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A detailed study of the thermal resolution of a segregated phase of divalent europium in the
sodium chloride lattice has been performed using optical-absorption and electron-paramagnetic-
resonance techniques. The dissolution of the segregated phase consists mainly of a two-stage
process; in the first stage (290—500 K) the isolated I-V dipoles and the segregated phase inclu-
sions are present. In the second stage (500—700 K) the thermal decomposition of the segregat-
ed phase takes place. In order to determine the structure of the secondary europium phase, x-
ray-diffraction and electron-microscopy analyses were performed on samples with different dop-
ing levels and subjected to various annealing treatments. In all cases, the segregated phase was
found to be the stable dihalide phase EuCl, which crystallizes in a rombohedral C23 structure.
No evidence of a metastable phase, such as the so-called Suzuki phase, was found in our crys-
tals. From the analysis of the increase in the concentration of 1-V dipoles as a function of the
annealing temperature, dimers were found to be the products of solution of the aggregates. It
was also determined that the solubility of associated europium in NaCl is characterized by the
energy of solution 0.46 £0.02 eV. Two different optical-absorption spectra for the Eul* ions in
NaCl were observed. One of them (I) corresponds to the case in which the impurity is dispersed
in the lattice forming I-V dipoles. It consists of two broad bands in the uv range peaking at 243
and 348 nm. The other one (1) is associated with the stable dihalide phase EuCl, in the sodium
chloride lattice, and it also consists of two broad bands in the uv range but with peaking at 261
and 349 nm. For both spectra I and II, values for the half width and for the oscillator strength
of each of the observed bands are reported. Measurements of the Vickers microhardness were
also performed, and the results established that those crystals in which the impurity is dispersed
in the lattice forming I-V dipoles are harder than those in which the stable dihalide phase EuCl,
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is present.

I. INTRODUCTION

To date numerous studies have been made of
divalent-doped alkali-halide single crystals because
the divalent impurity ions lead to the incorporation
in a solid solution of an equal number of cation va-
cancies which can be studied using a great variety of
techniques. The cation vacancies are created in order
to preserve the overall charge neutrality of the crys-
tal. The divalent cations and cation vacancies can be
present in the lattice (i) independent of each other as
free vacancies and free divalent ions, (ii) associated
in pairs forming dipoles, or (iii) associated together in
higher-order complexes than pairs. One of the sim-
plest defects which is induced by the introduction of
the divalent impurity in the alkali halides is the com-
plex formed by the impurity ion and the cation va-
cancy, i.e., an [-V dipole. However, when the impur-
ity concentration is greater than the solubility limit,
the impurities leave the solid solution building up mi-
croprecipitates in the crystal. The aggregation of di-
valent impurities has been usually monitored by
means of dielectric relaxation, ionic thermocurrents
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(ITC), optical-absorption, electron-paramagnetic-
resonance (EPR), and luminescence techniques. The
occurrence of precipitates as a consequence of the
aggregation has been established from x-ray-
diffraction spectra, electron-microscopy measure-
ments, light scattering, as well as by the use of the
Mossbauer spectroscopy. It has been found, that in
addition to the stable dihalide phase, different types
of metastable phases can be formed, depending on
the doping level, annealing treatment, and on the
crystal system.

The first measurements dealing with the kinetics of
aggregation of divalent impurities in the alkali-halide
crystals were perfomed by Cook and Dryden' using
dielectric absorption techniques. These authors
found that during the first stage of aggregation the
rate of disappearance of dipoles was proportional to
the third power of the dipole concentration. This
result implies that the first aggregation product is a
cluster of three I-V dipoles, i.e., a trimer. The decay
curve was followed by a dipole-trimer equilibrium,
and by the formation of higher-order complexes.
The observation of a third-order kinetics was very
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surprising since a random encounter of two dipoles is
much more probable than a three-body event.

Recently, Unger and Perlman? have shown, using
the data taken by Cook and Dryden and some others
by themselves, that the aggregation of impurity-
vacancy dipoles in NaCl and KCl follows a second-
order kinetics if the reverse process, i.e., dissociation,
is taken into account in the dipole decay theory.

Although the isothermal decay of I-V dipoles as a
function of time has been extensively studied®~’ for a
large number of different divalent impurity ions in
NaCl and KCI, few investigations dealing with the
study of the reverse process,®”!! i.e., the dissolution
of an aggregated or precipitated component of the
solid solution, have been reported.

In the present paper a detailed study of the thermal
resolution of a secondary phase of divalent europium
in monocrystalline sodium chloride is presented. In
order to monitor the increase in the number of [-V
dipoles, which results from the thermal decomposi-
tion of the precipitated phase, optical-absorption and
electron-paramagnetic-resonance (EPR) techniques
were employed. This work was undertaken (i) to
determine the structure of the secondary phase of
Eu?* in NaCl, (ii) to identify any features of both the
EPR and the optical-absorption spectrum which could
be specific to the precipitated phase, (iii) to obtain
the energy of solution of associated europium in
sodium chloride, (iv) to determine the products of
solution of the precipitated phase, and (v) to estab-
lish the influence of the Eu?* ion in the Vickers mi-
crohardness of the NaCl host crystal.

II. EXPERIMENTAL

Single crystals of sodium chloride doped with di-
valent europium were grown at our laboratory using
the Czochralski method under a controlled atmos-
phere (dry argon) in order to minimize contamina-
tion by OH, H,0, and oxygen which are present in
air and could affect the solubility and precipitation
phenomena. Doping was achieved by adding to the
melt different initial concentrations of EuCl, which
was previously reduced from EuCl;-6 H,0 using
standard techniques.'?

The EPR data were obtained using a conventional
reflection-type spectrometer operating at X-band fre-
quencies and a cylindrical cavity operating in the
TEo;; mode. Crystal orientation was achieved using a
goniometer which allowed rotation of the crystal in a
plane perpendicular to the one in which the magnet
was rotated. Optical-absorption measurements were
made with a Perkin Elmer Coleman EPS-3T double-
beam recording spectrophotometer. The concentra-
tion of the impurity in the samples was determined
directly from the optical-absorption spectrum using
our previously determined calibration constants

between the optical-absorption coefficient of the
high-energy band and the number of divalent europi-
um ions expressed in ppm.'?> Chemical analysis was
also done with atomic-absorption spectrophotometry
in order to determine the background impurities in
the crystal selected. To do that, a Perkin Elmer
model 304 spectrophotometer was employed. It was
found that the background impurities were always at
least two orders of magnitude below the dopant con-
centrations used in this work (~ 300 up to ~ 6000
ppm) for the intentional divalent europium impurity.
In order to measure the Vickers microhardness an in-
denter of diamond in the form of a square pyramid
with an apex angle of 136° and a Reichert Universal
microscope "MeF" were employed.

III. RESULTS AND DISCUSSION

If one adds EuCl, to the NaCl powder, the doubly
valent Eu* impurity ion enters the NaCl lattice sub-
stitutionally during growth of the crystal and replaces
the single charged Na* ion. In order to preserve the
overall charge neutrality of the crystal, a positive-ion
vacancy which is usually located in the neighborhood
of the impurity producing an effective I-V dipole is
created. For the specific case of Eu?* in the alkali
halides, the defect formed by the impurity ion and
the cation vacancy located at the position of nearest
neighbors has been studied using EPR techniques by
Aguilar et al.,'*'> Mufioz et al.,'® and Rubio
et al.'"'® 1In all cases, it was found, that the impurity
europium ion occupies a C,, site symmetry in these
crystals.

The Eu?* ion in NaCl produces two broad optical-
absorption bands in the ultraviolet which are due to
transitions from the 4f73S;,, ground state of the Eu?*
jon, to states in the 4/ %54 configuration.'"” The
high-energy band is a transition from the ground
state to the e, component of the 4./%5d configuration,
while the low-energy band is a transition from the
ground state to the f,, component. The separation
between them is due to the well-recognized splitting
10Dg (Dq is the cubic field splitting of the e; and 5,
orbitals) of the 5d orbitals by the crystal field into
two distinct energy levels. Figure 1 shows the
optical-absorption spectrum I for the Eu?* ion in
NaCl at 300 K corresponding to a recently grown
crystal. To obtain this spectrum the sample was heat-
ed after growth for 20 h at 800 K, and then air
quenched to room temperature. Therefore, the
optical-absorption spectrum I can be associated to the
case in which the impurity is dispersed in the lattice
forming I-V dipoles. In the same figure we have in-
cluded the optical-absorption spectrum II which was
obtained from a four-year-old crystal and for which
most of the impurity could be found forming a segre-
gated phase. It is important to note that the sample
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used to obtain spectrum II was stored at room tem-
perature and was not subject to any previous heat
treatment since it was grown, four years ago. By an
inspection of Fig. 1, it is possible to conclude that
one of the main differences between spectra I and 11
is the position of the high-energy band. In II this
band peaks at 261 nm and has a well-resolved struc-
ture even at room temperature. In I it peaks at 243
nm and presents much less structure. Furthermore,
the ratio of the intensities of the high- and low-
energy bands is ~ 1 for spectrum I but it is almost
~ 2 for spectrum II. When an old crystal was
quenched by dropping it into a copper block after
heating for 2 h at 800 K, the band at 261 nm disap-
peared and the one at 243 nm was formed; i.e., spec-
trum II was transformed into I. The integral intensi-
ty of the optical-absorption spectrum I was found to
be the same as the one previously measured in II,
before the heat treatment. This fact suggests that a
constant number of Eu?* ions is involved and that
differences in spectra I and II arise from a change of
environment of the impurity ions. It was also ob-
served that the 243-nm band faded into the 261-nm
band after several weeks of aging at room tempera-
ture. The latter two facts suggest that spectrum II in
NaCl arises from a Eu aggregated center. In fact,
when these aged crystals from which spectrum II was
observed were placed in the beam of a He-Ne laser,
they displayed a large amount of light scattering
which indicates that precipitation had taken place.
Light-scattering measurements performed on doped
samples with ~ 600 ppm of Euo2+ revealed that the
Eu particle phase was ~— 1000 A in diameter and was
very homogeneously distributed throughout the crys-
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FIG. 1. Room-temperature optical-absorption spectra of
Eu?* in NaCl for a freshly grown crystal (I) and for a four-
year-old crystal (II). (Crystal thickness: 0.6 mm.)

tal. At this point, it is important to mention that
those well-aged crystals from which spectrum II was
observed, exhibited in all cases, a green color. How-
ever, when the samples were heated for 2 h at 800 K
and then air quenched to room temperature, the
color changed to purple and spectrum I was observed.
This evidence gives additional information about the
state of the europium impurity in the NaCl matrix
without performing any other measurements.

In Table I the peak positions, the width ( W), and
the values for the oscillator strength ( f) are reported
for each of the observed bands in the optical-
absorption spectra I and II of Eu?* in NaCl and for a
sample temperature of 295 K. In order to calculate

TABLE I. Observed bandwidths and oscillator-strength values at 295 K.

High-energy band

Peak Oscillator Total

positions Bandwidth strength

Host (103 cm™) (103 ecm™!) (1072)

oscillator
strength (1072)

Low-energy band

Peak Oscillator Total
positions Bandwidth strength oscillator
(10} ecm™ (103 em™) (1072) strength (1072)

41.12 6.02 3.87 3.87
NaCl
)
34.67 1.42 0.29
35.70 1.12 0.29
NaCl 36.58 1.10 043
(n 37.48 1.12 0.72 3.94
38.65 1.29 0.99
39.90 1.27 0.80

41.07 1.45 0.42

25.48 2.01 0.21
26.95 1.45 0.33
27.70 1.15 0.19
28.41 1.05 0.21 231
29.20 1.47 0.54
30.44 1.86 0.83
25.35 1.04 0.12
26.21 1.05 0.10
26.95 1.10 0.18
27.72 1.14 0.19 1.63
28.60 1.21 0.27
29.24 1.18 0.18
30.28 1.36 0.59
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values for the oscillator strength two steps were fol-
lowed: (i) a decomposition of the observed struc-
tured bands into Gaussian-shape bands was per-
formed and their width, and intensity were varied un-
til a good fit to the experimental-absorption spectra
was obtained. Figure 2 shows, as an example, the fit
for the high-energy band of the optical-absorption
spectrum II. It should be noted that the width re-
ported in Table I for each of the observed bands is
the one obtained following the procedure mentioned
above, and (ii) once the width and the intensity of
each of the bands were known, values for f-were cal-
culated using the most appropriate form of Smakula’s
equation given by

Nf=87 x 10l6["/(n2+2)2]amaxw ’

where W is the width of the band at half maximum
in eV, amax is the maximum absorption coefficient in
cm™!, nis the refractive index at the peak of the
band, fis the oscillator strength, and N is the ion
density in ions/cm®. The concentration (N) of Eu?*
in the samples was directly obtained from the optical
spectra using our previously determined calibration
constant between N in ppm and the absorption coeffi-
cient a in cm™! of the short-wavelength band. With
this procedure, values for the oscillator strength were
calculated to within +10%. The obtained values for
f are very similar to those previously reported by
Low? for Eu?* in CaF,, and by Butement?! for
EuCl,:SrCl, and EuCl,:BaCl, liquid solutions.

In Table II values are reported for the measured
10- Dgq splitting of spectra I and II, along with those
previously reported by Hernandez er al.'® for the
same ion in other alkali-halide host crystals. In the
same table, the value for the 10-Dgq splitting reported
by Ganopolskii et al. 22 for EuCl, in liquid solution is
also included for the sake of comparison. This value
is very similar to the one we have measured for spec-
trum II of Eu?* in NaCl and gives some indication
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FIG. 2. High-energy absorption band at 261 nm of Eu2*
in NaCl (spectrum II) showing the fitting to the experimen-
tal curve using the data reported in Table I. (Crystal thick-
ness: 1 mm.) The solid line represents the experimental
curve and the points the calculated one.

that the precipitated phase of divalent europium in
the sodium chloride lattice could be EuCl,. The pre-
liminary conclusion obtained only from the analysis
of the optical-absorption spectrum II is in agreement
as it will be shown later, with the identification of the
precipitated phase which was made using x-ray-
diffraction techniques.

TABLE II. Values for the 10-Dg splitting of Eu* in several hosts at 295 K.

Center of gravity

Center of gravity

of the high-energy of the low-energy 10 Dg
Host band (cm™!) band (cm™!) (cm™) Ref.
NaCl (I 41118 28714 12404 Hernandez et al. and this work
NaCl (1) 38228 28628 9600 This work
EuCl;:H,0 40486 31250 9236 Ganopolskii et al.
Liquid solution
KCl 41102 28 852 12250 Hernandez et al.
RbCl 40950 29030 11920 Hernandez et al.
KBr 39809 28509 11300 Hernandez et al.
RbBr 39216 29061 10155 Hernandez er al.
KI 37202 28210 8992 Hernandez er al.




5016 GARCIA M., HERNANDEZ A., CARRILLO H., AND RUBIO O. 21

Figure 3 shows the lower-magnetic-field portion of
the EPR spectrum corresponding to a four-year-old
crystal before any heat treatment and for a sample
temperature of 295 K. The static magnetic field is
applied along the crystallographic [001] direction.
The initial EPR spectrum at room temperature is
weak indicating that the "associated" solubility of eu-
ropium in NaCl is low. However, an increase in the
solubility after heating the sample for 2 h at 800 K
and then air quenched to room temperature can be
observed in the lower part of Fig. 3. The optical-
absorption spectrum corresponding to each situation
was also included in the same figure for the sake of
comparison. The origin of the fine-structure groups
in the EPR spectra of Eu?* in NaCl has been
described by Aguilar et al.'* From an angular varia-
tion of the magnetic field in the (100) and (110)
planes, these authors were able to identify the
orthorhombic-symmetry spectra due to Eu?* ions in
six inequivalent sites. It was found that the z axis of
the six inequivalent sites lies along the direction of
equivalent (001) crystalline axis and their x and y
axes lie along equivalent (110) directions. With the
static magnetic field applied along the crystallographic
[001] direction, we observed 14 groups in the EPR
spectra. Since the electronic spin of divalent europi-
um is 3 there are two contributions—one labeled z
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FIG. 3. Part of the EPR spectrum of Eu?* in NaCl with
H[001] corresponding to a four-year-old crystal (II) before
any previous heat treatment, and after the same sample was
heated for 2 h at 800 K and then air quenched to room tem-
perature (I). In both cases the recording conditions of the
EPR spectrometer were the same. The optical-absorption
spectrum corresponding to each situation is also included for
the sake of comparison.

and the other xy (following the notation of Aguilar
er al.) to the spectrum with H11[001]. These spectra
are produced by distortions from the normal cubic
environment. Each spectrum is made up of a super-
position of several spectra which are identical except
that they have different sets of equivalent principal
axes. The z contribution to the spectrum is due to
the [001] and [00T] sites which are equivalent when
the field is applied along this particular direction.
The xy contribution is due to the equivalence
between [010], [010], [100], and [T00] sites with
H11[001]. (The sites are designated according to
their z axis direction.) Measurements of the change
of intensity of the fine-structure groups in the EPR
spectra will reveal the changes of dipole population.
It should be noted that the initial EPR spectrum of a
well-aged crystal consists mainly of a broad line locat-
ed at g —~ 2 which disappears after heating the sam-
ple. A similar broad line has been observed in the
EPR spectrum of Mn?* in monocrystalline sodium
chloride by Watkins.?> This author associated the
broad line to aggregated manganese ions near internal
boundaries or dislocations. He also reported that
heating the crystal produces the disappearance of the
broad line and that other spectra appeared due to the
association of the Mn?* ion with cation vacancies lo-
cated at the position of nearest or next-nearest neigh-
bors. From this fact he concluded that heating the
sample produces the thermal destruction of the man-
ganese aggregates and puts the impurity into solid
solution.

Figures 4 and 5 show the evolution of the optical-
absorption and EPR spectrum, respectively, for a
four-year-old crystal as a function of the annealing
time. In order to obtain these spectra, the sample

NaCl « Eu®™
T=663K

OPTICAL ABSORPTION

220 260 300 340 0 420
WAVELENGTH (nm)

FIG. 4. Evolution of the optical-absorption spectrum (II)
of Eu2* in NaCl as a function of the annealing time.
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FIG. 5. Evolution of the low-field part of the EPR spec-
trum of Eu2* in NaCl with H 11[001] corresponding to a
four-year-old crystal as a function of the annealing time at
663 K: (a) 0, (b) 1, (c) 3, (d) 4, (e) 14, () 30, and (g) 120
min. Note the reduction of the signal level (/).

was heated at 663 K for the periods of time shown in
the figures, and then air quenched to room tempera-
ture to record both the EPR and the optical-absorp-
tion spectra. The spectrum II was converted into |
after heating the sample for 2 h at 663 K. When this
conversion occurred the intensity of the EPR spec-
trum reached a saturated value. Heating the crystal
for longer periods of time did not produce any
change in the optical absorption nor in the EPR spec-
tra. Heat treatments at higher temperatures produced
the transformation of spectrum II into I in shorter
periods of time. However, the temperature men-
tioned above was selected to make this study, since
the evolution of both the EPR and the optical-
absorption spectra can be followed in quite reason-
able times. From Figs. 4 and 5, it is possible to ob-
serve that the dipole concentration in the sample in-
creased with the annealing time. Figure 6 shows the
quantitative results of this analysis. In order to make
this plot a decomposition of the observed spectrum
into I and II was made at each time, and from the
resulting intensity of the high-energy band of spec-
trum I the concentration (N) of dipoles was deter-
mined using the calibration constant previously re-
ported by Hernandez er al.!? between the optical-
absorption coefficient of this band and N in ppm. To
measure the concentration of dipoles at each time us-
ing the EPR spectrum the following procedure was
used: The total concentration of Eu?*-cation vacancy

pairs (I-V dipoles) in the sample, which was previ-
ously determined from the optical-absorption spec-
trum, was associated to the saturated intensity of the
fine-structure groups in the EPR spectra for the case
in which the magnetic field was applied along the
[001] direction. As it was mentioned before, the sa-
turated intensity of the fine-structure groups was
achieved after heating the sample for 2 h at 663 K.
Then, the observed intensities of the fine-structure
groups, at each time, were compared to those corre-
sponding to the saturated values. To do this, the
EPR spectra were recorded under the same condi-
tions. Care was taken to select the fine-structure
groups to be compared in the EPR spectrum since
some of them appeared superimposed with H 11 [001],
and therefore, making difficult the performance of
meaningful comparisons. To make this analysis the
transitions | t%) —| t%), | i%) —| i-—;-), and
| £3)—| £3) of the z spectrum and the | +3)
=l 123 —=l+3),and |- 3)—=|=3) of
the xy spectrum were selected. It should be noted
that 11 values for the dipole concentration at each in-
termediate time were obtained by the use of this pro-
cedure. However, they did not differ by more than
10%. Therefore, an average value of these measure-
ments was taken as representative of the dipole con-
centration at each time. The results obtained in this
form are reported in Fig. 6 along with those obtained
from the analysis of the optical-absorption spectrum.
Good agreement was found between both analyses.
Figures 7 and 8 show the evolution of the low-field
portion of the EPR spectrum and of the optical-
absorption spectrum II, respectively, as a function of
the annealing temperature for an Eu?*-doped NaCl
crystal which was grown four years ago and then
stored at room temperature. The sample was not

CONCENTRATION NV (10" t./cm3)

|60 200
TIME  (min)

FIG. 6. Concentration of I-V dipoles as a function of the
annealing time at 7 =663 K measured with the use of: (®) .
electron paramagnetic resonance and (A) optical-absorption
(OA) techniques.
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FIG. 7. Evolution of the EPR spectrum of Eu2* in NaCl
with H11[001] as a function of the annealing temperature:
(a) 300, (b) 370, (c) 422, and (d) 558 K.
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FIG. 8. Evolution of the optical-absorption spectrum (II)

of Eu?*: NaCl as a function of the annealing temperature:
(a) 300, (b) 485, (c) 558, (d) 600, and (e) 780 K.

subject to any previous heat treatment before the
measurements. To monitor the change in concentra-
tion of the dipoles caused by the thermal decomposi-
tion of the secondary phase of Eu?*, EPR and
optical-absorption techniques were employed. To
make these measurements, the sample was heated
for 30 min at the temperatures shown in the figures
and then air quenched to room temperature to record
both the EPR and the optical-absorption spectra. To
determine the concentration of dipoles at each tem-
perature, the same procedure as the one previously
described was employed. Results are shown in Fig. 9
which establish that the thermal resolution of the ag-
gregated impurity, which results in the dipole growth,
is a three-stage process. In the first stage (290-370
K) the isolated I-V dipoles and the precipitated Eu-
phase inclusions are present. At an aging tempera-
ture of ~ 370 K an increase of ~— 10% takes place in
the dipole concentration which reaches a saturated
value in the temperature region of 370—530 K. This
is the second stage. The thermal decomposition of
the segregated phase occurs in the third stage
(500—700 K) which is characterized by a rapid in-
crease in the dipole concentration. Once the tem-
perature of 664 K was reached, the sample was heat-
ed for 2 h at this temperature. After this treatment,
which puts the impurity into solid solution, precipi-

0.8
NaClSEu™
® EPR
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Z
P4
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FIG. 9. Concentration of I-V dipoles vs the annealing
temperature measured with the use of: (®) electron
paramagnetic resonance and (A) optical-absorption tech-
niques, for a four-year-old crystal of NaCl:Eu2* without any
previous heat treatment. N represents the total concentra-
tion of EuZ*-cation vacancy pairs (i.e., I-V dipoles) in the
sample while N represents the concentration of dipoles at
the intermediate annealing temperatures.
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tates were induced by linear cooling from 663 K to
room temperature at a rate of 15 K/h. Then, the
same type of analysis as the one previously described
was made and the results are shown in Fig. 10. By
an inspection of Figs. 9 and 10 one can conclude that
the results obtained, in both cases, are very similar.
The main difference is that the second stage in the
thermal resolution of the segregated phase does not
appear in Fig. 10. This evidence suggests that the
10% increase in the dipole concentration at — 370 K
for a four-year-old crystal without any previous heat
treatment, may be due to the thermal decomposition
of small clusters of the precipitated phase or of some
simple aggregates. Figure 11 shows an Arrhenius
plot of the results presented in Figs. 9 and 10. From
the slope of curve D, which represents the dipole
growth, an energy of solution of 0.46 £0.02 eV for
the solubility of the associated europium ion in NaCl
was obtained. This value can be compared with those
previously reported for the associated solubility of the
divalent impurity ions Sr2* (0.49 eV),'! Ca?* (0.30
and 0.67 eV), 2% Mg?* (0.34 eV),2 Ba* (0.76
eV),?* Zn?* (0.48 V), Cd?* (0.40 eV),?* and Mn?*
(0.33 and 0.7 eV) (Refs. 24 and 27) in monocrystal-
line sodium chloride. The slope of the monotonic
decrease of curve P which corresponds to the thermal
resolution of the precipitated phase was found to be
twice as that of D at high temperatures. From this
result one can deduce that two I-V dipoles are the
products of solution of the aggregates which may be

10 T ! T 7 7?
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FIG. 10. Concentration of I-V dipoles vs the annealing
temperature for a NaClLEu?* crystal which was first heated
during 2 h at 663 K and then cooled to room temperature at
a rate of 15 K/h.
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FIG. 11. Arrhenius plot of the thermal resolution of the
precipitated phase (P) of Eu?* in NaCl which results in the
dipole growth (D). Here ® and A represent the average
values of the measurements reported in Fig. 9 for a four-
year-old crystal, while ® and A represent the measurements
reported in Fig. 10 for a crystal which was first heated dur-
ing 2 h at 663 K and then cooled to room temperature at a
rate of 15 K/h.

dimers as suggested by the occurrence of a second-
order kinetics in the first stage of precipitation of di-
valent impurities in NaCl and KCl according to the
analysis performed by Unger and Perlman.?
Precipitation of a phase containing divalent ions
from an alkali-halide solid solution can take different
structural forms. In addition to the dihalide phase,
different types of metastable phases are formed,
depending on the crystal system, annealing treat-
ment, and doping level. Suzuki’® was able to extract
precipitates of a new phase in NaCl doped with 30
mol % CdCl,, which were identify to have a similar
structure to sodium chloride but with a double cell
size and the stoichiometry 6 NaCl:CdCl,. This deter-
mination motivated the search for similar precipita-
tion structures in other hosts and with other impuri-
ties. Since then, the metastable precipitated Suzuki
phase has been found in the systems NaCl-MgCl,, »
NaCl-NiCl,, * NaCl-FeCl,,*' and NaCI-MnCl,, %
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although it does not form in NaCl-CaCl, nor in
NaCl-BaCl, (Ref. 33) after a whole variety of heat
treatments. For these two systems the stable dihalide
phases CaCl, and BaCl, have been found to be
formed. For the system NaCl-SrCl,, both the Suzuki
and the stable dihalide phases have been reported to
nucleate. Sors and Lilley’* found in slowly cooled
NaCl single crystals grown from the melt containing 1
mol % SrCl,, that the precipitating phase of Sr’* in
this crystal is the stable cubic dihalide phase SrCl,.
From the analysis of x-ray-diffraction photographs
the crystal lattice of the precipitates was found to be
parallel to that of the NaCl matrix. Recently, howev-
er, Hartmanova er al.'' reported that the precipitating
phase of Sr** in their NaCl crystals, which were
stored at room temperature for two years, was the
metastable Suzuki phase. This identification was
made comparing the observed ITC spectrum of Sr?*
in NaCl with that previously reported by Cappelletti
et al. ¥ for KCI-PbCl, and which was associated to the
precipitated Suzuki phase of the lead ion in potassi-
um chloride.

The lattice energy of the Suzuki-phase structure 6
NaCl:MCl, has been calculated by Sors and Lilley3®
as a function of the M** radius and anion displace-
ments. These authors arrived at the conclusion that
the nucleation of the Suzuki phase is favored in
NaCl, if the ratio between the radii of the impurity
ion and the host-cation ion is less than 1.2. This
results has been supported by the fact that no 6
NaCl-MCl, phases have been detected with large
M™** radii. Since r**/r* is for NaCl doped with Eu?*
roughly at the mentioned limit, it is interesting to
identify the structure of the precipitating phase in this
system in order to compare with the theoretical pre-
dictions mentioned above. This identification was
done in our crystals using x-ray-diffraction techniques
and the results showed that in NaCl:Eu?*, the precip-
itated phase is the stable dihalide phase EuCl,. It is
known?’ that EuCl, crystallizes in a simple rom-
tgohedral system with the latticea constants a =7.429
A, b=8914 A, and ¢ =4.493 A in the crystallization
type C23. The growth of the EuCl, precipitates in
the sodium chloride lattice can be described in the
same manner as the one reported by Vlasak and
Hartmanova®® for the stable dihalide phase BaCl,.

No evidence of Suzuki-phase inclusions was found in
our crystals, although different doping levels
(~300— ~6000 ppm) and annealing treatments were
employed. This determination is in agreement with
that previously reported by José-Yacaman and
Basset,*® who found using electron microscopy, that
the decoration patterns for the system NaCl-EuCl,
were very similar to those of NaCl-CaCl, for which
the stable dihalide phase is known to be formed.
Parallel with our studies, José-Yacaman performed a
new investigation trying to find Suzuki-phase inclu-
sions in our crystals; however, although different an-

nealing treatments and doping levels were employed,
all the attempts were unsuccessful. The case of the
NaCl-EuCl, system (r**/r*=1.06) is similar to that
of NaCl-CaCl, (r**/rt=0.95), and LiF-FeF,
(r**/rt=1.11) in the sense that no Suzuki-phase in-
clusions has been observed in those systems. De-
spite the fact that for NaCIl-EuCl, r**/r* is less than
1.2 which is required for the formation of the Suzuki
phase, no evidence of its existence was detected for
the range of doping levels and annealing treatments
employed in this work. In view of this, it appears
that the size criterion is not sufficient and that more
precise criteria for the nucleation of the Suzuki phase
will be necessary, mainly for those cases in which
r**/r* is close to 1.2.

Finally, it is well known that both radiation damage
and doping by divalent impurity ions produce a signi-
ficant strengthening of the alkali halides. Sill and
Martin*® have shown that both Sr’* and Eu?* increase
the hardness of the KCI crystal, although Eu? is sig-
nificantly less effective than Sr2*. Since the divalent
europium ion in the sodium chloride lattice occupies
a similar symmetry site as in KCI, an increase in the
hardness behavior should also be observed in the
NaCl:Eu?* crystal in comparison with the pure one.

In order to determine the influence of the Eu?* ion
in the hardness of NaCl, a set of measurements of
the Vickers microhardness was performed on samples
with different doping levels and subject to different
annealing treatments. Since microhardness is usually
dependent on the load, the Mayer line was first
drawn through the test points in order to determine
the relationship between the load (P) and the diago-
nal (d) of the pyramid-shaped impression. This is
shown in Fig. 12 for a NaCl-doped sample with an
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FIG. 12. Microhardness results for: (1) a well-aged NaCl
crystal doped with Eu?t without any previous heat treatment
and (2) after the precipitated phase was destroyed. The re-
lationship between the load (P) and the diagonal () of the
pyramid-shaped impression of the Mayer line is also presented.
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impurity concentration of 3.2 x 10'® at. Eu/cm? using
the left-hand scale. The points in this figure
represent the arithmetical mean of 16 indentation di-
agonals for each load level. By means of number 1
we refer to the measurements performed on a four-
year-old crystal before any previous heat treatment.
The measurements taken on the same sample, after
it was heated at 700 K for 2 h and then air quenched
to room temperature, are represented by number 2.
From the slope of the Mayer’s lines (1) and (2), the
values of 1.86 and 1.82 were obtained, respectively,
for the power-law exponent (n) in the Mayer law

p =ad", where a is a constant which depends on the
material being tested and on the shape of the in-
denter, and d is the diagonal of the pyramid-shaped
impression. These results mean that in both cases,
the Vickers microhardness is dependent on the load.
Values for the Vickers microhardness (M) of the
doped sample, before and after the heat treatment,
were calculated for each load using the load-depen-
dent relationship*' (in kg/mm?)

M =1854.4P/d* |

where pis in grams and 4 in um. The results are
shown in Fig. 12 using the right-hand scale for the
microhardness (M). From the results shown in this
figure, one can conclude that the doped sample is
harder when the impurity is dispersed in the lattice
forming I-V dipoles than when the stable dihalide
phase EuCl, is present. However, in both situations,
the Vickers microhardness is larger for the doped
sample than for the pure one. The same type of
results as those mentioned above were obtained in
heavily doped samples. The increase in the value of
the Vickers microhardness of the well-aged doped
samples after they were heated and the impurity was
put into solid solution, can be explained as the result
of the dissolution of the precipitated phase which
produced a decrease in the separation between the

obstacles, and therefore an increase in the difficulty
for the movement of dislocations.*

Attempts were also made to correlate the harden-
ing behavior of the NaCl-doped sample with the dis-
solution of the precipitating phase EuCl,. However,
the value of the Vickers microhardness did not
change, within the experimental error, although the
dissolution of the precipitated phase was taking place
as revealed from the optical and EPR measurements.
This result is in contrast with the flow-stress mea-
surements performed on samples doped with divalent
impurities which established that the hardening
behavior of the sample is strongly dependent on the
annealing treatment, as well as on the state of the
impurity in the crystal. We believe therefore, that
the Vickers microhardness technique is not very
sensitive in studying the hardening behavior of the
NaCl:Eu?* crystal as a function of the dissolution of
the precipitated phase, and that flow-stress measure-
ments will be preferred to make this type of analysis.
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