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Optical and electrical properties of praseodymium-doped NaC1, KC1, RbC1, and KBr crystals are
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f~ d trlmsitions have been observed. An ~~»ysis of the f~f transitions at 77 and 4.2'K indicates
that each t'ree-ion level of the 4f conilgnration splits into i2J + 1) Stark components implying that
the symmetry of the crystal field at the ion site is C~, or lower. X irradiation produces a sm~&I

number of divalent praseodymium ions. Ionic~ductivity experiments reveal that the impurity ion is
bound to the charg~n~~ting vacancies by an energy lying in the range 0.6-0.8 eV for the crystals
studied. Dielectric-loss experiments give two loss pp &» arising owing to the reb~ghtion of
impurity-vacancy dipoles at nearest-neighbor (nn) and next-nearest-neqgbor (nnn) sites, respectively. This
suggests that the trivalent impurity is bound to the two charg~ompensating vacancies with vacancies

occupying both nn and nnn sites. This results in a C, symmetry at the ion site.

I. INTRODUCTION

A considerable amount of work has been done on
the nature of divalent impurity centers in alkali-
halide crystals. ' ' However, only a few stray at-
tempts have been made in the last few decades to
get information regarding trivalent impurity cen-
ters in alkali-halide crystals. ~' These attempts
have met with only partial success, since either
the trivalent state of impurity could;not be con-
firmed by independent experiments or both the tri-
valent and divalent states were invariably present
together. It has been shown by Lidiardo that the
impurity ion may be present in the alkali-halide
matrices in divalent state only if its third ionizama

tion potential is greater than 22 eV. A survey of
the Periodic Table shows that most of the metals
have a third ionization potential greater than 22 eV
and they enter the alkali-halide lattices in divalent
state only. In the present investigation we have
chosen praseodymium to investigate the trivalent
impurity centers in alkali halides.

There are two electrons in the 4f orbit in tri-
valent praseodymium ion. When such an ion is
placed in a crystal lattice, the f electrons experi-
ence a very weak crystal field since they are
shielded by the outer 5s'p electrons. The crys-
tal-field splittings are smaller than the spin-orbit
coupling constant. The levels of the 4fs configura-
tion, resulting from L-S coupl. ing, split into their
Stn,rk components. The extent to which the (2Z+ 1)
degeneracy is lifted depends on the symmetry of
the crystal field.

Transitions between these Stark levels give a
number of groups of lines in the absorption spectra.
These transitions are parity forbidden but become
partially allowed in crystal field owing to mixing
of opposite-parity configurations. Such intracon-
figurational f- f transitions have been studied by

many workers' for trivalent praseodymium in
several matrices. Some f-f transitions have also
been reported in KCl and KBr crystals. The
levels of Prs' have been established beyond doubt.
The 5d orbit lies outermost and is strongly affected
by the crystal field. The 4f 4f 5d transitions
are parity-allowed transitions and are intense.

We have used the optical absorption studies to
confirm the trivalent state of praseodymium in the
lattices. When such a trivalent impurity enters
the alkali-halide crystals by substituting for an
alkali ion, two cation vacancies are created for
charge compensation. These vacancies carry an
effective negative charge and hence are bound to
the impurity with electrostatic attraction. Ionic-
conductivity experiments yield information regard-
ing the association energy of these impurity-vacancy
dipoles. Dielectric-loss experiments have been
performed to obtain information regarding the posi-
tion of the vacancies and the activation energies for
the migration of the bound vacancies. Both ionic-
conductivity and dielectric-loss results yield con-
siderable information regarding the interaction of
impurity with the charge -compensating vacancies.

II. EXPERIMENTAL

Crystals were grown by zone melting and Bridg-
man techniques in our laboratory. Analytic -re ma

agent-grade BDH alkali-hal. ide powders and E.
Merck PrC13 powder were used as the starting
materials. The crystals were very hygroscopic
and therefore were stored carefully in a dessicator.
Optical spectra at room, liquid-nitrogen, and
liquid-helium teperatures were taken on a Cary-14
spectrophotometer using a metal cryostat. Crys-
tals were quenched from high temperatures before
each measurement. X irradiation was done using
a Phillips x-ray unit with molybdenum target op-
erating at 35 kV and 15 mA. Both sides of the
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crystals were irradiated to get uniform coloration.
Ionic conductivity was measured in vacuum using

a megaohm bridge. The temperature was measured
by using iron-constantan thermocouple. Both sides
of the sample were coated with aquadag to get good
electrical contact. The measuring voltage was ap-
plied for a short period of time to avoid polariza-
tion effects. The readings were taken at different
stablized temperatures and a plot of log, oo T vs 1/T
was plotted. Dielectric -loss measurements were
done using a General Radio 1615A capacitance
bridge in combination with a PM-5100 Phillips os-
cillator. Readings were taken at different frequen-
cies in the frequency range 10 -10' Hz at various
constant temperatures. The temperature of the
crystal was kept constant by using a plastomatic
Phillips temperature controller. Plots of loggp tan&

(loss factor) vs log, of (frequency) were plotted at
various temperatures. The dielectric -loss mount
used in the present investigation is described else-
where.

III. RESULTS AND DISCUSSIONS

A. Optical properties

1. Uncolored crystals

The optical spectrum of the praseodymium-doped
alkali-halide crystals consists of a number of
groups of weak and sharp lines in the infrared and
visible regions and some broad intense bands in
the ultraviolet region. The sharp lines arise owing
to the parity-forbidden intraconfigurational (f-f)

transitions, while the intense bands arise owing to
parity-allowed interconfigurational (f-d) transi-
tions. Both the transitions have been observed and
are discussed separately in the following sections.

(a) Introconfigurational f-f transitions. Figures
1(a) and 1(b) show the optical spectra of RbC1: Pr '
crystals at 77 and 4. 2'K, respectively, in the
wavelength range 440-500 nm. The spectra in the
range 580-620 nm is shown in Fig. 2. The spectra
consist of groups of sharp lines around 440 nm

( H4- P2); 4'l0 nm ( H4- P~); 490 nm ( H4- Po);
600 nm ('H, -'Da). All the transitions observed
arise from the lowest free-ion manifold H4 to the
various levels of the 4f' configuration. This is to
be expected since the next higher manifold 'H5

above the ground manifold is separated by -2000
cm from it. Since each free-ion level splits into
its Stark levels owing to the symmetry of the crys-
tal field, , transitions take place from the various
Stark levels of the ground manifold 'H4 to the Stark
components of the other free-ion levels. The num-
ber of lines is greatly reduced at 4. 2 'K, since the
higher Stark levels of the ground manifold H4 are
depopulated. The position of all the lines observed
are tabulated in Table I for NaCl, KC1, RbC1, and

KBr crystals. An analysis of the spectra at 300,
77, and 4. 2 'K shows that each free-ion level splits
into (2J+ 1) Stark components and the J degeneracy
is completely lifted. This indicates that the site
symmetry at the ion has at most a twofold axis.
Efforts to study polarization spectra did not succeed
in the usual sense to help the identification of vari-
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FIG. 1. Optical absorption spectra of Pr '-doped RbCl crystals at 77 and 4.2'K.
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I~ and G4 levels are partially observed and are
very weak in intensity. The So level, however, is
not observed at all. It lies near 200 nm, where it
is possibly obscured by the intense f- d transitions.
F3 and 3F4 levels consist of a number of diffused

lines but are quite intense. There might be a pos-
silibity of overlapping. The centers of gravity of
these levels could not be determined from the
available absorption spectra. Eight lines are ob-
served in the transition H4- F~ near 2000 nm.
All the five Stark components of this level are de-
termined from the absorption spectra. 3H, and
'H, levels were not investigated since they lie in
the far infrared. The positions of the various Stark
components of the levels of Pr3' observed are tabu-
lated in Table II along with the levels in Lacl3: Pr~
crystal" for a comparison.

The transitions to the levels Pz, P» and Po
from the ground manifold are schematically shown
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FIG. 2. 3H4 Q transition of Pr+ in RbC1 crystals
at 77 and 4.2'K.

TABLE I. Positions in (cm ) of various lines observed
in f f transitions of Pr+ ion in different crystals at
77'K.

ous transitions and the site symmetry.
The simplest group of lines corresponds to the

transition H4- Po. At 4.2'K only one line is ob-
served while three lines are observed in this tran-
sition at VV 'K. Since 3PO is nondegenerate state,
these transitions take place from the Stark levels
of the ground manifold 3H4. Nine lines are observed
in this transition at 300'K. This indicates that
'H4 has split into nine levels. Thus the nine Stark
levels of the ground manifold and the position of
Po level are directly obtained from this transition.

The transition near 4VO nm corresponds to H4
-'P, . Four or five lines are obtained in this tran-
sition at 7V 'K. At 4. 2 'K, there are only three
lines which are attributed to the transitions from
the lowest Stark component of the ground manifold
to the three Stark components of the P, level. The
transition near 440 nm corresponds to B4- 'P&.
Only five lines are observed at 4. 2 'K in this group
of lines. At V7'K few more lines are added to the
spectrum. These additional lines are well identi-
fied in other crystals (where liquid-helium spectra
were not available} from the simple fact that they
lie on the low-energy side of the main lines sepa-
rated by an energy equal to the difference between
the two lowest Stark components of the ground
manifold. A similar transition H4- 'DB is observed
around 600 nm. In this transition ten lines are ob-
served at 77 K and five lines are observed at
4. 2 'K. This indicates that 'P, and 'D2 levels split
into five Stark components each.

Transitions

'z2-'H4

H4

3H4 3PD

3H P4 f

3H P4 2

NaCl

4990
4999
5030
5063
5074
5084
5100

16544
16 552
16 655
16 757
16 765
16 946
16 954
16 992
17 000

20 446
20 490
20498

21 036
21 045
21 064
21 189
21 197

22 188
22 197
22 242
22 250
22 331
22 363
22 371
22 407

16 552
16 561
16 655
16664
16787
16 950
16 960
17 001
17 010

20 446
20 505
20 514

21 047
21 056
21 074
21 194
21 203

22 194
22 205
22 283
22 347
22 356
22 380
22 403
22 412

16 563
16 584
16 644
16667
16 774
16 796
16 945
16 965
17 014

20 463
20 510
20 531

21 072
21 102
21 192
21 216

22 200
22 220
22 274
22 300
22 345
22 366
22 413

Crystals
KCl RbC1

5003 4986
5040 5007
5047 5050
5058 5056
5080 5062
5106 5079

5100

KBr

4960
4982
5003
5020
5030
5054

16 515
16 527
16607
16 621
16 716
16729
16 868
16 905
16 197

20 370
20 406
20 418

20 956
20 967
21 000
21 099

22 110
22 122
22 196
22 254
22 266
22 285
22 310
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TABLE II. Position (in cm ) of Stark splits of various
levels of praseodymium ion in alkali-halide crystals.
Values in parentheses indicate the Stark splitting of the
level.

Level NaC1 KC1 Rbcl
LaC13

KBr (Ref. 10)

F2

D2

0
8

53
126
145
237
342
431
520

4990
5030
5063
5084
5100
(110)

16 552
16655
16765
16 954
17 000

(448)

0
8

66
120
157
235
350
440
518

5003
5040
5058
5080
5106
(103)

16 567
16 660
16 785
16 960
17 010

(443)

0
21
69

120
163
240
356
438
510

5007
5050
5062
5079
5100

(93)

16 584
16 667
16796
16 965
17 014

(430)

0
12
48
96

138
205
290
410
483

4960
4982
5003
5030
5054

(94)

16 527
16 621
16 729
16 868
16 917

(390

0
33
96

130
137
199

4922
4950

(28)

16630
16 670
16 780

(150)

Bg

Sg

20 498 20 514 20 531 20 418 20 474

21 045
21 064
21 197

(152)

21 056
21 056
21 203

(147)

21 072
21 102
21 216

(144)

20 967
21 000
21 099

(132)

21 066
21 096

(30)

22 196
22 250
22 331
22 371
22 407

(2U.)

22 205
22 283
22 356
22 380
22 412

(207)

22 220
22 274
22 309
22 366
22 413

(193)

22 122
22 196
22 266
22 285
22 310

(188)

22 207
22 226
22 246

(39)

in Fig. 3. It can be seen from Table II that while
the J degeneracy is completely lifted in alkali-
halide matrices, it is partially lifted in LaC1, crys-
tals. Also the Stark splittings are larger in alkali
halides than in LaCl, crystals. This is schemati-
cally shown in Fig. 4. This shows that the Pr"
ions experience a stronger field in alkali halides
than in LaC13. Table III summarizes the centers
of gravity (cg) of the various manifolds (the eg of
the ground magifold H4 taken as the zero-level
reference of energy). It can be seen that the levels
in KBr lie lower in energy than in KCl. This may
be attributed to the larger size of bromine which
results in a smaller Coulomb interaction between
the two f electrons.

The energies of various free-ion levels are de-
scribed' in terms of Slater integrals EI, and spin-
orbit coupling constant t'. In ease of f electrons

only E2, F4, F6, and f may be considered. These
parameters have small dependence on the crystal
field, and thus can be calculated by Taylor-series
expansion as suggested by Wong. 4 The Taylor-
series expansion of the energy of a level j is given
by

4

i=1

where E~ is the energy of a level j, E,. is the zero-
order energy of level j and P, are the parameters.
The data on the levels P~, P„'Po, 'D» and 'E2
have been used to calculate these parameters in the
present case. The zero-point energy and the vari-
ous partial derivatives have been taken from earlier
data" on LaCl, :Pr ' system where configurational
interactions were also taken into account. The
value of E~, E4, F6, and $ thus calculated using a
least-squares -fitting procedure are tabulated in
Table III along with the calculated centers of gravity
of the levels using these parameters. However,
since only a few of the levels could be obtained,
these parameters could not be determined to the
best fit. From these f-f tran'sitions it is evident
that praseodymium exists in its trivalent state.

(b) Interconfigurational f-d transitions. In-
tense bands are observed in the uv region of
the spectrum. Figure 5 shows the spectra of
RbCl: Pr ' crystals at 300 and VV 'K. Two bands
are observed at 231 and 202 nm at 300'K. These
bands are attributed to the parity-allowed 4f-5d
transitions. Such f-d transitions have been re-
ported' in the case of CaF~ crystals doped with
trivalent praseodymium. Since the 5d orbitals lie
outermost, they experience a strong crystal field.
In an octahedral environment, the d orbitals will
split into t2 and e levels. It is found that the crys-
tal-field splittings' in rare-earth ions are -10
cm '. The approximation that the states of 4f ' 5d'

configuration behave as those of a single electron
in the d shell, which splits into t2 and e orbitals,
slightly perturbed by the 4f core electrons, holds
good. '~'~ The system becomes much simpler since
only one d electron is involved. Since in the pres-
ent case, the symmetry is still lower, the t2 and e
levels further split into a total of five orbitals.
Transitions from the ground state of 4f configura-
tion to each of these five orbitals should be ob-
served. However, in the present case, the fun-
damental absorption of the host crystals starts
around 180 nm and only two of such f- d transitions
could be observed. The two transitions thus ob-
served are attributed to the transitions from the
ground state H4 of the 4f configuration to the two
lowest components of the d orbit.

The peak positions and half-widths of these bands
are tabulated in Table IV, both at VV and 300 'K.
These bands sharpen and shift to the low-energy
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FIG. 6. Optical absorption spectra of KC1 crystals containing 80 ppm of Pr~. Curves 1 and 2 are obtained before and
after x irradiation at room temperature. The inset shows the additional spectra which appears after x irradiation.

broadening of the I' band. However, the half-
width of I' band is nearly the same as obtained in
pure crystals. The inset in Fig. 6 shows the spec-
trum which appears after x irradiation. It consists
of many broad and weak bands. The decrease in
intensity of f-d bands of Pr' indicates a change
in the valence state of Pr" ions. In case the va-
lency has changed to Pr~' one should observe some
f-f transitions in the visible and infrared regions.
However, since broad bands are observed in the
visible and infrared regions, it indicates a change
of valence state to Pr '. The 4f 5d and 4f con-
figurations' of Pr ' lie well below 50000 cm ' ~~
a large number of them overlap. In a crystal field,
the 4f 5d configuration is further lowered in en-
ergy. All the transitions from the ground state of
4f configurations to the various 4f'5d' levels are
parity allowed and therefore should be observed in
the optical spectrum. A similar case of reduction
of Pr ' to divalent state has been reported for y-
irradiated CaF2 crystals. Similar broad bands
were observed. The ground state of Pr ' is deter-
mined by the ground state of the 4f' configuration.
The spectra becomes complicated due to a large

mixing of 4f ' and 4f' 5d' configurations and the
crystal-field splittings of the 5d orbit. No transi-
tions corresponding to f-f absorption of Pr ' could
be observed possibly because the concentration of
Pr ' was very small. Even the intensity of broad
bands arising owing to f-d transitions of Pr~'
were extremely weak. Further irradiation did not
produce any new results except the growth of F
band.

B. Transport properties

l. Ionic conductivity

Figure 7 shows the ionic conductivity plot (loggpoT
vs 1/T) for RbC1: Pr' crystals Three .regions
with slopes 1.97, 0. 81, and 1.16 eV are obtained.
Interpreting these results on the basis of associa-
tion model, the values of different parameters,
W, (energy of Schottky-defect formation), Z, (acti-
vation energy for migration of a cation vacancy),
and W, (association energy of the impurity-vacancy
pair) are obtained as 2. 32, 0. 81, and 0. VO eV, re-
spectively. The values of W, and E, agree well
with the experimental values reported for pure and
divalent impurity-doped crystals. 0 Similar results
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TABLE V. Energy parameters for Pr -doped alkali
halides obtained from conductivity results: $V~ is the
energy of formation of Schottky defects; E, is the energy
of migration of cation vacancies; W'~ is the free energy
of association of the impurity ion and cation vacancies.
(All energies are expressed in eV. )

Crystal

NaCl
Kcl
Rbcl
KBr

2.32
2.22
2.32
2.24

E

0.72
0.70
0.81
0.66

0.76
0.82
0.70
0.68 4

are obtained for other alkali-halide crystals and
the values of parameters obtained are given in
Table V.

It can be seen from Fig. 7 that the association
region extends to very high temperatures. This is
because of large association energy of the I-V
complex. Moreover, the entire association region
has only one slope. This indicates that both the
vacancies created for charge compensation are
bound to the impurity with equal energy and that the
absence of one of the two vacancies does not make
significant difference to the association energy.
This indicates that the vacancies are distributed
such that they have minimum interactions. How-
ever, nothing can be said about the position of va-
cancies by conductivity experiments. Earlier re-
sults on divalent impurities indicate that the asso-
ciation energy lies in the range 0.3-0.5 eV. Table
VI contains the values of W, obtained by several
workers for divalent and trivalent impurities for
comparison. It can be seen from Table V that in
the present case the value of W, varies between
0.6 and 0. S eV. This increase in value of W, ap-
parently arises owing to the two extra positive
charges on the impurity atom, which effectively
increase the Coulomb attraction between the im-
purity and oppositely charged vacancies. This is
only an c priori explanation and more theoretical
work is called for.

Earlier experiments ' on diffusion of trivalent
impurities in alkali halides showed that the diffu-
sion coefficient was independent of impurity con-
centration. Since impurity-vacancy pairs are
formed and their number is governed by law of
mass action, the diffusion coefficient is dependent
on concentration. However, the diffusion coeffi-
cient may become independent of concentration (a)
at very high impurity concentration or (b) when the
association energy of impurity-vacancy pair is
very large.

Since the experiments' were done at very low
concentrations, it was concluded that the associa-
tion energy was very large. However, the order
of energy was not estimated. Recently, some ionic
conductivity results on NaCl crystals containing

O 6-

I

1.5 2.0
' ~T&'~)

2. 5

FIG. 7. Conductifity plot for pure and praseodymium-
doped RbCl crystals. Curve {1)pure; {2) 25 ppm; and
{3)35 ppm.

TABLE VI. Association energy for various impurities
doped in alkali-halide crystals obtained from conductiv-
ity results. {All energies are expressed in eV. )

Crystal

NaC1
NaCl
NaC1
NaC1
NaCl
KCl
KCl
KCl

Impurity ion

N 2+

Co2+
Sb'+
Sb2+ Sb+
Prs'
Sr2+
Cd'+
Pr3'

0.32
0.39
0.30
0.56
0.78
0.42
0.51
0.72

Reference

20
20
8
8

Present work
21
21

Present work

Sb ' and a small concentration of Sb ' simultaneous-
ly, have yielded the value of W, -O. 56 eV. In the
same crystal when only Sb ' was present, the value
of W, was found to be -0.3 eV. This indicates that
W, for Sb" is higher than 0. 56 eV, but an accurate
value could not be determined since Sb ' was pres-
.ent also. In the present experiments, we have
used the lower portions of zone-melt grown crys-
tals to reduce the effect of background divalent im-
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FIG. 8. Dielectric-loss
results for NaC1 crystal
containing 30 ppm of Pra'.
Curves 1, 2, 3, 4, 5, and
6 are obtained at tempera-
tures 80, 100, 120, 140,
160, and 180 C, respec-
tively. The inset shows the
plot of logfm vs 1000/T for
the determination of acti-
vation energy and frequency
factor.
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purities. The background impurities were well
below 5 ppm, while the concentration of Pr3' was
typically -20-50 ppm in different samples. The
values of 8', obtained from different samples agreed
well within experimental error. Thus it can be
concluded that trivalent impurity is more tightly
bound to the vacancy than a divalent impurity with
the value of W', l,ying in the range 0.6-0.8 eV.

2. Diekctrlc loss

Figure 8 shows the dielectric-loss results
(tan5 vs f) for NaCI: Pr' crystals. It can be seen
that two loss peaks are obtained. Curves 1-6 are
obtained by taking measurements at various con-
stant temperatures. The low- and high-frequency
peaks are labeled A and 8, respectively. The inset
in the figure shows the plot of Iog&of vs IlT (f
being the frequency at the maxima of loss peak} for
the two peaks. Two straight lines with slopes 0. 88
and 0.68 eV are obtained corresponding to the two
peaks A and B, respectively. This shows that the
peak frequencies obey the Arrhenius relation and

can be expressed as

f~~s =fa, x,s ~-Eg, gy /kT

where f~„and f~s are the peak frequencies; fo„
and fp s are the corresponding preexponential fac-
tors,' E„and E~ are the activation energies for the
two peaks A and 8, respectively. Experiments on
pure crystals resulted in straight lines with unit
slope in log,

ataunt

vs f plots. To confirm that the
peaks were not due to Maxwell-Wagner losses
which arise owing to minute air gaps between the
electrodes and the sample, experiments were
performed with different concentration of impuri-
ties. A change in height of the two peaks indicated
that these peaks were due to the relaxation of tri-
valent praseodymium impurity-vacancy dipoles.
Similar results were obtained with other crystals
and the values of different parameters are given in
Table VII. Some results as obtained for divalent
impurities are also included for comparison.

The vacancies can occupy both the nearest-neigh-
bor (nn) or next-nearest-neighbor (nnn} sites, de-
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TABLE VG. Activation energy and frequency factors for A and B loss peaks for different
crystals.

Crystals

Activation
energy (eV)

A 8

Frequency factor
fp (sec )

Reference

NaCl: Pre'
KCl: Pr3'
RbCl: Pr'+
KBr: Pr3'
NaCl: Co '
NaCl: Ni2+

0.68
0.66
0.72
0.66
0.67
0.62

0.88
0.86
0.86
0.76
0.72
0.55

1.33 x10i2
1.83 x10~P

5.31x10
1.82 x10
3.7 x10~2

3.69 x10~~

4.49 x10~~

4.20 x 10~3

2.43x10 3

8.71 x 1012

7.80 x10'3
2.84 x10

Present work
Present work
Present work
Present work

30
31

pending on the binding energy. It has been shown
theoretically ' that the binding energy of an im-
purity-vacancy pair with vacancy at nn or nnn site
is approximately equal and the difference between
the two is -0.04 eV. The presence of a polarizable
halogen ion between the impurity and the vacancy
at the nnn site compensates for the loss in electro-
static energy due to the increase in the distance of
the nnn site from that of the nn site. Thus the
vacancy can occupy either of the nn or nnn sites.
EPR experiments on NaC1: Mn ' and KC1: Mn '
systems have indicated that the vacancies exist
both at nn and nnn sites. If the vacancies are pres-
ent both at nn and nnn sites, the polarization of
I-V dipoles can be separated into two discrete re-
laxation modes. 8 The two relaxation times T,
and T2 are given in terms of frequencies W&, W„
W3, and W4 for the jumps nn-nn, impurity nn,
nnn-nn, and nn nnn, respectively, by the ex-
pressions

1/Tq 2W3+ Wo+ W4

+[(Wo+ W4 —2W3) +4WSW4]~+

1/T2 = 2WB+ Wo+ W4

—[(Wo+ W4 —2WB) +4WSW4]ii

where Wo= W, +Wz.
Thus two loss peaks should be observed corre-

sponding to the two relaxation times Tj and T2.
Such peaks have been reported for many divalent
impurities. ' In the present case two vacancies
are present with each impurity atom. The number
of peaks will depend on the relative position of
these vacancies.

The jump activation energies of the two peaks
A and B in NaC1: Pr" are 0.68 and 0. 88 eV, re-
spectively. These values compare well with the
value obtained from ionic conductivity experiments,
which is 0. 72 eV. %'e assign therefore the two
loss peaks A and B to the relaxation of impurity-
vacancy dipoles at nnn and nn sites, respectively.
The difference between the values of E& and E~
may arise because of interaction of nn and nnn
site vacancies during the reorientations. How-
ever, similar differences have been observed in

3+
gg (R.F) ion

~ Alkali ion

Hali dei on

FIG. 9. Trivalent ion in
an alkali-halide matrix as-
sociated with two cation va-
cancies in the nearest or
next-nearest positions. The
three probable site sym-
metries, namely, D2&, C~,
and D are shown by the
vacancy pairs labeled 1, 2,
and 3 respectively.
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the case of divalent impurities also. ' " The dif-
fusion experiments' ' indicate that the activation
energy for migration of a trivalent impurity ion is
-1.1-1.2 eV. Thus the activation energies ob-
tained in the present case rule out the possibility
of impurity-vacancy jump W2 and so loss under the
8 peak arises mainly owing to the jump frequency
W, for (nn-nn} jumps. Thus the dielectric-loss
results suggest that the two vacancies occupy both
nn and nnn sites.

In the case of a trivalent impurity, the two charge
compensating Vacancies can be accommodated in a
number of ways. However, since both the cation
vacancies have similar charge, they will repel
each other. Thus the positions where these vacan-
cies lie close to each other will not be favored ac-
cording to energy considerations. Excluding such
possibilities there are three different ways in
which the vacancies can exist with minimum inter-
actions (ionic conductivity results also demand this
in the present case) namely, (a) both the vacancies
are present at first neighbor sites, (b} one vacancy
at first-neighbor and one at second-neighbor sites,
and (c) both vacancies are present at second neigh-
bor sites. These three possible combinations are
shown in Fig. 9 by the pairs marked 1, 2, and 3,

respectively. These three cases reduce the octa-
hedral symmetry of the crystal field to D», C„or
D4„symmetries, respectively. The optical results
in the present case can be explained on the basis
of D» or C, symmetries, but the dielectric-loss
results require the postulation of an arrangement
shown by the pair marked 2 (symmetry C ). The
other possible pairs cannot explain the dielectric-
loss results. Hence the optical and dielectric-
loss results suggest a local C, symmetry at the
ion site.
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