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Optical absorption of KTa;_, Nb, O; single crystals
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The optical absorption at photon energies near the fundamental absorption edge was measured in
the cubic phase of KTa;_, Nb, O; crystals, both in a “pure” sample and in an (Fe,Ti)-doped case. In
the first case the absorption constant followed the exponential Urbach rule, with a single steep
slope, while in the second case two distinct slopes of lower values were clearly discernible, each in
its own separate energy range. The range of temperatures applied to the samples was between 77
and 373 K. The functional temperature dependence of the slopes indicates that in both cases strains
and impurities have a predominant influence through their constant electrical fields. On the other
hand, the temperature shift of the optical-gap energy has been ascertained in both cases as being due
to an internal Franz-Keldysh effect of the electrical fields created by the 25-meV LO; phonons.

I. INTRODUCTION

In connection with the growing interest in the optical
properties of KTa;_,Nb,O;- (KTN-) type ferroelectric
crystals as optoelectronic materials, we measured the fun-
damental absorption edge in two types of crystals, one of
“pure” consistency and the other heavily doped by Fe
and Ti. The influence of temperature on these properties
is also of major interest. As the crystalline structure
changes with temperature, the temperatures were chosen
so that the particular crystals would be in the cubic
configuration.

II. EXPERIMENTAL

The crystals were grown on seeds from solutions in
molten potassium carbonate at constant temperature in
order to obtain large homogeneous samples.! In the case
of doping, the dopands were present in the melt. The
doped crystals, even though they were single crystals,
showed a gradient of concentration of the additives
which was observable due to coloration changes along
the growth direction.

After growth and annealing, the crystals were cut, pol-
ished, measured, photographed under a polarizing micro-
scope, chemically characterized by an electron mi-
croprobe, and then mounted on a cold finger in a vacuum
cryostat. A random distribution of localized strains was

visible through their birefringence under the polarizing
microscope. The crystals reported here are described in
Table I. For electrical measurements, which will be re-
ported later,? electrodes were applied by brush or eva-
poration. )

The optical system consisted of stabilized light sources,
a SPEX double monochromator with low stray light, and
photomultipliers both for detection and referencing pur-
poses. The whole system was computer controlled, as
was the data collection and storage.

III. EXPERIMENTAL RESULTS

A. The slope of the absorption edge as a function
of doping and temperature

Crystal 1 is the “pure” crystal, and measurement
showed a prominent strong absorption edge with only a
weak ‘“‘tail” at lower energies, as was also observed in
other not-completely-pure crystals.>~> This high-density
absorption edge was measured at a number of stabilized
temperatures between 77 and 373 K.

Figure 1 represents such an absorption curve at the
given temperature. The measured absorption constants
have an exponential character, in accordance with the
Urbach rule:5’

a=auexp[S(E —E,)], (1)

TABLE 1. The physical properties of the reported crystals. The parameters are explained in the
text. The accuracies of the parameters expressed in eV are =1 meV.

Dimensions E, E0) fiw o,
Crystal (mm?) at. % (eV) eV) (meV) (ecm™1)
1 8.5X4.0X2.98 Ta, 95; Nb, 5 3.545 3.485 2342 20.1
2 2.5X2.2X1.1 Ta, 94; Nb, 5 3.488 3.435 24+1 58.01
Ti, 0.53; Fe, 0.16
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FIG. 1. The absorption constant of crystal 1 as a function of
energy. The energy at absorption of ad=6 was taken as the
value proportional to E,. a,, the absorption coefficient there, is
20.1 cm™!. The slope “S” in eV ™! was taken from these repre-
sentations.

where a, and E are constants, S is the measure of the
slope (in eV ™!), and E is the photon energy. The theoret-
ical relationships have been developed for the so-called
slope parameter o which is related to .S through

o=8kT , (2)

where k and T have the usual meaning. Figure 2
represents the results for crystal 1 and shows the behav-
ior of this slope parameter with temperature over the
measured temperature range. A good approximation to a
linear temperature dependence is observed. The interpre-
tation of this fact will be given in the Discussion. The
doped crystal, sample 2, was measured under the same
circumstances. Figure 3 represents partial results at two
temperatures. Two clearly discernible absorption slopes
are documented in Fig. 3, the steeper slope belonging to
the highest energy range measurable. Figure 4 sums up
these experiments, and as can be seen from the data, both
slopes again show a linear relationship with temperature.
Nevertheless, the lower curve of Fig. 4 shows a gradual
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FIG. 3. The absorption constant of crystal 2 as a function of
photon energies, measured at 77 and 291 K.

increase in the gradient of the slope parameter at the
higher temperatures. The theoretical significance of
these observations will be discussed later.

B. The shift of the absorption-edge energy with temperature

The optical-absorption edges of most transparent ma-
terials shift with temperature changes. This is true also
of the KTN crystals. In all cases the shift of the energy
value of the photon at a constant and high value of a,
was measured; this is then proportional, with a constant
of proportionality,® to the shift of E,, the energy-gap
value. Figure 5(a) gives a graphical representation of the
results for crystal 1; the functional relationship will be ex-
plained later. Figure 5(b) shows the same data represent-
ed in another functional relationship. Figures 6(a) and
6(b) represent the data of the results as obtained for the
doped crystal 2, again in the same functional representa-
tions.

0.5 . : . , T .
Crystal KTN-Fe,Ti 222a °
o 0.4 = high (low) slope -
1.0 . | : ; [ ,
! . 8 [ 1
® 0.3 —
o 0.8 Crystal KTN 1a 2 (%
5 | 1 & oo
‘aE“: 06 |- B o o ]
© F - g i 4
© A - —
& oal B » 0.1
(o] | R - d
g 0.0 . f . [ . |
n 0.2 ] 0 100 200 300 400
q Temperature (K)
OO 1 x 1 1

100

|
200

L
300

FIG. 4. The slope parameters of crystal 2. The average ener-

Temperature (K)

FIG. 2. The slope parameter of crystal 1 as a function of tem-
perature. The slope parameter was taken as SkT.

gy of the photon of the steeper slope was 3.39 eV; at the lower
slope it was 3.25 eV. The increase of the lower slope at the
higher temperatures is due to the gradual shift of the absorption
edge to lower energies.
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FIG. 5. (a) The shift of a,=20.1 cm™' as a function of tem-
perature in crystal 1, represented with the help of Eq. (6a), and
the phonon energy taken as 25 meV. (b) Same as (a), but with
use of Eq. (6b).

IV. DISCUSSION

We will discuss our results on the basis of the Dow-
Redfield theory.’ In previous publications we discussed
the influence of both external and internal, impurity- and
phonon-generated electrical fields, on the optical proper-
ties of partly ionic solids having piezoelectric and
longitudinal-optical phonons.>”>%1% In contrast with
indirect-gap materials, where the phonons contribute to
the temperature shift of the absorption edge by supplying
the needed change in momentum, we observe in direct-
gap materials effects connected with the above-mentioned
internal fields through an internal Franz-Keldysh effect.
This was also found to be the reason for the Urbach tail
in ionic crystals.>!!~1* It has been shown that any other
effects, such as thermal dilatation, have a much smaller
influence on the previously reported optical measure-
ments!*~17 in partly ionic crystals. Of course, this effect
of internal, phonon-generated electrical fields has to be
checked by comparing the functional dependences of the
measured parameters with theory.

We will discuss the slope parameter first. The theoreti-
cal form for this parameter as computed for pure ionic
crystals is'¥ 72!

oc=0,0 'tanh(8) , (3)

1-tanh(fiw/2kT)

FIG. 6. (a) The shift with temperature of a,=58.01 cm™' in
crystal represented with the help of Eq. (6a), and the phonon en-
ergy taken as 25 meV. (b) Same as (a), but with use of Eq. (6b).

where
60=*%w/2kT . 4)

Here o, is a constant which is proportional to the re-
ciprocal of the volume of the excited state (exciton) of the
transition.?! The expression #w represents the energy of
the active phonon. It has also been shown that if the
fields generated by the phonons are small (low-energy
phonons) and the crystals are not chemically homogene-
ous, such as in mixed crystals and heavily doped crystals,
the electrical internal fields due to these latter defects
prevail and the phonon contribution is obscured.!®!42
In such cases o will shift linearly with temperature, just
as observed in both reported samples (Figs. 2 and 4). The
prevalence of the constant strain-dislocation-, and
impurity-generated electrical fields is then the necessary
conclusion from these experiments.

The internal fields will also shift the absorption-edge
energy through an Franz-Keldysh effect by enabling the
partial tunneling of electrons through the forbidden re-
gion.!»1? Using the results from our previous work®!3
we can write the LO-phonon-induced field as

F,(T)=F,(0)coth(0) , (5)
where F,(0) is the field at 7=0 and 6 is given by Eq. (4).
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Further computation brings us to the relationship
E,(T)=E,(0)coth(6)—Ey[coth(0)—1], (6)

where E, (T) is the gap energy at temperature 7. After
rearrangement Eq. (6) results in

E (T)=[E,(0)—E,]coth(8)+Ej . (7)

A graphic representation can be made from this function-
al dependence, and then, using a least-squares approach,
all the constants can be found. This approach is prefer-
able to another variation on the solution which results in
the mapping

E, tanh(0)=E,(0)—E,[1—tanh(6)] , (8)

as these functions are graphically less sensitive to varia-
tions of #iw. Both functions have been represented with
E,(T) being the measured values of the gap energy, or,
properly speaking, an energy proportional to the gap en-
ergy,® which has the same functional temperature depen-
dence. From the good fit of the line to the experimentally
obtained values, the numerical data can be computed.
The results are represented in Table I. The used compu-
tational approach involves the least-squares method, with
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the phonon frequency being the adjustable parameter.
The results from both graphical representations of course
give very similar numerical values in both cases, as the
equations are directly convertible.

The thermal shift of the absorption edge also explains
the gradual increase of the gradient of the lower slope in
Fig. 4, as the gap energy decreases and the constant-
photon-energy points slowly enter the high-slope region,
as can be seen from Fig. 3.

V. CONCLUSIONS

Both the form and the energy of the fundamental ab-
sorption edge of the partly ionic crystals of pure and
strongly doped KTN show the predominant influence of
internal electric fields. The slope is in both cases deter-
mined by the strain- and impurity-induced electrical
fields and its slope parameter therefore shows a linear
dependence on temperature. On the other hand, the
thermal shift of the gap energy is clearly due to the 25-
meV LO, phonons?? via their electrical fields. This is do-
cumented by the functional dependence of this thermal-
gap shift on the hyperbolic functions of the phonon ener-
gy and temperature.
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