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Abstract

For implementing the technology of thermally stimulated diagnostics of anisotropy and optical axes in crystals, the
sample is thermostated at a temperature not exceeding the melting point, an electric field not exceeding the breakdown
field is applied to the sample and polarization is produced for a time greater than the relaxation time at this temperature.
After that, without switching off the electric field, the sample is cooled to the liquid nitrogen temperature, following
which the field is switched off, the sample is linearly heated to a temperature above the polarization temperature and
the resultant thermally stimulated depolarization (TSD) spectra taken along and perpendicular to the optical axis of the
crystal are examined. When comparing the spectra the presence of anisotropy is detected and the direction of the optical
axes is determined from the magnitude and presence of the TSD maxima.
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1. Introduction

Optically uniaxial a-LilO, single crystals possess unique
optical, electrical, pyroelectric and piezoelectric proper-
ties and are used as short wave frequency doublers in va-
rious semiconductor lasers for laser-beam ship guidance
applications. There are several methods of optical axis di-
agnostics [1-3] which are described hereinbelow. Howe-
ver they are either complex or not suitable for detecting
the presence of anisotropy since they are used for deter-
mining the direction of the optical axis in crystals which
are known to be anisotropic.

The method of determining the direction of the opti-
cal axis for a phase-anisotropic crystalline A/4 wafer was

described earlier [1]. This method is implemented with
the aid of an optical system containing polarizers installed
perpendicular to its axis, the tested phase-anisotropic crys-
talline A/4 wafer, a phase compensator, and an analyzer
crossed with the polarizer. Rotation of the test crystalline
wafer around the optical system axis produces a conoscop-
ic figure in the form of a bright Maltese cross. The position
of the optical axis in the entrance face plane of the test-
ed phase-anisotropic crystalline A/4 wafer is determined
based on its parallelism with the line connecting two black
points in the conoscopic figure. However this method is
not suitable for detecting anisotropy because the test crys-
tal is a priori anisotropic. Also known is the method of
determining the type, number, activation energy, relaxa-
tion time and activation volume of crystal lattice defects
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in dielectrics and semiconductors [2] which includes TSD
spectrum measurement for relaxed and compressed ma-
terials. However this method is not either applicable for
the diagnostics of anisotropy because compressed crys-
tals undergo deformation and their structure and thickness
change thus distorting the measurement results.

The closest counterpart of the technology suggested
herein by the technical principle and the achieved result
is the method of determining the onset temperature of the
tunneling effect in dielectrics and electrically insulating
materials [3] for which the TSD spectrum of the test crys-
tal is taken, the activation energy is determined, and the
presence of the tunneling effect is judged about from the
presence of No. 1 low-temperature maximum. Then the
dielectric loss tangent spectrum tgd (f, T) is measured, the
onset temperature of the tunneling effect in the sample
being determined as the temperature at which the maxi-
ma of the tgd (f, 7) spectrum no longer shift towards low
frequencies due to variations of the sample temperature.
However this method is not either intended for the diag-
nostics of anisotropy in crystals because this does not re-
quire measuring the tgd (f, 7) spectrum but only examin-
ing No. 1 maximum of the TSD spectrum.

The aim of this work is to provide a technology of
thermally stimulated diagnostics of anisotropy and opti-
cal axes in crystals on the basis of TSD spectrum exam-
ination. The main objectives of this study are: 1) obtain-
ing TSD spectra in different directions in the 77-473 K
temperature range; 2) obtaining thermally stimulated lu-
minescence (TSL) spectra and comparing them with the
TSD spectra; 3) obtaining electrical conductivity spectra
and comparing them with the TSD spectra. The impor-
tance of this study is dictated by the necessity of providing
a technology of the diagnostics of anisotropy and optical
axes in crystalline laser materials used on board marine
ships and at onshore facilities, especially those operating
at low temperatures.

2. Theory of thermally stimulated
depolarization currents

The principle of the thermally stimulated depolarization
method (TSD) is the non-isothermal electrical relaxation
of charged particles due to the fact that when the sample
temperature varies following a certain law the material
changes from nonequilibrium to equilibrium state. The
process is accompanied by energy release which can be
detected by measuring the conductivity, thermally sti-
mulated depolarization currents, thermally stimulated
luminescence etc. The current vs temperature dependen-
ces allow one to determine the energy parameters of the
electrophysical processes in the sample. The first proto-
types of the method were developed in the late 1960s by
C. Bicci, R. Fieschi et al. [4, 5].

Theoretical models of thermally stimulated depolar-
ization currents (TSDC) were developed earlier [6] but

practical TSD methods only found application in the
1980s for studies of ice [7]. The TSD method provides
much more information than the dielectric loss method (tg
d and €") and provides for higher resolution and accuracy
of measurements (by at least two orders of magnitude) [8].

The measurement of thermally stimulated depolariza-
tion currents is carried out as follows. The prepared sam-
ple is placed between the electrodes, isothermally aged at
the polarization temperature 7', the electric field £ is ap-
plied to the sample and polarization is carried out for the
time 13 this produces an inhomogeneous distribution of
carries and an anisotropic orientation of polar molecules
in the sample. The electric field also causes migration of
free carriers. The pinning of charges shifted through a
macro-distance may occur in the vicinity of the electrodes
(near-electrode polarization) or inside the crystal. The po-
larized object is rapidly cooled without switching off the
electric field £ to the temperature 7, (in the case consid-
ered, the liquid nitrogen temperature, i.e., 77 K), and as a
result the polarized state is retained for a long time and the
relaxation time increases substantially. Then the electric
field is switched off, the sample is connected to a V7-30
measuring instrument and heated at a constant rate. As a
result a depolarization current is produced in the outer cir-
cuit and the maximum corresponding to the specific type
of defects appears in the TSD spectrum.

3. Methods of calculating

defect parameters by thermally
stimulated depolarization current
spectra

3.1. Determination of the charge concentration

For determining the total depolarization charge one inte-
grates the area under the /=f{T) curve [8] which is propor-
tional to the concentration of this type of charge (Fig. 1 a).
The concentration of charged defects corresponding to this
TSD maximum is determined as follows:

o j(T
n= J. MdT (1)
Ty Bd
where f = d7/d¢ is the sample heating rate, d is the sample

thickness and j is the current density.

3.2. Determination of the activation energy

3.2.1. Garlick-Gibson method (initial rise method) [8].

The initial rise method is based on the fact that at low
temperatures (about the liquid nitrogen temperature) the
initial sections of TSD current curves have the following
pattern regardless of the relaxation process kinetics:

Y, j . @)
T

I(T)=1, exp(k
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Figure 1. Defect parameter determination from TSD spectra with the Garlick—Gibson method: (¢) TSD temperature dependence in
linear heating mode, (b) TSD curve in Arrhenius coordinates with initial rise section.

It can be seen from Eq. (2) that the initial section of the
TSD current curve in the Arrhenius coordinates (In/ ~
1/kT) is a straight line (see Fig. 1) and therefore one can
graphically determine the activation energy U, of the elec-
trically active defects with a 5% accuracy.

3.2.2. Partial thermal cleaning method

This method was first suggested in an earlier work [6]. In
our test crystals the number of relaxer types is 5—6. Thus
some maxima in the TSD spectrum are superimposed.
One should therefore separate each maximum in order to
obtain the initial rise and drop, i.e., suppress the low-tem-
perature TSD maximum preceding the studied one. To
this end the polarized sample is heated from 7, =77 K to
the temperature that is 10 K higher than the temperature
T of the maximum to be suppressed (Fig. 1, Curves /
and 2). Then the sample is rapidly cooled to a temperatu-
re at which the current drops almost to zero in accordance
with Fig. 2 (Curves 2 and 3). Then the sample is linearly
heated at the same rate. As a result the low-temperatu-
re maximum disappears, i.c., the relaxers that produce
this maximum are misoriented, and the initial rise of the
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Figure 2. Partial thermal cleaning method for TSD currents:
(1) linear heating, (2), (3) and (4) partial thermal cleaning mode.

next maximum is achieved (e.g., the next maximum with
the initial rise is separated, see Curves 3, 4 and /) from
which one can calculate the parameters of the defect that
produces this maximum using the Garlick—Gibson initial
rise method. After that, the operation is repeated for the
next maximum.

4. Experimental

In this work we used the methods of thermally stimulated
depolarization currents, electrical conductivity and ther-
mally stimulated luminescence (TSL). The instruments
were a V7-30 electronic voltmeter-electrometer, a V6-21
voltmeter, stabilized power sources, VM-538 and VM-
507 impedance meters, Dewar flasks with liquid nitrogen,
an URS-2.0 X-ray apparatus and the experimental system.

The test samples were lithium iodate a-LilO, crys-
tals (hexagonal system, point group C,) grown by
open evaporation in H,O and natural muscovite mica
KAL[AISi,O, ](OH), plate-like crystals (monoclinic sys-
tem, point group 2/m, prismatic) that are used for the pro-
duction of electrically insulating materials, e.g., micanite
and micafolium. These crystals were chosen as test sam-
ples because of their hydrogen bonds. For the tests we cut
out, ground and polished several samples of each crystal,
with a 0.05 mm thickness for plate-like muscovite crys-
tals and 0.5—1 mm for lithium iodate.

The experimental system was developed, fabricated,
patented [9] and used in this work under RBRF Grant
No. 18-32-00656. The measurements were carried out in
the 77-473 K range and at electric field frequencies of
1-10% Hz. The design of the stationary device contains the
following basic components (Fig. 3). A vacuum screening
cap 3 made of stainless steel is mounted on a steel base
plate /. A hollowed bottom electrode 4 is attached to the
base plate with pipes 6 and 7 that are welded to a cap 5
and used for the supply and discharge of liquid nitrogen
vapors and are attached to the base plate with fluoroplas-
tic washers 24 and retaining nuts 25. The bottom surface
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Figure 3. Multifunctional system for studying physical and technical parameters of semiconductors, diclectrics and electrically

insulating materials.

of the cap of the bottom electrode 4 has a direct current
powered heater coil § contained in quartz pipes.

An ultrasonic converter // having an output /2 to an
ultrasonic generator is attached with springs /0 inside the
electrode 4. The test sample /3 with a guard electrode
14 and a measuring electrode /5 is placed onto the hol-
lowed bottom electrode 4 and slightly pressed down with
a thin spring plate /6 attached to an isolated pole /7 and a
molten quartz plate /8. The vacuum electric input consists
of a molten quartz plate 26 with a centered hole for the in-
put of a contact 27. The natural sample heating rate was
preferably 0.5—1.0 K/min. The pressure inside the sys-
tem was maintained at 10°-10* mm Hg with a roughing
vacuum pump and a diffusion pump through a union 23.
The vacuum screening cap has windows /9 and /9a for
sample irradiation and reflected radiation detection with
a photoelectron amplifier. The temperature is measured
with two differential Chromel-Copel thermocouples 20 at
the bottom and top electrodes through a contact 2/ with a
retaining nut 22. The vacuum electric input is assembled
from the molten quartz plate 26 with a centered hole for
the input of the contact 27. The measurement error of this
system is as follows: 1 x 10> A for current, 5% for tgd
at tgd > 5 x 10, 10-30% for tgd at 1 x 10*#<tgd <5 and
2% for electrical capacity.

5. Results and discussion

The object of this study is achieved by comparing the
TSD spectra of the crystals taken along the optical axis

with the TSD spectra taken perpendicular to the optical
axis and with the TSL and electrical conductivity spectra.
The fundamentals of this technology were put forward by
us earlier [10] and partially described [11].

We now consider the suggested diagnostic method for
the example of hexagonal lithium iodate crystals o-LilO,
used in laser engineering. The method is implemented as
follows. The sample of the test material is silver coated
at two sides by vacuum sputtering in a VUP-5 plant for
producing silver electrodes. Alternatively contactode or
glue electrodes made from AK-113 lacquer and fine nick-
el powder can be used to provide for similar results. The
sample is thermostated at 7 , =300 K accurate to £0.5 K. If
the material contains polar defects they will be detected as
maxima in the TSD spectrum on a recorder or on a com-
puter display. Then the resultant spectra taken along and
perpendicular to the sixth order optical axis of the crystal
are examined, and their comparison reveals the presence
of anisotropy and the direction of the optical axes. The
measurements were carried out for different samples cut
from one crystal in order to eliminate the effect or residual
polarization.

Of the 32 known classes of crystalline dielectrics, py-
roelectrics are 10 classes which are non-centrosymmetric
and have a polar axis. This group also includes hexagonal
crystalline lattice crystals to which lithium iodate crystals
pertain. Anisotropy is the dependence of physical proper-
ties (in the case considered, electrical and optical ones) on
direction in the crystal.

If a crystal is pyroelectric this should be seen from its
TSD spectrum. We will now dwell upon this phenomenon.
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Figure 4. TSD current density of a-LilO; single crystals along [0001] axis as a function of E, for T =323K, =10 min, d=0.7 mm,
clectrode diameter 25 mm and £ field magnitudes, V/m: (1) 8.5x10% (2) 4x10% (3) 2x10% (4) 5x10°.

The pyroelectric effect is caused by the appearance and
accumulation of electric charge on crystal surface during
crystal heating or cooling, resulting in the production of
an electric moment [12] due to a change in the spontane-
ous polarization during temperature variation. Pyroelec-
tric currents are produced due to variations in the temper-
ature of a pyroelectric material (Fig. 4).

Heating of electrets also produces currents which are
however accounted for by depolarization. For these crys-
tals the magnitude of these currents decreases with time,
with the pattern of the TSD spectrum changing signifi-
cantly. Indeed the experiment showed that the first and
second TSD spectrum maxima of lithium iodate at 112 and
145 K are reproduced from experiment to experiment. It
is noteworthy that the method of partial thermal cleaning
does not hold for the TSD current maxima Nos. 1 and 2 at
112 and 145 K: these maxima are not suppressed after re-
heating from the liquid nitrogen temperature. The method
of partial thermal cleaning however holds well for higher
temperature maxima. Thus pyroelectric current (maxima
1 and 2) dominates over weak relaxation current by 3—4
orders of magnitude. The activation energies (Table 1)
calculated from the TSD spectra agree well with the acti-
vation energies calculated from infrared spectra [13, 14].

Table 1. Activation energy and concentration of relaxers for
a-LilO, crystals

Maximum 7_,K U, || Zaxis, Concentration U, LZ  Concentration

No. eV || Zaxis, m?® axis,eV L Zaxis, m?
1 112 0.07+0.02 - - -
2 145 0.15+0.02 1.2x10" 0.16 £0.03 3.8x10°
3 190  0.30+0.03 - - -
4 205 0.35+£0.03 - - -
5 225 0.42+0.04 — — —
6 250  0.48 +£0.05 54x10*  0.50+0.05 2.4x10'
7 352 0.45+0.05 8x10% 0.65 £ 0.06 4.7x10"

It was shown [12] that the pyroelectric coefficient of lith-
fum iodate has a broad maximum at 120-140 K (Fig. 5).
It can also be seen from Fig. 5 that the pyroelectric coef-
ficient of lithium iodate is also large at 100 K, confirming
the presence of pyroelectric current in the Z direction of
the test crystal (sixth order axis [0001]).

107 (C/(m?*K))

O 1

Il Il Il Il
160 200 240 280 320

T (K)
Figure 5. Temperature dependence of pyroelectric effect in
a-LilO;, single crystals [12].

Study of the TSD spectra that were also described
earlier [15] showed that the temperatures of the maxima
in the TSD spectra (Fig. 4) and the TSL spectra (Fig. 6)
[6] coincide and hence there is a direct relationship be-
tween the thermally activated and relaxation phenome-
na. The samples were X-ray irradiated on an URS-2.0
apparatus with a BSV-2 tube (Cu, 12 kV, 10 mA). The
TSL spectra were recorded with a FEU-92 photoelec-
tron amplifier and a DC amplifier and visualized with
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a KSP-14 recorder. FEU-92 was powered from a stabi-
lized high-voltage power source.

Most crystalline materials having defect-free lattices
exhibit small if any photoluminescence.

However an impurity ion concentration of a few hun-
dredths of a percent is sufficient to initiate luminescent
properties in these materials. Recombination lumines-
cence is excited in solid crystalline materials as a result of
the generation of metastable carriers (electrons or holes)
due to the action of an ionizing radiation source. This
is the so-called defect or impurity center luminescence.
Any luminescence process can include carrier trapping
by traps or mobile defects followed by carrier release
upon heating.

As can be seen from the experimental results (Fig. 6)
luminescence involves the defects which show themselves
in the TSD spectra (Fig. 4). Under exposure to X-rays an
electron moves across the crystal until recombination with
an ionic defect or trapping. Luminescence is produced in
the former case. In the latter case part of electrons end up
localized at trapping centers (in the crystals considered
these are H,O", impurity water molecules). Obviously an
electron can only be trapped by a mobile defect, i.e., if it
is “defrosted” which is the case when maxima appear in
the TSD spectra. In the case considered these defects are
H*, OH, H,0" and water molecules. The probability of
hydrogen ions in lithium iodate crystals was first predict-
ed in earlier works [16, 17].

Comparison of Figs 4 and 7 shows that that the TSD
spectra taken along the optical axis of lithium iodate crys-
tals contain 7 maxima including the pyroelectric current
ones (maxima Nos. 1 and 2, Fig. 4) while the TSD spec-
tra taken perpendicular to the optical axis contain only 3
weak maxima and none of which corresponds to pyroe-
lectric current (Fig. 7). The relaxer concentrations along
and perpendicular to the sixth order axis for the three TSD
maxima being compared differ significantly (Table 1)

1070 g

10"E

Né C

s -

-\10*‘25

1078 |
:I 1 1 1 1 1 1 1 1 1 1 1 1 1
100 150 200 250 300 350 400

T (K)

Figure 7. TSD spectrum of o-LilO; crystals taken perpendicular
to the sixth order axis at Ep =4 x10°V/m and Tp =376 K.

which suggests the directions of the crystallographic axes
and confirms the presence of anisotropy in this crystal.

Thus study of thermally stimulated depolarization cur-
rent spectra allows diagnostics [21] of anisotropy of op-
tical axes in crystals and pyroelectric currents which in
turn also confirm the presence of anisotropy. This means
that the technology suggested herein is suitable both for
pyroelectrics and non-pyroelectric crystals.

For muscovite mica crystals (Fig. 8) the TSD spec-
tra taken along the direction perpendicular to the (001)
face contain 7 TSD maxima having similar behavior in
response to variation of different parameters and impu-
rities. Taking TSD spectra for other directions in musco-
vite mica crystals is impossible because the thickness of a
mica plate is only 5 mm. Since muscovite does not pertain
to polar symmetry classes it does not exhibit pyroelectric
properties. However the presence of TSD spectra similar
to those of lithium iodate confirms the presence of aniso-
tropy. Similar conclusions can be drawn for phlogopite
and a number of other crystals.

The conclusions made on the basis of the experimental
TSD spectra are confirmed by analysis of the IR spectra
[14] and electrical conductivity (Fig. 9).

It can be seen from Fig. 9 that the electrical
conductivity in the direction along the optical axis
(Curve /) is almost three orders of magnitude higher
than that in the direction perpendicular to the optical
axis (Curve 6), and this is confirmed by earlier data
[19-21]. Study of anisotropy in optical crystals with a
protonic conductivity type e.g. lithium iodate [22, 23]
with the use of strong light beams is inexpedient since
the contact of radiation with the crystal surface leads
to accumulation of stress and cracking along cleavage
planes or along block boundaries. This reduces
the beam resistance of the crystals, increases the
dislocation density and light absorption in the crystals
and eventually leads to beam scattering and laser power
degradation. Electrical measurements do not cause
these detrimental consequences.
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Figure 9. Frequency dependence of electrical conductivity of
a-LilO, crystals at temperatures of (/) 297, (2) 265, (3) 229,
(4) 183 and (5) 125 K along the optical axis and (6) 297 K per-
pendicular to the optical axis.

6. Conclusion

The reported TSD examination experiments for muscovite
and lithium iodate crystals suggest that the technology sug-
gested in this work allows not only detecting the presence
of anisotropy and determining optical axis directions but
also evaluating the quality of optical crystalline materials.
In spite of the different principles underlying the TSL and
TSD studies, the experiment showed exact coincidence of
the temperatures of maxima in the TSL and TSD spectra in-
dicating that the same defects participate in both processes.
The data obtained using the TSD method for determining

the direction of the optical axis in crystals agree well with
the temperature and frequency spectra of electrical conduc-
tivity. Furthermore the TSD method not only detects the
presence of anisotropy but also gives the exact direction
of the optical Z axis [0001] along which the spectrum con-
tains seven maxima whereas the spectrum taken perpendi-
cular to the optical axis contains only three maxima.

The use of the thermally stimulated depolarization cur-
rent method allowed completely solving the tasks of this
work and puts forward a technology for the diagnostics
of anisotropy and optical axes in crystalline materials.
The technology developed in this work is doubtlessly
of interest for the fundamental research dealing with the
tunneling effect and for various practical applications as
a method of examining the quality of optical crystals at
a sufficiently high scientific and technical level that was
unachievable before, resulting in the consequent develop-
ment of the method of optical diagnostics of optical axes
and types of oscillation centers in crystals with hydrogen
bonds [13, 14].

Low-temperature studies are important for applica-
tions in extreme north and Antarctic regions where tem-
peratures below —50 °C occur at which the electrophysi-
cal and optical parameters of crystalline materials change.
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