105. 3 A3

LiNbO,
Ion X-ray distortion Displacements Mass Charge
along c axis (c.m.) (amu) (lel)
Liy, Li, 0.033¢ 0.513 4 6.94 1
Nb;, Nb, 0.0 0.0593 A 92,91 5
Oy, -++5 O5—0.08c -0.1894 16 -2
P5 =60 uC/cm?
LiTaO, c=13.784 cell volume =105,7 A3
Li;, Li, 0.028¢ 0.4274 6.94 1
Ta;, Ta, 0.0 0.029 4 180.9 5
Oy, .., Og—0.145¢ -0.1714 6.0 -2

Pg =48 uC/cm?
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ing ion charges equal to the chemical valence, quite
accurate values of the ferroelectric polarization can
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be calculated from the ion displacements which
occur at the ferroelectric phase transition,
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The strongly repulsive interaction between electrons and He or Ne atoms, or Hy, molecules,
gives rise to the existence of electronic states localized near a condensed medium consisting
of such units. The attractive image potential binds the electrons weakly near the surface; the
binding energy ranges from 0.4 meV for liquid He?® to 22meV for solid D,. Motion parallel to

the surface is nearly free-electron—like.

An exploration of the interaction between electrons

and oscillations of the medium’s surface reveals a breakdown in perturbaticn theory which

may be remedied by correct treatment of long-wavelength oscillations.

A determination is

made of the temperature-dependent mobility of electrons for fields parallel to the surface.
We find that the surface waves scatter more for the liquid than for the solid. A transition
occurs in the mobility as the temperature increases to a point where scattering by atoms of
the vapor becomes dominant over other mechanisms. A second transition occurs when the
electron in the vapor becomes localized in the bubble state, and the present treatment loses

its validity.
I. INTRODUCTION

This paper attempts to elaborate the character-
istics of a new kind of electronic state recently
proposed by Cohen and the author.! The electrons
are localized near, but primarily external to, a
condensed insulating medium which satisfies certain
criteria. The media we shall discuss are composed
of atoms which have a primarily repulsive inter-
action with electrons. Outside of the medium, the
interaction is the attractive image potential. The
balance between these opposing forces results in
localization of excess electrons in the vicinity of
the surface. Motion parallel to the surface is es-

sentially unrestricted and, in fact, becomes two-
dimensional in character.

The question of the existence and character of
electronic surface states in general has been in-
vestigated theoretically and experimentally for
nearly forty years.? Tamm? and later Shockley*
showed that termination of a one-dimensional Kro-
nig-Penney model potential of a one-dimensional
crystal may yield solutions for electronic states
localized near the “surface” in addition to the usual
delocalized states of the bulk material. Bardeen
subsequently hypothesized® that surface electronic
states played an important role in determining the
electrostatic-potential configuration at the inter-



