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Absorption at the fundamental band edge, the dispersion characteristics of the refractive
indices, the optical rotatory power, associated temperature coefficients, and the photoelastic
constants have been investigated. Absorption at the band edge has been found to obey the
exponential Urbach rule up to 5 x102cm™!. Refractive-index data between 0.4 and 1.0 um are
excellently fitted to the two-term Sellmeier dispersion formula with oscillators located at
9.24 and 4.70eV. The contribution of the former oscillator to the refractive index in the
visible to infrared region is larger than that of the latter. The dispersion energy§,;=5,/8;
(where §; is the oscillator strength factor and §; is the oscillator position) defined by Wemple
and DiDomenico has been determined as ~ 25 eV for the transition at 9.24eV, and is in agree-
ment with the value derived for the average single oscillator. Dispersion of the rotatory
power has been also explained by the two-term Chandrasekhar’s formula with oscillator posi-
tions nearly equal to those found from the refractive indices. Dispersion measurements of
the photoelastic constants reveal that a large anisotropy exists between the changes of F; and
&8, induced by the strain S; and those induced by S;. The main contribution to the positive
value of the temperature coefficient of the refractive indices comes from an intrinsic tempera-
ture effect, and the contribution of the photoelastic effect associated with the thermal expan-
sion is negative. Anomalous behavior has been observed in dn/n dT and dp/p dT between 0.5
and 0. 6 um, and is probably attributable to extremely weak absorption peaks located in this
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wavelength region.

I. INTRODUCTION

Paratellurite single crystals were first grown
by Liebertz! using the Czochralski method, and
some interesting features in its acoustic, piezo-
electric, and optical properties were reported.!’?
Elasto-optical properties of the crystal were re-
ported by this author,® and a few sound modes were
found to be useful for acousto-optical device appli-
cations. This crystal belongs to point group
D, (422), and the structure is distorted rutile type
composed of considerably deformed TeQO, octa-
hedra.*

Recently, Wemple and DiDemenico®® investigated
dispersion characteristics of the refractive index
in widely different nonmetallic compounds, and
proposed a simple and unified approach for the ex-
planation of the dispersion behavior using the dis-
persion energy concept. Although the behavior in
TeO; is also included in this approximate unifica-
tion,® detailed investigations of the optical proper-
ties of this crystal with its unique structure are
interesting and will be useful for the development
of the dispersion energy concept.

This paper describes the dispersion characteris-
tics of the refractive indices, birefringence, op-
tical rotatory power along the optic axis, photo-
elastic constants, and temperature coefficients of
the refractive indices and the rotatory power mainly
in the visible spectral region. Absorption data at
the fundamental band edge in the ultraviolet region
are also given.

|

Some phenomenological analyses of the dispersion
of the refractive indices and rotatory power are
made using the well-known Sellmeier dispersion
formula and Chandrasekhar’s formula," respec-
tively. Although the analyses basically follow the
treatments made by Wemple and DiDomenico,?’®
we here emphasize the importance of a two-oscilla-
tor model instead of their average single-oscilla-
tor model. Two-oscillator parameters obtained
from the experimental data are discussed and
compared with the single-oscillator parameters.
Thermo-optic behavior® of this crystal is also
discussed in relation to the dispersion character-
istics of the photoelastic constants.®!?

II. EXPERIMENTAL PROCEDURES

Absorption spectra were measured with a spec-
trophotometer for wavelengths between 0.3 and
0.7 um. Three kinds of specimens were prepared.
One was a cubic solid about 10X10X10 mm in size
oriented along the principal axes. The other
specimens were two (100) plates 109 and 15 um
thick. .
Indices of refraction were measured with a spec-
trometer by the method of minimum deviation in
the wavelength region between 0.4 and 1.0 um.
A prism was used in which a plane (220) makes an
acute angle of approximately 29° with a plane
(n%0) with (100) as a prism bisectrix plane.
Measurements of the rotatory power along the
¢ axis were made with the cube-shaped specimen
described above. The approximate values of the
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FIG. 1. Spectral dependence of the optical absorption

coefficient in TeO, at 20 and 106 °C.

rotatory power had previously been determined
using thin plate specimens.!’ The linearly polarized
light beam was chopped at 1 kHz, and the extinc-
tion position of an analyzer placed behind the speci-
men was detected by a tuned amplifier.

Dispersion characteristics of the photoelastic
constants were measured by the ultrasonic-light-
diffraction technique for two kinds of rectangular
solid specimens; one was oriented along the
principal axes and the other was oriented along
the ¢ axis and the [110] directions. Pulsed ultra-
sonic waves of 50-150 MHz were launched into the
crystal by LiNbQOj transducers. Signs of the photo-
elastic constants were determined using a Mach-
Zehnder interferometer by observing the shift of
the interference fringes under a uniaxial compres-
sive stress. .

All specimens were oriented to better than +0. 5°,

III. EXPERIMENTAL RESULTS

The absorption data at the fundamental absorp-
tion edge for three different specimens are shown
in Fig. 1 as a function of photon energy 2Zv. Polar-
ized light was used for the thickest specimen, and
unpolarized light was used for the other two speci-
mens. Difference between the absorption behavior
for E lla axis and E llc axis is very small. The
data obey an exponential Urbach tail'? of the follow-
ing form, until @ reaches 5%10% cm™:

a= age ™" 80) /T , 1)
where &, is related to the band gap energy, % is
Boltzmann’s constant, and T is the absolute tem-
perature.!® The value of 7 is found to be approxi-
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mately constant over the present temperature
range: 1.49 at 20°C and 1.53 at 106 °C. These
values are comparable to those of perovskite-type
dielectric materials.'>!* The shift of the band

edge was linear with temperature between 20 and
106 °C with temperature coefficients d8/8dT having
values of - 3.5%10™ and -~ 1.5x10™/°C at a=1

and 10% cm™, respectively.

Figure 2 shows dispersion characteristics of the
indices of refraction at 20 °C in the wavelength re-
gion between 0.4 and 1.0 um. Selected values are
listed in Table I with the maximum error estimated
from the experimental accuracy and the limit of
sample misorientation. The values at 0. 5893 um
have been previously reported by Liebertz,‘ and
the present results are in excellent agreement with
his data.

Dispersion of the optical rotatory power along
the optic axis is shown in Fig. 3. The sense of
the rotation observed in the present specimens was
always left handed, and the negative sign is assigned
by the usual definition.'® Selected values are listed
in Table II along with the estimated accuracy. The
value at 0. 5893 um is in good agreement with pub-
lished data.®!!

The temperature dependence of the refractive
indices was measured from room temperature to
130 °C in the wavelength region between 0. 415 and
0.67 um. The temperature coefficient dn/ndT at
25 °C is plotted in Fig. 4 as a function of wave-
length. Anomalous behavior is observed between
0.47 and 0.6 pm for both ordinary and extraordi-
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FIG. 2. Dispersion of the refractive indices », and »,
in TeO, at 20 °C. The full curves are calculated with
Eq. (4) using the two-oscillator parameters listed in
Table III.
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FIG. 3. Dispersion of the optical rotatory power along
the optic axis in TeO, measured at 20 °C. The full curve
is calculated with Eq. (7) using the two-oscillator param-
eters listed in Table III.

nary indices. The anomaly diminishes somewhat
at temperatures above 50-60 °C. However, the
present experimental accuracy was insufficient to
distinguish the difference clearly.

The temperature dependence of the optical rota-
tory power was measured from room temperature
to 120 °C between 0.405 and 0.8 um. The coeffi-
cient dp/pdT is shown in Fig. 5 as a function of
wavelength at 25 and 80 °C. An anomalous disper-
sion behavior is also observed between 0.5 and 0. 6
gm. The slope of the p-vs-T curve gradually
changed its value in the vicinity of 50 °C in this
wavelength region, while it was unchanged outside
this region. As can be seen from the insert in this
figure, the anomaly observed at 25 °C is some-
what larger than that at 80 °C.

It is known that the relative signs of the photo-
elastic constants pys, P15, P31, and pss are the
same, and are opposite to those of pyy and pgg ,
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FIG. 4. Dispersion of the temperature coefficients of the
refractive indices in TeO, at 25°C.

from measurements of the acousto-optical figure
of merit for several oblique-cut specimens.® The
sign of py; could not be determined because of its
extremely small value. An attempt was made to
determine the absolute signs of the piezo-optic
constants m;,=p;;8;, (Where s, is the elastic com-
pliance coefficient) and, consequently, those of
the photoelastic constants by the interferometric
method. The specimen was laid in one of the
optical path arms of the Mach- Zehnder interfer-
ometer, and the shift of the interference fringes
was observed under unidirectional compressive
stress T,. The change of retardation AI'; per
unit length along the a axis induced by the stress
T3, for instance, is given by

TABLE I. Selected values of the refractive indices in TeO, at 20°C. Calculated values for the single- and the two-
oscillator models are also given for comparison. Parameters used for the calculation are listed in Table III.

7y Ng
Calculated Calculated
Wavelength Single-~ Two-osc., Single- Two-osc.
A (um) Observed osc. model model Observed osc. model model
0.4047 2.4315+0.0009 2.4190 2.4318 2.6157+0.0010 2.6045 2.6159
0.4358 2.3834+0.0007 2.3781 2.3832 2.5583+0.0008 2.5544 2.5583
0.4678 2.3478 +0.0007 2.3462 2.3476 2.5164 +0.0008 2.5155 2.5163
0.4800 2.3366 +0.0006 2.3360 2.3366 2.5036 +0.0008 2.5032 2.5033
0.5086 2.3150+£0.0006 2.3155 2.3150 2.4779+0.0007 2.4783 2.4778
0.5461 2.2931+0.0006 2.29%41 2.2931 2.4520 +0,0007 2.4525 2.4520
0.5893 2.2738+0.0006 2.2750 2.2740 2.4295+0.0007 2.4295 2.4297
0.6328 2.2597 £0.0006 2.2601 2.2594 2.4119+0.0007 2.4116 2.4119
0.6438 2.2562+0,0006 2.2568 2.2563 2.4086 +0.0007 2.4077 2.4088
0.690 2.2450 £0.0006 2.2450 2.2449 2.3955 +£0.0007 2.3935 2.3955
0.800 2.226 +0.0015 2.2251 2.2262 2.373 +0.0015 2.3697 2.3735
1.00 2.208 +0.0015 2.2051 2.2077 2.352 +0.0015 2.3459 2.3519
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FIG. 5. Dispersion of the temperature coefficient of the
rotatory power in TeO, at 25 and 80 °C.
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where the subscript 7 takes 1 or 3 corresponding

to the ordinary or extraordinary ray, respective-
ly. Using the published data onp;,* and s;, ,® we

can write

Ayy= (¥1.9-0.5)x10"" m?/N ,

- 1,3
AT =Ay;Ty= (- 21 M3+n813) T,

and

Ayg= (¥1.6-0.5)x10™" m?/N . (3)

The minus sign corresponds to positive values of
D12, P13, etc., and the plus sign corresponds to
negative values of these components. The contri-
bution of — 37,%7;3 to Ay; is dominant within the

TABLE II. Selected values of the optical rotatory power
along the optic axis in TeO, at 20°C. Calculated values
for the single- and the two-oscillator models are also
listed here. Parameters used for the calculation are
given in Table III.

Ipl ([deg/mm)
Wavelength Calculated
Single-osc.  Two-osc.
A (um) Observed model model
0.3698 587.1+1.9 532,2 589.0
0.3783 520.6+1.8 479.4 521.0
0.3917 437.4+1.5 411.9 437.6
0.4152 337.6+1.5 325.4 336.8
0.4382 271.0+£1.1 266.0 271.1
0.4630 221.1+1.2 219.6 221.4
0.4995 171.2+0.9 171.6 171.6
0.530 143.4+0.9 143.2 142.7
0.5893 104.9+0.5 105.8 105.2
0.6328 86.9+0.5 87.3 86.8
0.700 67.4+0.6 67.4 67.1
0.800 48.5+0.6 48.7 48.5
0.900 37.4+0.6 37.0 37.0
1.00 29.5+0.6 29.2 29.3
1.10 23.8+0.6 23.6 23.7
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tolerance of the experimental accuracy in p;; and
Sz, and thus a unique and definite determination
of the signs is possible. Retardations AT and
AT3 were observed to increase under the compres-
sive stress T usually defined as being negative.!”
Therefore, Ay; and Ay; were negative, and the
photoelastic constants py,, P13, P31, and pgs are de-

termined to be positive.

Figure 6 shows the dispersion of the photoelastic
constants at room temperature measured by the
ultrasonic light diffraction technique. The disper-
sion of py3 and ps; is strongly negative and that of
P31 is weakly negative. On the other hand, slightly
positive dispersion is observed for p, — py;.

IV. DISCUSSION

It is well known that the refractive index of non-
metallic materials in the region of low absorption
is given by the Sellmeier dispersion formula

n{z_ 1= ; gi(s)/(gi(s)z__ ((;2) , (4)

where ;" =N, %, /mm, &, =hc/ex;'?, and
8=hc/eX. The symbol N;'*’ is the number of os-
cillator per unit volume, f;'® is the oscillator
strength or transition probability, ;*’ is the os-
cillator position, % is Planck’s constant, c is the
velocity of light, and e and m are the electronic
charge and mass, respectively. DiDomenico and
Wemple®® recently investigated the dispersion
behavior of widely different materials including
oxides, halides, and II-VI and III-V semiconduc-
tors. They showed that the refractive index is
well explained by the single-oscillator model
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FIG. 6. Dispersion of the photoelastic constants in TeO,
at room temperature.
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n?-1=5,/(8%- &), 5)

where F; means an average oscillator strength fac-
tor and &, is an average oscillator position. They
also arrived at the remarkable result that the
dispersion energy 8,;, defined by

é’dizﬁri/é,i ’ (6)

is essentially the same among all ionic compounds
and, similarly, among all covalent ones when
normalized by the product of the cation coordination
number N, , anion valency Z,, and number of ef-
fective valence electrons per anion N,.® In other
words, & itself is the same, for instance, in all
ionic oxides (Z,= 2) with the same cation coordina-
tion number and effective valence electron num-
ber. The value of §,;; was experimentally given as
~ 25 eV for oxygen-octahedra dielectrics.®

Plotting 1/(2;2- 1) vs 1/22 for TeO, using the data
shown in Fig. 2 gave a linear relation in the middle
wavelength region 0.45-0.75 u m, but systematic
and significant deviation from the linear relation
was observed outside this region. Similar behavior,
especially at the shorter wavelengths, is also ob-
served in several other materials such as TiO,,'®*
SrTiO, 182021 (published data on these crystals are
graphically examined by the present author),
BaTiO;,% and Pb,Mo00O;.2® This feature exhibits
the limitation of the validity of the averaged single-
oscillator dispersion relation. Thus, in the pres-
ent treatment, an attempt is made to explain the
data by a two-oscillator model, and the param-
eters F;*" and §,'® in Eq. (4), calculated with the
least-squares method, are listed in Table III.
Single-term parameters fitted to the data in the
middle wavelength region are also listed in this
table. Calculated values of the refractive indices
using these parameters are given in Table I. The
two-oscillator fit is’ excellent over the entire wave-
length range (the results are also shown in Fig. 2
by the full curves), while the single-oscillator fit
is restricted within the middle wavelength region.

Dispersion energies &,; with respect to the
single-oscillator model are evaluated as 23.5 and
26. 2 eV for the ordinary and extraordinary rays,
respectively.?* The crystal structure of TeO, is
distorted rutile type, in which each Te atom is
surrounded by six oxygens: two oxygens at a dis-
tance of 1.91 &, twoat 2,09 A, and two at 2.89 &,*
If we consider that the cation coordination number
N,.is 6, this crystal is classified as ionic similarly
to the BO,g-type dielectric and ferroelectric ma-
terials. However, there is no indisputable evi-
dence to support the above consideration and the
crystal still has another possibility to be (more
or less) covalent corresponding to the “effective”
N, between 4 and 6.

The two-oscillator parameters listed in Table

Fitted values of the single- and the two-oscillator parameters for TeO, at 20 °C. Definitions of the symbols are given in Egs. 4)-09).

TABLE III.

Single-oscillator model )

Two-oscillator model

(eV)
5.44
7.26

@
Sai

5‘(2)
eV)
4.70
4,71

N2
(um)

0.2638

0.2631

)

ev?)

8ai
ev)
23.5

8
(um) ev)

i
(eV?)

148.6

25. 55
34.20

23.9

24
24

0.1342 9.

0.1342

220.6
241.0

6.33

0.1960
0.2039

o

26.1

9.

26.2

6.08

159.6

Ne

(meV)

gd’l(Z)
3.98

(eV)

51(2)
4.69

A2
(pm)
0.2645

g,®
(rad eV2pm-1)
0.08754

(meV)

12.6

a
&4

(eV)
9.31

51(1)

AP
(um)

0.1331

g,®
(rad eV?2 pym-1)

841
(meV)
10.2

&
V)

A

(um)

G1
(rad eV? pm-1)
0.2309

0.8838

5.29

0.2345

Ip

[ o
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TABLE 1V. Fitted values of the single- and the two-oscillator parameters for TiOy, SrTiO;z, and LiNbOj.

Single-oscillator

Two-oscillator model

model

Fi 8; g‘“ 5;‘(1) 81(“ Sai () 5}-‘(2) 8‘(2) g‘”m
eV V) V) ev?) (ev) ev) (ev?) (eV) V) R,
TiO, o 126 5.11 24.7 195 8.5 22.9 38.8 4.19 9.3 1.2
Ng 150 4.95 30.3 226 8.5 26.6 52.2 4.13 12.6 1.0
SrTiOg 137 5.75 23.9 245 9.5 25.7 27.2 4.3 6.3 1.8
LiNbO; 1, 175 6.72 26.1 215 9.5 22.6 42.4 5.3 8.0 1.6
Ne 177 7.07 25.1 215 9.5 22.6 33.7 5.36 6.3 2.0
III exhibit some interesting features. First, the p=§) G 82/ (8,2 - &y , )

oscillator positions for », are nearly equal to those
for n,. This feature may correspond to the small
dichroism observed at the fundamental band edge,
as shown in Fig. 1. Second, it can be seen that
the oscillator strength factor F;*’ is much larger
than §,%, and F,V/(8,"M) is still larger than
F,9/8,2)2. The factor R,=F,V(§,®)/
F,®(8,V) defined by DiDomenico and Wemple®
is, therefore, larger than unity, 2.2 for n, and
1.8 for n,. This feature indicates that the con-
tribution of oscillator (1) located at 9. 24 eV to

the refractive index is larger than that of oscilla-
tor (2) at 4.7 eV at the low-energy region (8 -~ 0).
This trend is also valid in the visible region, al-
though the latter contribution increases as & be-
comes large. It should also be noted that disper-
sion energies 84Y’ and 8, are in excellent
agreement, respectively, with 8; and 8,3 defined
for the single-oscillator model. The latter two
features are also verified for TiO,, SrTiOs,
BaTiO,, and other BOg-type oxides by the applica-
tion of the two-oscillator model to the dispersion
data of these materials. A few results of the cal-
culation are summarized in Table IV for TiO,,!*!?
SrTiO;,'% 202! and LiNbO;.25 Oscillator positions
8,V and 8, of these materials roughly coincide
with those of two main reflection peaks,?®'?" i, e.,
C and A peaks designated by Cardona.?® The dis-
persion energy 84 is not so different from &,
and the factor R is generally larger than unity in
these materials, too. It may be considered that
some analogy in the optical properties exists be-
tween TeO, and BOg-type oxides, but further exper-
imental evidence is necessary for confirmation of
this relation.

Chandrasekhar”’ investigated the dispersion of the
optical rotatory power in quartz, benzil, cinnabar,
etc., and proposed a dispersion formula consider-
ing the feasibly coupled oscillators with resonant
frequencies slightly different from each other.
The rotatory power along the optic axis is repre-
sented by the following formula in the low-absorp-
tion region:

where G, =1%,¥F,®, and g,'* indicates the
gyration factor, including the splitting of the fre-
quencies. When the single-oscillator model is
used, Eq. (7)yields

p=56,8%/(8,"- &Y, ®)

where 8,’(=hc/e)’) means the average oscillator
position with respect to the rotatory power.

Plotting of 1/70'/2 vs 1/22 for TeO, according to
Eq. (8) showed an approximately linear relation
similar to that observed in the dispersion of the
refractive indices. Parameters of the single-
oscillator model obtained by this plot are listed in
Table III, and the calculated values of p are shown
in Table II. The parameters for the two-oscillator
model obtained by a least-squares method are listed
in Table III, and the calculated values of p are
given in Table II. Observed values excellently fit
those calculated from the two-oscillator param-
eters, while the disagreement in the short-wave-
length region is serious in the case of the single-
oscillator model. Two oscillator positions &
and &,¥ are in good agreement with those derived
from the refractive index data. The strength factor
6,V is ten times larger than §,®’, and the feature
mainly comes from the difference between %’ and
F,® [see Eq. (7)]. A dispersion energy 8;'‘®’ may
be defined by

8a'* = hc/e)5,'/ 8,2, ©)

in analogy with that of the refractive index. Cal-
culated values of 8,'‘® are given in Table III, and
it is noted that &4,'*’ for the oscillator located at
9. 31 eV is nearly equal to 8, for the averaged
oscillator at 5.29 eV.

A dispersion relation for the birefringence
An (=n,-mn,) in the low-absorption region as de-
rived from Eq. (4)is

An (ne"'no)':Z (noz - 1)(3)
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FIG. 7. Dispersion of the birefringence in TeO, at 20 °C
plotted using Eq. (11) for the single-oscillator model.

gl(s)z Ags) AG(S)
* [‘ ARy S 2(?1“">+(§1“’ )] » (1)
where Aé"‘”: 63(3)‘ é'l(s) and AT = 53(5)_ 3:1(3)’
assuming that A8® and AF ® are small. As

shown above, the two-oscillator model is naturally
preferable to-discuss the dispersion behavior of

An. However, considering the rather poor accuracy
in the birefringence data compared with those of

n; and p, further discussion will be based on the
single-oscillator model. (The situation is the same
in the cases of dn/ndT, dp/pdT, and p,;,;, which
will be discussed later.) This model yields the
relation

Anfe,+n,) A% A8\ 1/[AF
(5360 -

2ml-1) -2 \& ) 2\s;

which is essentially the same as that given by
DiDomenico and Wemple.5 The relation between
An@,+n,)/20,% - 1) and 2%/ (3 - \,?) is shown in
Fig. 7, where ,,=0.1960 um. A linear relation
holds within the tolerance of the data, and yields
A8/8,=-3.74%1072 and AF/F;=9.13%102 The
factor K defined by the equation®

1(A%/9,)
T2(a8/8,)

is 1.2, and the sign is opposite to that for several

(11)

K= (12)

TABLE V. Temperature coefficients of the oscillator
position A; and the oscillator strength factor Q; in TeO,
at 25 °C calculated with the single-oscillator model. Def-
initions of the symbols appear in Egs. (13) and (14).

Ap: =124 x107%/°C :
Ay —91 x10-8/°C
Af: —132x10"¢/°C

—250x107¢/°C
Qy: —185x107/°C
Q{: —600x10-%/°C
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oxides such as BaTiO;, TiO,, and KTN.%#

Dispersion relations for the temperature coeffi-
cients dn; /n,dT and dp/pdT can be derived from
Egs. (5) and (8), respectively, for the single-
oscillator model.® The results are

1dn)\_n? N 1L
(ni dT) nZ-1 _N_? A+ 2t 13)
where A;:dé’i/gidT and Qi=dﬂ:{/$idT, and

1 dp = Az ’ ’

pdT - "o M, 14)

where 4y'=d&,"/8,'dT and ©,"=dS,/G,dT.

Figures 8 and 9 show plots of Eq. (13) for dn;/
n;dT and those of Eq. (14) for dp/p dT, respective-
ly, using the values of \; and A\’ given in Table III.
Values of the parameters obtained are summarized
in Table V. The temperature coefficients for the
average oscillator positions 4; are in agreement
with the coefficient of the band gap, ~-10"*/°C,
which is estimated from the data shown in Fig. 1.
It is noted that A, for n, agrees excellently with
4y’ for p. The parameter £; can be divided into

two parts; that is,
Q;=dN;/N,dT +df,;/fdT . 15)

The first term is directly related to the volume

change of the crystal, and we have®
dN,/N,dT= - ;) a, (16)

where a, is the linear thermal-expansion coefficient.
Using the data on a,,16 we find that the contribution
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FIG. 8. Dispersion of the temperature coefficients of
the refractive indices in TeO, at 25°C. The data shown
in Fig. 4 are replotted using Eq. (13) for the single~
oscillator model.
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shown in Fig. 5 are replotted using Eq. (14) for the single-
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of the volume change to ©; is — 47x10%/°C and that
the main part of Q; is thus attributable to changes

in the transition probability. The difference &’

- Q, gives the contribution of changes in the gyration
factor g, and it is found that this contribution
forms the major part of ;.

The dispersion of the photoelastic constants was
discussed by Wemple and DiDomenico!? using the
single-oscillator model. The dispersion relation
derived by them can be redefined in our notation
as

ni'p; 2
n—irj=m 20;;- Wij, )

where 6;;=d8;/8,dS; and w;;=dF;/F;dS;. The
deformation potential D;; defined by them is re-
lated to the parameter §;; by

D;;= 80845, (18)
and the factor X;; is
:K,'j:— (.0,“-/26”. (19)

Values of §;; and w;; derived from Fig. 6 are
summarized in Table VI. It is found that coeffi-
cients 6,3 and 633 with respect to the strain S; are
negative, while 83, with respect to S; is positive.
The coefficient §;, related to S; is also positive, if
we assume that §,; is small considering the ex-
tremely small value of p;;.> Concerning the coeffi-
cients w,;;, we find that the magnitudes of w,;3 and ws,
are large, while those of ws and w,, are small assum-
ing that wy, is not large. The remarkable con-
trast observed in the magnitudes of w;; directly
corresponds to the anisotropy in p;;: large values
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of py5 and pa3, and the relatively small values of
Ds1 and py,.

The contribution of the photoelastic effect to the
behavior of dn;/n;dT can be calculated using the
values of §;; and w;;. The temperature coefficient
of the oscillator position A; and that of the oscilla-
tor strength factor ©; are given by

Ay=8;;a;+ 85 (20)

and

Qi=wia;+ 9%, (21)

where a; is the linear thermal-expansion coefficient,
and the superscript S denotes constant strain. The
terms A;° and Q,5 represent an intrinsic thermal
effect. Calculated values of 83;a¢; and ws;a; are as
follows:

83;a;=4.0%x10%/°C |

(22)
wg;a;=—30x10%/°C .
Values of 8;;a; and w;;a; are nearly equal to 63;a;
and wg;a;, respectively, assuming that both 8y
and wy; are small. It can be seen that the sign of
8;;a; is opposite to that of A;. The contribution
of the photoelastic effect associated with the ther-
mal expansion is found tobe 10-20% to&2;, while that
to 4; is, at most, several percent in magnitude.
The temperature coefficient of 7, due to this effect
is evaluated as ~— 17X107%/°C in the visible spec-
tral region (note that the sign is opposite to the
observed one), and we can conclude that the intrin-
sic part is predominant in the temperature varia-
tion of the refractive index. The contribution of the
photoelastic effect was calculated in several ma-
terials using the published data on dn;/n;dT, p;;,
and a;.2® The results show that the observed coef-
ficient dn; /n;dT is almost completely attributable
to the photoelastic effect in alkali halides, and is
mainly due to this effect in MgO and quartz, con-
trary to the present case. ’

Finally, the anomalous behavior observed in the
dispersion of dn;/n;dT and dp/pdT is discussed.
Extremely weak absorption, about 0.4% for E lla
axis and smaller for E llc axis, was observed
in the vicinity of 0. 55 um by measuring the external
transmittance of the 1-cm-thick specimen. The

TABLE VI. Values of the oscillator position change
64; and the oscillator strength change w;; due to strain in
TeO, at room temperature. Definitions of 6;; and w;; ap-
pear in Eq. (17).

612'—5“: 0.48 Wyg = Wyq: -0,11
613: —-0.80 wWyg: —-4.08
531: 0.14 wWsaq: -0.36
633: —-0.25 W3z = 2.34
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absorption seems to split into two peaks located

approximately at 0. 52 and 0. 57 um, and each

absorption peak fits the relation?®
___(2me/hc)F;8;8%;

A B E BVr 02828 @3)
with ;~1.5x10® eV? and damping factor v;~ 10
Using the following equation for the real part of
the refractive index in the absorption region,

(8- &%)
(8i—g)+'}'ié’ié’ ’

and its differential form with respect to tempera-
ture, these absorption peaks are found to contribute
ton;2~1 only in the order of 10 at §= (1 +v;)'/28,;
and do not influence the behavior of dn;/n,dT to

an observable- extent. On the other hand, two
small anomalous peaks of p, about 0.3°/mm, were
observed at 0. 52 and 0. 57 um. The rotatory
power at the absorption region is represented by

2 =
n; -1=

(24)

_g S8 - 8F 28t
P=91 [(é»lz_ gz)z+ 71281282F (25)

instead of Eq. (8), and each anomalous peak leads
an extremely large value of the gyration factor
g1(~4x10% rad/mm). If we accept such a large
value of g, it is possible to explain the anomalous
behavior of dp/p dT using the differential form of
Eq. (25) with respect to temperature with A~ 4
x107/°C and ©,'~-5x103/°C. These values of
A, and Q' are reasonable comparing the behavior
of dp/pdT at 80 °C to that at 25 °C, as shown in
Fig. 5. More detailed experiments will be neces-
sary for a satisfactory quantitative explanation of
these anomalies.

V. CONCLUSION

Absorption at the fundamental band edge in the
ultraviolet region and dispersion characteristics
of the refractive indices, the optical rotatory
power along the optic axis, associated temperature co-
efficients, and the photoelastic constants have
been investigated in single-crystal TeO,.

Refractive-index data at 20 °C are discussed us-
ing the well-known Sellmeier dispersion relation
of single- and two-oscillator descriptions.” The
single-oscillator relation exhibits a significant
deviation from the experimental data below 0. 45.
pum, while the two-term relation with oscillators

NAOYA UCHIDA
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located at 9. 24 and 4. 70 eV excellently fits the
data over the entire wavelength region, 0.4-1.0
gwm. The contribution of the former oscillator to
the refractive index is larger than that of the latter.
The dispersion energies 8, ° for the transition at
9.24 eV are 23.9 eV for ny and 26. 1 eV for n,, and
are in agreement with the values obtained for the
averaged single oscillator. These trends are also
valid for BOg-type oxides, such as TiO,, SrTiOs;,
and LiNDbOj;.

Optical rotation of this crystal is always left
handed in the present specimens. Its dispersion
is explained by the two-term Chandrasekhar’s
formula’ with oscillator positions nearly equal to
those for the refractive indices. Dispersion en-
ergy &, is defined on the analogy of that for the
refractive index, and the value for the transition
at 9. 3 eV is in fair agreement with that for the
average transition in the single-oscillator model.

The signs of the photoelastic constants, the mag-
nitudes and the relative signs of which are already
known,3 are determined by the present experiment.
Dispersion measurements of the photoelastic con-
stants reveal that a large anisotropy exists between
the changes of the oscillator strength factor and
position induced by S; and those induced by S;.

Dispersion characteristics of dn;/n;dT and
dp/p dT show that the temperature coefficients of
the oscillator position and strength are negative.
The main contribution to the positive value of dn;/
n;dT comes from an intrinsic temperature effect,
and the contribution of the photoelastic effect as-
sociated with the thermal expansion is negative.
Anomalous behavior is observed in the dispersion
of dn;/n,dT and dp/pdT between 0.5 and 0.6 um,

‘probably attributable to extremely weak absorption

peaks located in this wavelength region.
ACKNOWLEDGMENTS

The author is much indebted to N. Niizeki for
helpful discussion and a critical reading of the
manuscript, H. Iwasaki and S. Miyazawa for sup-
plying TeO, single crystals, T. Kasai for the ex-
pert fabrication of the specimen for measurements
of the rotatory power and the absorption coefficient,
S. Saito for the sample preparation and some
parts of the measurements, and Y. Ohmachi for
the measurement of the refractive indices in the
infrared region.

13, Liebertz; Krist. Technik 4, 221 (1969).

2G. Arlt and H. Schweppe, Solid State Commun. 6, 783
(1968).

3N. Uchida and Y. Ohmachi, J. Appl. Phys. 40, 4692
(1969).

4. Leciejewicz, Z. Krist. 116, 345 (1961).

5M. DiDomenico, Jr. and S. H. Wemple, J. Appl. Phys.

40, 720 (1969).

S, H. Wemple and M. DiDomenico, Jr., Phys. Rev.
Letters 23, 1156 (1969).

S, Chandrasekhar, Proc. Indian Acad. Sci. A 37, 468
(1953); Proc. Roy. Soc. (London) 259, 531 (1961).

8R. S. Krishnan, Progress in Crystal Physics (Central
Art Press, Madras, India, 1958), Vol. I, Chap. 5.



4 OPTICAL PROPERTIES OF SINGLE-CRYSTAL PARATELLURITE (TeO,)

%See Chap. 4 in Ref. 8.

105, H. Wemple and M. DiDomenico, Jr., Phys. Rev.
B 1, 193 (1970).

TIN. Uchida, S. Miyazawa, and S. Saito, J. Phys. Soc.
Japan 28, 800 (1970).

12p_ Urbach, Phys. Rev. 92, 1324 (1953).

15M. DiDomenico, Jr. and S. H. Wemple, Phys. Rev.
166, 565 (1968).

1A, Frova, Nuovo Cimento 55B, 1 (1968).

153, F. Nye, Physical Properties of Crystals (Oxford
U.P., Oxford, England, 1957), p. 261.

16y, Ohmachi and N. Uchida, J. Appl. Phys. 41, 2307
(1970).

"See pp. 83 and 254 in Ref. 15.

8w, L. Bond, J. Appl. Phys. 36, 1674 (1965).

YpAmerican Institute of Physics Handbook (McGraw-
Hill, New York, 1963), Sec. 6, p. 33.

203, B. Levin, N. J. Field, F. M. Plock, and L. Mer~
ker, J. Opt. Soc. Am. 45, 737 (1955).

3745

MA. A. Giardini, J. Opt. Soc. Am. 47, 726 (1957).

25, H. Wemple, M. DiDomenico, Jr., and I. Camlibel,
J. Phys. Chem. Solids 29, 1797 (1968).

2N. Uchida, S. Miyazawa, and K. Ninomiya, J. Opt.
Soc. Am. 60, 1375 (1970).

%UThe value of 8, for TeO, was already given as 23.2
eV in Table I of Ref. 6, and the present results indicate
that this value is for #,.

%H, Iwasaki, H, Toyoda, N. Niizeki, and H. Kubota,
Japan. J. Appl. Phys. 6, 1101 (1967).

%M., Cardona, Phys. Rev. 140, A651 (1965).

'3, K. Kurtz, in Proceedings of the Intevnational
Meeting on Fervoelectricity, edited by V. Dvorak, A.
Fouskova, and P. Glogar (Publishing House, Czechoslovak
Academy of Science, Prague, 1966), Vol. I, p. 413.

%3ee Chaps. 1, 4, and 5 in Ref. 8; see also Secs. 4
and 6 in Ref. 19,

BF, Seitz, The Modevn Theory of Solids (McGraw-
Hill, New York, 1940), p. 634.

PHYSICAL REVIEW B

VOLUME 4,

NUMBER 10 15 NOVEMBER 1971

Aggregation of Pb?* Impurities in NaCl and Kat

W. C. Collins* and J. H. Crawford, Jr.

Department of Physics, University of Novth Cavolina, Chapel Hill, Nowth Cavolina 27514
(Received 2 August 1971)

The aggregation of Pb% impurity-vacancy complexes has been studied by measurement of
dielectric loss and ionic thermocurrents (ITC) in KCl and NaCl and by the decay of luminescence
in NaCl. A third-order reaction has been observed to govern the loss of complexes in crystals
with high Pb content (above 100 ppm), while for dilute crystals (under 20 ppm) the reaction
order is neither second nor third. The decay of luminescence in dilute NaCl was also neither
second nor third order but was faster than the ITC decay.

Precipitation of impurities from solid solution in
ionic crystals is a topic of considerable interest and
the aggregation of divalent cation impurities in
alkali halides has been the subject of extensive in-
vestigations in recent years.'=* Because of charge
compensation by cation vacancies and Coulombic
interactions between the compensating defect and
the doubly charged impurity ion, nearly all of the
dissolved impurity is in the form of dipolar impuri-
ty-vacancy complexes at temperatures below
~150 °C. This configuration provides a ready
means of impurity transport® since both vacancy-
impurity interchange and reorientation occur with
appreciable rates above room temperature. The
rate of the transport process and hence the rate of
impurity precipitation from supersaturated solution
will be limited by the slowest of these two steps.
Since the complexes possess a permanent dipole
moment, their rate of loss from solution during the
aggregation process can be monitored conveniently
via measurements of (a) dielectric loss, ® (b) tran-
sient depolarization current, ® or (c) ionic thermo-
current (ITC).” Moreover, in the case of para-

magnetic impurities the progress of the aggregation
reaction can be observed by means of electron
paramagnetic resonance® (EPR) or, in the rare
event that the impurity in the complex has an optical
transition which is distinct from that in the aggre-
gated form, the exciting or emitted photon can be
used as an index of the concentration of impurity-
vacancy complexes. It has been established®®

that the 315-nm emission band of NaCl: Pb is of
this type; the 315-nm emission decreases in inten-
sity as aggregation occurs.

Cook and Dryden first measured the aggregation
of divalent impurity-vacancy dipoles in NaCl:Ca2*,
They observed that the initial decay of dielectric
loss was governed by a third-order process, which
implies that the first stage of aggregation is the
simultaneous union of three dipoles forming a
trimer. This was a surprising result since the
probability of a random encounter of a pair of di-
poles should be much larger than for the simulta-
neous encounter of three dipoles. Further, rough
calculations have shown that the planar quadrupole
configuration of two dipoles has only slightly less



