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On the basis of ITC studies, complemented by some spectroscopic and
ionic conductivity measurements, it was stated that dielectric relaxations of
the NaCL:Cr®* crystals are more complicated than those typical of AH:Me?+
systems. The complexity of these phenomena concerns the number, shape
and positions of the bands appearing in the ITC spectrum. The origin of the
main peaks was discussed in terms of relaxations related with the chromium
centres; substitutionally and off-center located Cr®+ ions, accompanied by
two cation vacancies at geometrically different positions, and Cr clusters
distributed around dislocations were considered.

PACS numbers: 77.40.4i

1. Introduction

The present series of papers, devoted to alkali halides (AH) doped with
“small” trivalent cations (Me3t), began with characterization of bismuth centres
in NaCl, KCI and RbCI crystals (Part 1 [1]). Although some evidences for the
presence of impurity-vacancy-vacancy (I.V.V.) dipoles were gathered, bismuth
affinity to oxygen-like anions made the quantitative analysis of the obtained results
difficult. ‘

Similar to bismuth doped crystals the impurity related defects in chromium
doped NaCl crystals were mainly studied by ionic thermocurrent (ITC) technique
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employed in an extended range of temperature for samples doped in a wide range
of concentration, cs;. In parallel, EPR spectra and the temperature dependence
of ionic conductivity were also investigated. It should be noted that trivalent
chromium is especially interesting for these studies because of laser and solar
collector applications [2]. Moreover, for NaCl:Cr3* crystals the ratio of ionic radii
r34/ry is still smaller than for the bismuth doped AH, and still more similar to
doped silver halides with the structure of sodium chloride. For this reason, the
results obtained are critically compared with those presented by Ulrici [3] and
Kunze et al. [4] for silver halides doped with trivalent chromium; the most charac-
teristic features of ITC spectra typical of AH:Me?t systems with ray > ry were
also shortly discussed.

2. Crystals and techniques used

2.1. Basic characteristics of samples

Single crystals of NaCl containing trivalent chromium ions were grown by
a modified Bridgman method [5] at the Crystal Growth Laboratory, Institute of
Physics, CSAV, Prague by Dr M. Lebl.

The nominal concentration of the dopant ranged between 10 and 2000
mole ppm. The chromium content was determined by the atomic absorption spec-
trometry (AAS), whereby a Perkin-Elmer spectrometer was used; for the numer-
ical data see Table I.

TABLE I
Characterization of crystals.
Mark | Dopant [ppm)] Remarks
Melt | AAS/OA

F.1| 10| 45/- |1. r(Cr:3+) = 0634,

F.2| 30| -/0.38 r(Na:+) = 0.98 A,

F.5( 300| -/0.38 r =0.63/0.98 = 0.64.

F.6| 500 | 14/1.04 | 2. Cr(3+) and Cr(+)

F.7| 800 -/1.60 ions are paramagnetic.

F.8 1000 -/1.72 |[3. OA gives the absorption

F.9| 2000 | 40/2.80 coefficient at A 2 234 nm.

The major part of experiments was performed for as received (AR) about
15 years old crystals. In some instances the effect of high-temperature treatment
was studied. After 30 minutes of annealing at 873 K the sample was dropped
onto a copper plate at room temperature (RT); this procedure was considered as
determining the solution treated (ST) state of samples.
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2.2. ITC and other measurement techniques

If not otherwise stated, the ionic thermocurrent (ITC) measurements were
performed under conditions usually applied for detection of the impurity—vacancy
(I.V.) dipoles in alkali halides doped with divalent cations [6]. Additionally to the
low-temperature phenomena, polarizations appearing above RT were registered.
The effect of plastic deformation (uniaxial compression in a self-made device) upon
the ITC spectra was detected for an arrangement described previously [7].

The valency of the dopant was systematically verified by taking the EPR
spectra at RT and/or liquid nitrogen temperature (LNT) with the
VARIAN-V-4502-12 spectrometer operating with 100 kHz field modulation. The
orientation of samples was achieved by means of a goniometer, and for the pur-
poses of this work the samples were rotated around angle © between the magnetic
field and the main crystal axes.

The temperature dependence of ionic conductivity was measured in the same
way as it has been described in Part 1 [1].

3. Results and discussion

3.1. Ionic conductivity

Figure 1 shows the conductivity o versus inversion of temperature 1/T for
AR samples doped with various amounts of chromium.

Similar to bismuth doped NaCl crystals (Part 1) the temperature depen-
dence of ¢ displays two characteristic regions, the extrinsic and association one.
Hence, the conductivity plots of slightly doped samples are explainable in terms
of substitutionally incorporated Cr3t ions for which the charge excess is compen-
sated by cation vacancies. With increasing cs4 the association of vacancies occurs
at temperatures at which the intrinsic conductivity takes place. Similar to the
bismuth doped alkali halides 1], the number of cation vacancies, induced by each
Cr3% ion, is larger than one. The migration and association energies, obtained
from the 1g(cT) vs. 1/T plot for AR samples, are listed in Table II; for compar-
ison, experimental data for NaCl crystals doped with other transition metal ions
are also presented. The values obtained are similar to each other, whence the effect
of electric charge seems rather poor, at least for the migration. This result is in
contrast with the classical theory by Tosi and Doyama [10] in which the charge as
well as size of the dopant are strongly involved.

3.2. EPR spectra

“For heavily doped samples the EPR spectra detected at RT are composed
of different lines, whose number increases with decreasing temperature. The large
number of lines is probably the consequence of several overlapping spectra related
with several paramagnetic centres, whose g-factor takes an average value of 2.0036.

To obtain information about the symmetry and/or the relative number of
centres, preliminary studies of the signal anisotropy were undertaken. The crystals
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Fig. 1. Temperature dependence of the electric conductivity of AR samples doped
with 30 (e), 300 (A), 800 (x) and 2000 (o) mole ppm of Cr(3+); curve (*) shows data
characteristic of nominally pure NaCl crystals.

were rotated in (100) and (110) planes by 2.5 angular degree. Figure 2 exemplifies
the results obtained by rotating the F.3 crystal about a (100) direction. Although

TABLE II
Activation energies of Cr(3+) ions compared with
those characteristic of some transition metal ions in-
corporated substitutionally in NaCl crystals.

Ton Energy of Refs.
association | migration
Mn(2+) [ 0.3+ 0.6 0.8+0.95 (8]
Ni(2+) { 0.32,0.62 |0.75 [9]
Co(2+) | 0.3 0.75 [9]
V(2+) | 0.43 0.7 [9]
Cr(3+) | 0.68 0.78 here
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Fig. 2. Room-temperature EPR spectra of the F.3 sample showed for various values of
o — the angle between the [100] direction and the magnetic field H; sweep frequency
2 100 Hz.

Fig. 3. Cr®t in the NaCl matrix, associated with two vacancies in the nn and nnn
positions. The symmetries Djp, Cs and Dyp are represented by vacancy pairs labelled
1, 2 and 3 respectively; black point marks the Cr(3+) ion position.

the observed spectra were not analysed in sufficient details to fit an appropriate
ITamiltonian, the angular dependence of the position of some spectral lines can be
related with centres of a twofold and a fourfold symmetry. These symmetries are
characteristic of defects composed of the impurity ions and cation vacancies in the
nearest neighbour (nn) and next nearest neighbour (nnn) position, respectively.
Figure 3 shows the most probable configurations of I1.V.V. dipoles. The symmetry
of these centres could be as follows:
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1. Dyp, with two vacancies in the nn position to Cr3t and in transposition to
each other;

2. C, — which arises when one vacancy is in the nn site and the other one in
the nnn position, whereby both dipole axes are in the same [100] plane; and

3. D4, — when both vacancies occupy the nnn sites in the transposition to
each other. ’

Since two cation vacancies repel each other by the Coulombic interactions,
the Dap, and other configurations with both vacancies in the nearest neighbour sites
to each other are less probable. The relative number of various dipoles depends
on the dopant concentration, thermal pretreatment and plastic deformation of
samples; more detailed data will be reported shortly.

3.3. ITC data

3.3.1. The resulils obtained

The depolarization currents of NaCl:Cr(3+) crystals show a peak near 226 K
(A.1) accompanied by another one at 206 K (A.2) and a broad high-temperature
band (C). For the low-temperature range the effects of polarization conditions
are shown in Fig. 4 for AR (curves 1.and 2) and ST samples of the F.6 crystal
(the remaining curves). Figure 5 shows the most characteristic features of the low-
and high-temperature bands. On assuming that the temperature dependence of
the relaxation time related with the low-temperature band is of Arrhenius type,
the activation parameters for reorientation jumps may be calculated. Because of
some experimental limitations, the activation energy E was evaluated according to
Chen’s approximations [11], whereas the frequency factor 7y was calculated from
the following equation describing the condition for the band maximum:

Tm = [(E/E)br(Tim)]Y2.
For the Arrhenius-type jumps:

T = 1o exp(—E/kT),
and ,
10 = T2 k/Ebexp(E/kTy,)

with b and k denoting the heating rate (in our experiments equal to 0.1 K s~1)
and Boltzmann constant, respectively. Table III lists the numerical values of E
and 79, and Fig. 6 shows the reorientation energy of Cr dipoles compared with
those characteristic of divalent 1mpur1t1es in NaCl crystals as function of their
ionic radius. :

The main features of the C band may be summarized ‘as follows:

1. The amplitude HC and peak position TS are increasing functions of the
thickness of samples X .

2. For fixed X the T, value depends on the polarization conditions, i.e.
the polarizations related with this band should be described by a distribution of
relaxation times, being meaningful for shape- and/or size dlstnbutlon of particles
segregated near dlslocatlons cp. Part 1 [1].
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ITC spectra characteristic of the F.6 sample; the effect of polarization conditions

for AR (curves 1, 2) and ST samples (remaining curves) is shown.

!
“‘”‘”{ (o R T
FS
Tp=RT -
3 | =im
TulKI Tolkl o o
239} (o) 275 /
O 1t s Tk 73 % '/-. 750
V1200 v g
£ u
i X ] b b4 2 *x
X X 329¢7 (K] * 50 / 1500
Ld
x
219 82 ~
3 . 25 4
* ¥ f ¥ 2264 2[K) ¢ 0
.
I L —
199 L ) R s . 1310 | .
12 s 6 7 8 crystal ingot 9 600 800 1000 1200 VP‘(VJ
Fig. 5. Characteristic peak positions for the crystals studied (a) and the dependence

of peak amplitudes on the electric field applied (b).



M. Suszyiiska, R. Capelletti

46
E
leV]
| e te e e
0,6 //. é
- ~
./
0,4+
0,2
i Cr (34) Na(+)
1 1 1 1 l ] 1 1
02 0.6 06 08 10 12 r 1Al
2+
Fig. 6. Reorientation activation energy of IV. dipoles in NaCl crystals vs. ionic radius
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are also presented.
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Fig. 7. Effect of plastic deformation upon ITC spectrum of the F.2 sample (o); for
comparison the spectrum of AR sample is also presented (x). T, & RT, T; = 178 K,

Vo = 1460 V.
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3. Similar to the dipolar bands, the frozen-in polarizations (represerited by
HC) are linear with Ep(= V;/X) up to about 3 x 103 V cm=-.

4. Few percent of plastic deformation (¢) induces strong decrease in HC,
distinct shift of 7,S towards higher values and drastic increase in the bandwidth,
see Fig. 7, where data for ¢ = 0 % are shown for the sake of comparison.

. TABLE IIT
Relaxation parameters characterizing the low-temperature ITC bands for plate-shaped and
parallelepipeds in as received, aged after solution treatment and deformed samples of NaCl
containing various amounts of Cr(3+) ionms.

Mark F.6.6 F.7.1 F.8.1 F.9.8 F.9.8
Shape parall, plate plate parall. ‘ parall.
Treatment | AR + 13.3% | ST + aged/RT | ST + aged/ST | ST + 4.56% | ST + 4.56%

Tm [K] 211.5 211 213 206 182
b= %:—’-;rf 0.40 0.44 0.42 0.44 0.50
Eq [eV] 0.56 0.52 0.56 0.56 0.49
Ej [eV] 0.50 0.47 0.55 0.51 0.35
Eu [eV] 0.54 0.50 0.56 0.54 0.42
{E) [eV] 0.53 0.50 0.56 0.54 0.42
Toa [s] 416 x 1012 | 253 x 10—11 3.16x 10712 | 1.54x 10™12 | 1.69 x 10~12
To6 [s] 8.52 x 10~ | 5,50 x 1010 8.70x 10712 | 2,53 x10~11 | 1.91 x 10~8
Tow [8) 1.23 x 10— | 8.37 x 10-11 3.70 x 10~12 | 4.15x 10712 | 1.83 x 10~1°
(r) [s] 1.72 x 10-11 | 1.05 x 1010 4.69x 10712 | 555x 10-12 ( 1,83 x 10~10

3.8.2. Considerations of the relazation phenomena

The low-temperature band A.1l is located in the temperature range where
the dipolar band occurs for AH crystals doped with small Me?+ ions. Although the
amplitude of this band is linearly dependent on the polarization voltage, its shape
is slightly different from the nonsymmetrical one characteristic of I.V. dipoles.
The broadening observed with increasing cs; probably reflects various geometri-
cal configurations of coexisting I.V.V. dipoles. If so, the a-approach, practically
insensitive to the kinetics order, should be considered as the best estimation of
the activation energy value. The increase in c34 induces not only the broaden-
ing of the main low-temperature band but also the appearance of a second band
(A.2) positioned below the main one. This phenomenon resembles the situation
in silver halides doped with trivalent chromium for which the presence of nn and
nnn types of dipoles was suggested [4]. It should be noted, however, that for
NaCl:Cr3t crystals the A.2 band appears also in solution treated and plastically
deformed samples. These “agents” induce lattice distortion around the Cr3+ ion,
which might be interpreted as equivalent to an off-centre position. Since the dipo-
lar moment of such defects is smaller than for the centrally located cations, see
[13], the amplitude of both low-temperature bands is not simply proportional to
the dopant concentration.

Although the behaviour of the high-temperature part of the spectrum is
explainable in terms of the Maxwell-Wagner polarizations, some features of these
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bands are distinctly different from those detected for AH:Me?*t systems [7]. It
seems reasonably to assume that in the case of small trivalent cations, both the
extended and compressed regions near edge dislocations are accessible for the
impurities, and instead of the formation of a classical Cottrell atmosphere (typical
of AH:Me?t systems) an “unlimited” number of cations may be segregated here,
probably in the form of aggregates and/or precipitates.

4. Concluding remarks

The main conclusion of the EPR studies — that in NaCl:Cr3* crystals may
coexist centres of different configuration — was confirmed by the composed char-
acter of ITC bands. Also the suggestion from conductivity data — that more than
one cation vacancy accompanies the substitutionally positioned Cr3t+ ion — found
further support in the geometry of dipolar centres related with the low-temperature
dielectric relaxations.

Comparing the features of the polarization phenomena detected with those
typical of AIl:Me?+ crystals with roy. > 74, some differences were found. They
concern the number, shape and position of the relaxation bands appearing in
the low-temperature range. Also the high-temperature bands react differently to
plastic deformation and thermal pretreatment as well. In a given sense the spectra
appearing in NaCl:Cr3* also differ from those recently described for LiF:Ti3t crys-
tals (with 734 > r4) [14]. On the contrary, some similarities with the behaviour
of the off-centre positioned Be?* ions in NaCl and KCI crystals [13] and the sub-
stitutionally located Cr3t ions in silver halides [4] were detected. Hence, it seems
reasonable to suppose that the size of the impurity ion plays an important role in
determining the main features of the polarizations registered by the sensitive ITC
technique. Taking into account the conductivity data, this means that the second
charge compensating cation vacancy is probably at a distance different from the
considered nn and nnn ones. The evidences could be attained by studies of the
EPR anisotropy. Moreover, the distribution of cation vacancies around Cr3+ ions
and the electrostatic interactions between them should influence the degeneracy
and activity of electronic and vibrational transitions as well. Hence, also spectro-
scopic investigations could be the basis for final determination of the structure of
defects investigated.
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