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Formation of La-containing microcrystals
in KCl and NaCl matrices
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The mechanism of the K,LaCl; and LaCl; aggregate formation in KC| and NaCl matrices
as a result of long-term annealing is discussed. Thermodynamic analysis of formation
conditions of such aggregates has been performed. The influence of diffusion processes
and the elastic deformation of aggregates by the matrix are considered. It has been shown
that Ce and Pr as activator ions penetrate efficiently into aggregates.

O6cysxpaerca mexanusm obpasosanus arperatos K,LaCly u LaCly B maTpunax, coorserct-
BerHo, KCl u NaCl B pesyuabTraTe mpomoKHUTEIbHOIO OTMKHUTA. IIPOBEJeH TEePMOIMHAMUYEC-
Kuil aHaIus3 yCcJOBUHN (POPMUPOBAHUSA TAKUX JAHTAHCOAEPKAIM[NX MUKPOKPHUCTAIIOB. Y UUThI-
Baercs BausSHHE NUMPPYSUOHHBIX IIPOIECCOB U DHEPruM YIPyroi medopManuy MHKPOKPIUC-
TAJIJOB IO [geHcTBMEM MAaTPUILI Ha ycaoBusa (asdoo0pasoBaHUs B KCCJIELYEMBIX
xommosuTax. Ilokasano, uro nousl Ce u Pr adppexTuHO BXogar B arperarsr K,LaCly u LaCly

B KaueCTBe aKTHUBAaTOPOB.

The formation of "crystal in crystal”
type composites is a promising way to ob-
tain efficient materials for different func-
tional uses [1, 2], in particular, fast scintil-
lators. K,LaCls;:Ce and LaCl;:Ce single crys-
tals are well-known as efficient scintillation
materials in the wide spectral range (y-rays,
X-rays, VUV) with high light yield, fast
response and high energy resolution [3, 4].
However, those are unstable at normal con-
ditions due to hygroscopicity and oxidation
in air. Therefore, the incorporating of
K;LaClg and LaCl; crystals activated with
cerium or praseodymium ions into a
weather-resistant insulator host is of a spe-
cial interest. In order to elucidate the
mechanism of K,LaCls and LaCl; phase for-
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mation during long-term annealing, the
thermodynamic analysis of the aggregate
formation conditions has been performed.

The bulk crystals of KCI-LaCls(1 mol.%)-
CeCl;3(0.05 mol.%), KCl-LaClz(1 mol.%)-
PrCl3(0.05 mol.%), and NaCl-LaCls(1 mol.% )-
CeCl;(0.05 mol.%) composition were grown
in quartz ampoules by a modified Bridg-
man-Stockbarger technique using previously
purified salts. The obtained crystals were
subjected to long-term (100 h) annealing at
about 600 K. As a result of such a treat-
ment, K,LaCls or LaCl; aggregates activated
with Ce3* or Pr3* ions were formed in KCI
and NaCl hosts, respectively.

The crystal microstructure was studied
using a scanning electron microscope (SEM
JEOL JSM-T220A). The elemental composi-
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Fig. 1. Micrograph of KCI-LaCl;(1 mol. %)
freshly cleaved surface.

tion of the samples prepared by cleaving in
dry atmosphere was studied using X-ray
analyzer (dispersion Si (Li) detector). Mi-
crographs were obtained using secondary
electron and cathodoluminescence registra-
tion modes.

It is well-known that two stable ternary
compounds could exist: K,LaClg (m.p.
63600) and K3La5C|18 in KCl—LaCI3 System
[5]. In our case, however, the LaCl; concen-
tration in a crystal is low (<2 mol. %), so
only formation of the K,LaCls crystalline
phase in KC| matrix is possible. The long-
term annealing results in formation of
K,LaCls microcrystals in the volume of KCI
matrix. This fact is confirmed by the mi-
crograph of a KCI-LaCl;(1 mol. %) sample
freshly cleaved surface (Fig. 1). Dark spots
of 10-50 um size located at a lighter back-
ground are clearly seen. The X-ray analysis
results indicate that the mass ratio of ele-
ments in the dark spots corresponds to
K,LaCl; while that in the lighter back-
ground, to KCI. At the same time, no lan-
thanum ions have been revealed outside of
dark spots.

To justify the obtained experimental re-
sults on the K,;LaClg crystalline microphase
formation within the KCl matrix, thermody-
namic analysis has been performed. We ana-
lyzed the temperature behavior of the equi-
librium constant for the reaction of K,LaCls
formation from the corresponding compo-
nents:

The resultant changes of standard en-
thalpy (AH?) and entropy (AS(r)) of this com-

pound formation were taken from [6],
where authors had studied the formation of
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Fig. 2. Temperature dependence of the equi-
librium constant Kp for the reaction of
K,LaCl; formation.

K,LaCls; compound, analysing the following

reactions: 0.6KCI + LaCl; = KjglaCls g
and ]..4:KC| + K06LaC|36 = K2L3C|5. Those
(AH(r)) and (ASQ) values amount -

24.5 kJ/mol and 5.7 J/(mol-K), respec-
tively, at T = 298°K and p = 10° Pa. The
Gibbs energy for the reaction (1) can be ex-
pressed in terms of (AHY) and (AS?) using

Gibbs-Helmholtz equation: AG‘% =AH 9 - TASQ.

Finally, the equilibrium constant wvalues
have been calculated using [7]:

AGH
Kp(T) = exXp ~pr |

As is seen from Fig. 2 the K, value in-
creases with temperature lowering. This
means that the K,LaClg formation in KCI-
LaCl; quasibinary system is energetically
more favorable process at lower tempera-
tures. At the same time, when the LaCl;
concentration in KCIl-LaCl; system does not
exceed several mol. %, the diffusion of cor-
responding components is a necessary factor
for the K,LaClg formation in KCI matrix. It
is well known that diffusion occurs via ran-
dom hoppings of atoms between the states
corresponding to the minima of their poten-
tial energy, for example, in sites and inter-
stitials. The temperature dependence of dif-
fusion coefficient is defined by Arrhenius
equation [8]:

(2)

D= Doexp(—ED/koT), (3)

where D, characterizes the fluctuation na-
ture of a particle hoppings; Ep is the acti-
vation energy of a diffusion process. There-
fore, in order to ensure the K,LaClg aggre-
gate formation, the activation of diffusion
process, that is, the certain temperature,
should be provided.

At the same time, there is one more fac-
tor that influences significantly the forma-
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Fig. 8. Micrographs of KCI-LaCl; (0.5 mol. % )—PrCl; (0.05 mol. %) freshly cleaved surface obtained
using the electron beam analysis technique in the secondary electron mode (a) and in the cathodolu-

minescence mode (b).

tion of aggregates in the matrix. Since the
parameters of K,LaClg and KCI crystalline
structures are mismatched, the crystal re-
gion where the formation of an aggregate
occurs is strained. The energy of an aggre-
gate elastic strain depends on its size and
results in an increased potential well energy
and thus to slowed diffusion hoppings of
atoms to the aggregate formation region. As
a result, the aggregate size is confined.
The K,LaClg formation reaction in a qua-
sibinary (KCI),(LaClz);_, system is defined as:

KCIX(LaCI3)17X d (4)
5 (1 - K,LaCly + (3x — 2KCI.

It is worth noting that (4) is valid at x =
0.67 to 1 and the K,LaClg formation is pos-
sible only in the composition range corre-
sponding to the region of ternary compound
existence on the phase diagram [5].

The free energy change of the system
where K,LaCl; aggregates are formed, ac-
cordingly to (4), is expressed as:

AF - | {[(1 ~ DH L ac), ~ TS Lact) + )
+ (3 — 2)(Hyg) - TSYo)] -
— [ = x)Hac, — TSPacy) +
+ 2(Hyey ~ TS%e)l|dV + Eep dep

where the first term defines the energy of
K,LaClg phase formation and the second
one, E,; 4.r, the energy of an aggregate elas-
tic strain due to the matrix. The formation
of aggregates is possible at AF<0 [7]. The
growth of an aggregate is stopped when the
elastic strain energy E,; 4, compensates the
compound formation energy.

The diffusion transfer of the K,LaClg
components from the matrix volume into
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the aggregate formation region and the de-
formation thereof due to the matrix causes
the existence of the temperature range
where the K,LaCls; formation is possible.
The lower limit of that temperature range is
due to the need for the diffusion activation
of K,LaCl; components and the upper one,
to the compensation of the K,LaCls forma-
tion energy by the energy of the elastic
straining of an aggregate in the KCI| matrix.
The growth of an aggregate continues until
the compound formation energy will be com-
pensated by the elastic strain energy.

The KCl-LaCl; (0.5 mol%)-CeCls
(0.05 mol. %), KCI-LaCl; (0.5 mol. %)-
PrCl; (0.05 mol. %) crystals were grown
adding CeCl; or PrCl; into the charge, re-
spectively. As a result, the K;LaCls;:Ce and
K,LaCls:Pr aggregates embedded in KCI host
were formed. The diffusion migration of Ce
or Pr ions through the crystal results in the
accumulation of these elements in the re-
gions where the KjsLaClg aggregates are
formed. The micrographs of such compos-
ites in the secondary electron mode and in
the cathodoluminescence one are shown in
Fig. 3. Those confirm the activation of
K,LaCls microcrystals by Ce or Pr ions. As
is seen, only the aggregates emit the light,
that is possible in the case of the impurity
penetration into microphase. Thus, Pr ions
enter mainly the K,LaCl; microphase. A
similar situation is observed in the case of
Ce ions.

The formation of only LaCl3 crystallites
in NaCl-LaClz(1 mol. % )—CeCl3(0.05 mol. %)
crystal comes from the phase diagram of
NaCl-LaCl; system [9], where the solid solu-
tion of raw compounds exists in the whole
range of their concentrations. Thus, it is
sufficient to compare the equilibrium con-
stant values for the reactions:
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Table. Thermodynamic data at T = 298 K
and p = 10° Pa [11, 12]

Compound |AHO, J/mol| ASO, C,, J/mol-K
J/mol-K
KCI —-435900 82.56 51.29
LaCI3 -1070700 144.3 98.031
NaCl —411100 72.12 49.71
Na 0 51.45 28.16
La 0 57.3 27.6
CI2 0 222.9 34.94
Na + 1/2Cl, - NaCl and 6)

La + 8/2Cl, - LaCl,.

The temperature dependence of Gibbs en-
ergy has been obtained in the first Ulich
approximation [7]. The data used in calcula-
tion are shown in the Table. The calculation
results of the temperature dependence of
equilibrium constants are presented in Fig. 4.
It is seen from the Figure that the equilib-
rium constant values of LaCl; formation ex-
ceed those for NaCl. This indicates the
higher priority of the aggregation process
of the La-containing phase. Since the aggre-
gation occurs due to the diffusion, our pre-
vious suggestions about the formation
mechanism of Kj;LaClg in KCl matrix are
valid for the NaCl-LaCl; system as well. In
addition, similar to the case of KCl-LaCl;
system, embedded LaCl; aggregates are
strained due to the mismatch between the
LaCl; and NaCl crystalline structure pa-
rameters. The elastic strains arising at this
condition causes the size confinement of ag-
gregates.

The diffusion migration of Ce ions
thought the crystal results in formation of
LaCl5:Ce aggregates embedded in NaCl,
similar as in the case of K,LaCl; aggregate
formation. In the NaCl-LaCl; crystals acti-
vated with Ce ions, it is also expected that
the diffusion behavior of Ce ions is similar
to that of La ions.

The surface microstructure of NaCl-
LaCl3(1 mol. % )—CeCl3(0.05 mol. %) crystal
(Fig. 5) evidences the formation of LaCl;:Ce
agregates in NaCl. The embedded aggregates
are clearly seen in this micrograph and they
emit light in the cathodoluminescence mode
[10]. The results of the qualitative X-ray
analysis indicate that the embedded aggre-
gates contain La and Cl elements in the ratio
corresponding to the LaCl; compound. The
luminescence of these aggregates shows that
Ce ions enter mainly LaCl; microcrystals.

To conclude, in KCI-LaCl; (1 mol. %)
and NaCl-LaCl; (1 mol. %) systems, K,LaClg
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Fig. 4. Temperature dependences of equilib-
rium constants  for LaCl; (solid line) and
NaCl (dashed line) formation.
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Fig. 5. Micrograph of NaCl-LaCl; (1 mol.
% )—CeCl; (0.05 mol. %) freshly cleaved sur-

and LaCl; microcrystals embedded in KCI
and NaCl matrices, respectively, are formed
as a result of long-term annealing. Such a
formation has been confirmed by the scan-
ning electron microscopy and X-ray mi-
croanalysis. Thermodynamic analysis of the
La-containing microcrystals formation con-
ditions and taking into consideration the
diffusion of components and the strain of
aggregates made it possible to explain the
existence of the optimal temperature range
where the formation of such aggregates is
energetically favorable process. Ce and Pr
ions have been found to penetrate effi-
ciently K,LaClg and LaCl; microcrystals em-
bedded in KCl and NaCl hosts as a conse-
quence of long-term annealing.
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®dopMmyBaHHA JAHTAHOBMICHHX MiKPOKPHCTAJIB
y matpuiax NaCl ra KCI

T.[Aemrxie, B.Bicmoécvruii, Il.Caéuwun, I' Cmpuzaniok,
A.Bornowunoécvruii, JI./[emrie

O6rosoproeTsca Mexanism yrBoperHsa arperartiB K,LaCly rta LaCl; y marpumax KCl rta
NaCl, sigmosimmo, BHacaiZox TpuBajoro Bigmany. I[IpoBezeHO TepMOAMHAMIUHUI aHAJTi3
yMoB (hOpMYyBaHHSA TAKUX JIAHTAHOBMICHUX MiKpoKpucTasliB. BpaxoByeTbcsa BHauB audysiii-
HUX IIpolleciB Ta eHeprii npy:xHOi nedopmarii MiKpokpucTaniB 3i cTOpoHM MaTpuii Ta
yMOBu (pa30yTBOPEHHS y KOMIIOBHUTAX, IO AOCHimxyioThes. IloxasaHo, mo iomm Ce ta Pry
poiai akKTMBATOpPiB 3a MaJAMX KOHIEHTpaIliili 1 TpuBasoro simmany e(peKTHBHO BXOASATHL B

arperatu K,LaClg ra LaCls,.
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