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Europium precipitates in monocrystalline NaCl 
Part 1 General features of as-grown state 
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As-grown and well aged at room temperature NaCI crystals doped with divalent europium 
were systematically studied by using optical, dielectrical and mechanical methods. It has been 
found that at room temperature the optical absorption spectrum of these crystals is strongly 
concentration-dependent. The role of the dopant concentration has been also evidenced by 
photoluminescence (taken at liquid I nitrogen temperature) thermally stimulated depolarization 
current techniques and the mechanical response of the as-grown crystals. The experimental 
results obtained have been explained by assuming that the increase of the dopant concen- 
tration is accompanied by structural changes of the Eu2÷-related precipitates from impurity- 
vacancy dipoles and small aggregates to orthorhombic EuCI2 of PbCI2-type. 

1. In t roduct ion 
Precipitates of the second phase particles in alkali 
halide crystals doped with divalent cations take dif- 
ferent structural forms which in the case of heavily 
doped crystals can be detected by precise X-ray dif- 
fraction and electron microscopy methods. In the case 
of slightly doped crystals some relevant information 
can be obtained by studying the changes of structure- 
sensitive properties induced by various external 
agents. Europium-doped NaCI crystals are of the par- 
ticular interest here because the information obtained 
in a more or less indirect way can be directly compared 
with the microstructural data [1, 2]. 

The present paper opens a series of reports dealing 
with the precipitation phenomena in europium-doped 
NaC1 crystals, whereby 

Part 1 presents the basic characteristics of as-grown 
(AG) crystals, and 

Part 2 deals with the precipitation phenomenon 
provoked by the annealing of solution treated (ST) 
samples. 

Systematic studies of the optical properties have 
been completed by data obtained from measurements 
of dielectrical and mechanical characteristics. 

The sensitivity of the optical properties of NaCI: 
Eu 2+ crystals to the dispersion state of the dopant has 
been the subject of previous investigations [3-5]. 
However, ~s will be shown in the present paper, the 
available ittformation is far from complete. 

2. Experimental details 
The crystals were grown in our laboratory by the 
modified Bridgman method at least two years ago. 
The pretreatment of the molten NaCI : Eu203 mixture 
with gaseous COC12 assures the diminution of oxygen- 
containing impurities below the optically detectable 

limit [6]. The dopant enters the crystal lattice exclus- 
ively in the form of divalent ions. A high density 
(approximately equal to 2 x 106cm -2) of grown-in 
dislocations in the form of strongly fastened dislo- 
cation network may be regarded as a substantial dis- 
advantage of the growth procedure. 

The amount of divalent europium (in the samples) 
is given by the value of the absorption coefficient 
characteristic of the europium-related high-energy 
absorption band, g(%). Unfortunately, the correlation 
factor between ~(es) and the europium concentration 
found for the slightly doped ST crystals [7, 8] is inappli- 
cable for heavily doped ones as the ratio of g(eg) for 
the AG and ST states display different numerical 
values. The value of g(eg) characteristic of the used 
AG samples covers the range between 1 and 100 cm -~. 

The optical as well as dielectric characteristics 
were measured for thin crystal slabs, of approximate 
dimensions 0.3 mm x 4mm x 10mm, cut from larger 
crystal blocks with a nearly identical content for the 
dopant. Optical absorption spectra were taken at 
room temperature (RT) with a Specord (Zeiss) 
UV-visible spectrophotometer in the spectral range 
between 200 and 450 rim. The emission spectra and the 
luminescence decay time, measured as function of the 
emitted light (2m = 400 to 500nm), were taken at 
liquid nitrogen temperature (LNT) and RT by using 
the arrangement described in [4]. The emission data 
were obtained for an excitation wavelength selected 
within the high-energy (eg) absorption band. 

Thermally stimulated depolarization current (ITC) 
technique [9] was mainly exploited for the detection of 
impurity-vacancy (I-V) dipoles. For some samples 
the entire ITC spectrum was measured (in an extended 
temperature range) in order to detect the induced 
polarization phenomena related to the presence of 
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Figure 1 Optical absorption spectra (taken at room temperature) characteristic of  four groups of  A G  NaC I :Eu  z+ crystals: (a) 
~,(eg) < 11 crn-],  (b) =(eg) = 11.5 to 25 em -I,  (c) ¢(eg) = 28.9 to 43.6 era-] ,  (d) =(es) > 45 cm -I.  

some precipitate particles segregated near the dislo- 
cation lines [10, 11]. 

The parallelepiped-shaped samples, of approximate 
dimensions 3mm x 3mm x 9mm, were used for 
mechanical testing performed in the Instron machine 
(model 1112) (High Wycombe, UK). The compression 
load was applied in the [0 0 1] direction, and the strain 
rate (0 realized was equal to 3 × 1 0 - 4 s e c  - | .  From 
the dependence of the shape of the stress-strain 
curves, the yield stress value (o0) was determined 
either from 0.2% plastic strain or as the value of o 
which corresponds to the intersection of the linear 
elastic and easy glide range. The work hardening rate 
(0) was determined for the initial deformation range. 

Although the data mainly concerned the behaviour 
of AG crystals, some information is also given for ST 
crystals. The solution treatment (ST) procedure com- 
prised the annealing at 873 K for 30 min and quench- 
ing on a metal block at RT. As has been previously 
evidenced [8] the realized cooling rate is not rapid 
enough to prevent.some aggregation in crystals with 
0~(es) as low as ~21 cm -I. More severe quenching 
(e.g. by immersion in liquid nitrogen) resulted in 
intense cracking of the samples. 

3. Resul ts  and d iscussion 
3 1  Optical characteristics 
3. 1.1. Absorption 
It is well established that the absorption spectrum of 
the europium-doped alkali halides, including NaC1, 
consists of two broad bands located in the UV spectral 
range, e.g. [3, 12]. The origin of these bands is related 
to the allowed electric dipole transitions, 4t "7, to the eg 
and t2g states of the excited 4f~5d configuration, 
whereby the t2g states are lower in energy than the eg 
ones [12]. 

Fig. 1 presents four types of the europium-related 
optical absorption spectra characteristic for four 
ranges of the dopant concentration, given by the value 
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of =(%) for the AG state. Each concentration range is 
represented by one spectrum for which the charac- 
teristic value of k = a(eg)/g(t2g) is given. 

The optical behaviour of crystals also differs with 
regard to the effect of the solution treatment. In 
contrast to g(t2g) which is always larger for the ST 
state than for the AG state the behaviour of ~(eg) 
under the solution treatment conditions is "concen- 
tration dependent". Three types of behaviour are 
characteristic of crystals with g(eg) ~> 10 cm-l: 

1. for the B-type spectrum: =(eg)[ST] > =(eg)[AG] 
2. for the C-type spectrum: the ST treatment does 

not practically change the value of ~(%), and 
3. for the D-type spectrum: ~(eg)[ST] < g(eg)[AG]. 

The A-type spectrum, typical of crystals with the 
smallest value of =(eg), is practically independent of 
the thermal history of the sample, and corresponds to 
the spectrum characteristic of all ST samples. 

The fundamental role of the "dopant concentration" 
has also been evidenced by the measurements per- 
formed for freshly grown crystals nominally doped 
with a large amount of the admixture. Although these 
crystals were not aged at RT, the spectrum charac- 
teristic of the so called dirty end of the ingots is 
usually of the C- or D-type. 

Based on these results it is assumed (as a working 
hypothesis) that the absorption spectra are charac- 
teristic of various forms of the europium-related 
precipitates. Although there is no direct evidence that 
the distinguished spectra correspond to single, well 
defined precipitate forms; it seems reasonable to 
expect that a given type of interaction (with all the 
consequences of the optical transitions) should domi- 
nate in crystals belonging to the same "concentration 
group". 

3. 1.2. Emission 
In order to ~omplete the optical characteristics, the 
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Figure 2 (a) Emission spectra of some AG NaCl: Eu 2+ crystals taken at LNT; excitation wavelength: 260 am, (b) Decomposition of the 
spectrum for the V.7.4 crystal. 

AG crystals with g(%) I> 20cm -1 have been excited 
at 260 nm, and both the emission spectrum and the 
luminescence time decay curve have been measured at 
LNT and RT. 

Fig. 2 shows some examples of the emission spectra. 
It is clearly apparent that the degree of complexity of 
these spectra depends upon =(eg). In general, four 
contributions peaking at about 415, 427, 445 and 
480 nm have been detected, whereby: 

the 415 nm component appears only for the most 
heavily doped crystals (D-type absorption spectrum), 

the 427nm component is present in all cases, 
although it is the most intensive one for samples with 
the B-type absorption spectrum, 

the 445 nm component is typical of crystals with the 
C-type spectrum, and 

the tail of the low-energy side of the emission 
spectrum, with slight maximum at about 480 nm, was 
registered for all samples studied. 

The method of numerical analysis used in the resol- 
ution of the complex emission spectra was based on 
the non-linear least square fitting by assuming the 
Gaussian shape of the components. In all cases strong 
luminescence quenching has beenobserved for the AG 
crystals, whereas the strongest effect occurs for crystals 
with 0~(%) ~> 40 cm-1. Moreover, the effect of thermal 
quenching is also typical of this crystal system; on 
average, the emission intensity at RT amounts to 71% 
of the value registered at LNT. 

It has been evidenced previously [3] that the 410 nm 

component (measured at RT) relates with the presence 
of Eu 2+ ions in the form of the orthorhombic EuCIz 
phase. This could correspond to the mentioned 
415rim component, detected at LNT. From among 
the remaining components the 427 nm one can also be 
ascribed to a more or less definite dispersion form of 
europium. Taking into account that the ST spectrum 
consists of a narrow 427 nm band, e.g. [4] this com- 
ponent in the AG spectrum should correspond at least 
to the presence of I-V dipoles and small dipole 
aggregates formed during the cooling period from 
873 K. However, as will be shown in the forthcoming 
Section, the ITC spectrum of AG crystals exhibits the 
presence of isolated dipoles for crystals with =(%) < 
20 ~ -  i only. Hence, the 427 nm component should 
also be characteristic of some precipitates which emit 
at the same energy value. In principle, this could be the 
NazEuCl4 particles considered as an ensemble of I-V 
dipoles, see [1] and Section 4. The orion of the 445 nm 
component has been tentatively ascribed to the 
presence of europium in the CaF2-type form of EuCI: 
phase [1]. In order to check this hypothesis, further 
experiments are necessary. 

3. 1.3. Decay kinetics of the excited state 
The complex character of the emission phenomena 
is also evident from the time-dependence of the 
luminescence decay. Fig. 3 presents two sets of data 
characteristic of crystals with the B-type (Fig. 3a), and 
C- as well as D-types (Fig. 3b) of absorption spectrum. 
Some further differences in the crystal behaviour have 
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Figure 3 Semilogarithmie plot of luminescence decay-time curves for (a) V.10.5 and (b) V.7.4 as well as V.7.2 samples. The effects of both 
the testing temperature (Tt==) and the emission wavelengths (2m) are exemplified. 
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Figure 4 Luminescence decay times measured at (a) LNT and (b) 
KT as a function of 2=m for (A) V.I0.5, (e) V.7.4 and (A) V.7.2 
samples. 
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been ascertained On the basis of lifetime (~) values 
characteristic of the late stage of the luminescence 
decay. Fig. 4 shows the 3(2m)-dependences, where • is 
defined as the "l/e-decay time", i.e. the time interval 
after which the luminescence has decreased by a factor 
of "e" from its initial value. 

The most significant features to be inferred from the 
above results are as follows: 

For slightly doped crystals practically the entire 
luminescence decay curve can be described by an 
exponential law with a unique time decay constant 
nearly independent of 2m. The lifetime value amounts 
on average to 615 nsec at LNT, which is significantly 
smaller than the radiative lifetime value (z0) for ST 
samples of similar composition: ~0 = 1000 and 
1100 nsec at 80 [4] and 15 K [5], respectively. Because 
of some formal similarities of the entire luminescence 
decay curve typical of these crystals with that detected 
by Heber for the N2 line decay curve in ruby [13], it is 
supposed that the microscopic process responsible for 
this behaviour relates to the excitation energy transfer 
between isolated I-V dipoles and planar dimers which 
form the NazEuCI4 particles present in these crystals. 

Although the luminescence decay curve of the 
solution treated crystals is always exponential in the 
entire time scale measured, the lifetime value obtained 
is strongly dependent upon the cooling procedure. For 
instance, the value of z obtained for the ST V.7.II 
(~(%) = 80era -I) sample amounts to 860nsec at 
80 K which is distinctly smaller than the 30 character- 
istic of isolated I-V dipoles present in the slightly 
doped ST samples [4, 5]. The lower ~ value is in 
agreement with the finding that the solution treatment 
does not prevent the formation of small aggregates 
during the period of cooling from 873 K. Supposing 
that these aggregates are in the form of "randomly 



distributed" dimers, one has to note that their spectro- 
scopic characteristic (e.g. z = 860nsec) is slightly 
different than in the case of dimers which form the 
Na2EuC14 particles in the slightly doped AG-crystals 
(z = 615nsec). On the other hand, the value of 
obtained in the former case is in satisfactory agreement 
with that given by Capelletti and Manfredi [4] who 
obtained z = 750 to 850nsec for thermally induced 
dimers in slightly doped crystals. 

For heavily doped AG crystals the luminescence 
decay curves become more complex, and the degree of 
complexity depends on 2m. While for ~.m = 410 to 
430 nm the decay curves consist of three distinguishable 
time-regimes (short exponential decay at the very be- 
ginning is followed by a non-exponential decay which 
transforms into the exponential one at the end of the 
process), a single exponential decay is typical for longer 
emission wavelengths. The lifetime value characteristic 
of the initial exponential decay is independent of 2=., 
the ~(eg) and the testing temperature; it amounts to 
about 40 nsec. The origin of this behaviour can be 
ascribed to the supermigration of the excitation 
energy, [14]. The non-exponential contribution, which 
fits very well the Ftrster type exp ( -  t 1/2) dependence 
[15], is larger for crystals with the C-type absorption 
spectrum than for those with the D-type spectrum, is 
the stronger the shorter the ;t m, and becomes much 
shorter when measured at RT. The long-time exponent 
is distinctly dependent upon Am for the high energy 
side of the emission band, and remains nearly constant 
above 440nm. The effect of testing temperature 
(LNT--.  RT) is to increase the effective z value 
measured for all transitions along the entire emission 
band. 

The quantitative analysis of the experimental data 
on the time evolution of the luminescence and their 
connections with the underlying microscopic energy 
processes will be the subject of a separate paper. 

3.2. ITC data  
The I-V dipole band, positioned at about 219K, 
appears in the AG state spectrum only for crystals 
with =(es) ~ 20cm -I, whereby its height decreases 
with the increasing value of =(eg). On the other hand, 
although the height of this band strongly increases for 
the solution treated samples, the calculated concen- 
tration (assuming the C2v symmetry) of isolated I-V 
dipoles is smaller than the entire dopant concentration 

for ~(eg) as low as 20cm -I [8]. In agreement with the 
previous statement (Section 3.1), the remaining part of 
the dopant is probably present in the form of small 
aggregates among which the dimers could be counted 
as the dominating ones. 

As has been previously evidenced [10], the behaviour 
of the above-RT band, detected for all AG samples, 
can be understood by assuming the presence of some 
europium precipitate particles segregated near the 
dislocation lines. This corresponds very well with the 
behaviour of the Na2EuCI4 phase detected roent- 
genographicaUy [1]. Hence, it is concluded that these 
particles should be present in practically all AG 
samples, in agreement with the emission data. 

3.3. Precipitation strengthening effects 
Fig. 5 presents the yield stress value (~o) of AG crystals 
against ~(eg) which represents the dopant concen- 
tration (see the comments in Section 2). Extrapolating 
the initial part of this plot to ~(%) = 0, the or0 value 
obtained (1.5MNm -2) corresponds to the value 
characteristic of nominally pure NaCI crystals [16]. It 
is supposed that the effect of the dopant is simple 
additive to the internal friction stress characteristic of 
the matrix. 

The increase of =(%) is accompanied by the increase 
of a0 which reaches a maximum value in a transition 
range of =(%). The "plateau" is typical of crystals 
for which the absorption spectrum corresponds to 
the C - ,  D transition. The relative softening of 
crystals with =(eg) larger than approximately 40 cm-i 
is a phenomenon typical of overaged metal alloys. 
Moreover, similar behaviour of a moderately doped 
NaCI: Eu 2+ crystal annealed at 200 ° C (for very long 
times) has been detected by Martin et al. [17]. It is, 
however to the first time that the softening appears as 
a "concentration-induced" phenomenon. 

The mentioned similarity in the mechanical behav- 
iour makes it possible to explain the observed strength- 
ening phenomena in terms of the models originally 
elaborated for precipitation-strengthened metal alloys. 
Hence: 

The strengthening observed for crystals with the A-, 
B- and C-type absorption relates with the cutting 
mechanism anticipated by Kelly and Nicholson [18]: 
the dispersed particles of a coherent (or semicoherent, 
at least) phase are penetrable for the moving dislo- 
cations. 
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Figure 5 Dependence of the yield stress (a0) upon the 
dopant concentration, represented by ",(es), for as grown 
crystals. 
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The relative softening, typical of crystals with 
the D-type absorption, is governed by the Orowan 
mechanism [19], according to which the moving dis- 
locations bypass the unpenetrable particles (incoherent 
in nature) and form the Orowan loops. The two 
"Orowan plots", observed for approximately the 
same ~(es), have been obtained for samples prepared 
from different crystal ingots. This diversity in the 
mechanical behaviour can be related with some dif- 
ferences either in the density of grown-in dislocations 
or in the geometry (size, shape) of the precipitate 
particles. It should be noted that also the emission 
spectra of these crystals are somewhat different, see 
curves (zx) and (v) of Fig. 2. 

Additional confirmation of the proposed interaction 
mechanism was obtained from a set of data concerning 
the stress-strain relations. As far as the strengthened 
crystals exhibit the 3-stage deformation curve with the 
relatively low value of 0 within the easy glide range, a 
parabolic relation, with large 0, is typical of  crystals 
which show the relative softening. The pertinent 
deformation modes (monoglide in the former case and 
multiple glide in the latter one) correspond well with 
the assumed strengthening mechanisms [20]. 

4. Final r e m a r k s  
Summarizing, we may conclude that the presence of 
Eu 2+ ions introduces a variety of effects in the AG 
NaCI: Eu 2+ crystals, including changes in the optical, 
dielectrical and mechanical properties. Despite the cer- 
tain amount of obscurity left in the interpretation of 
some of the data, the experiments performed provided 
a number of details about the nature of the precipitates 
characteristic of various dopant concentration ranges. 
It has been shown that the classification of the optical 
absorption spectra yields a useful indication of the 
preferred behaviour of any AG crystal belonging.to a 
pertinent concentration range of the dopant. Although 
the'character of practically any type of absorption spec- 
trum observed is likely to be determined by the sum of 
weighted contributions characteristic of Eu 2+ sites in 
various crystallographic surroundings, the observed 
sequence of spectra corresponds to the following 
changes in the structure of precipitates: ( I V  dipoles + 
small aggregates) --* Na2EuCl4 ~ regular EuC12 of 
CaF2-type --, orthorhombic EuCl2 of PbCl2-type. 

Although the majority of macroscopic data agrees 
well with the main features of the phases detected 
roentgenographically, the mechanical response of 
crystals in which the Na2EuC14 particles should 
dominate cannot be understood in terms of the CsCl- 
type structure proposed for this phase [1]. As has been 
noted previously (Section 3), the strengthening due to 
the cutting mechanism requires the cut particles to be 
coherent or semicoherent, at least, with the matrix 
lattice. It is obvious that this requirement cannot be 
fulfilled by the b cc type inclusion with respect to the 
fcc  type matrix. It shouldbe remembered that the 
crystallographic analysis has bccn performed on the 
basis of only a small number of reflexes [21]. Taking 
into account the stoichiometry, lattice parameter 
value and the electroneutrality conditions, the sim- 
plest possible type of unit cell has been proposed. 
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Figure 6 Model of the Na2 EuC14 structure: only the cationic sublat- 
ticc is shown, where (e), (o) and (n)  mark the Na + ions, Eu 2+ ions 
and cation vacancies, respectively. The upper cube represents the 
NaCI unit cell. 

In order to remove the apparent disagreement, 
mentioned above, we propose a model of the 
Na2EuCh structure which is compatible with all 
results obtained. Fig. 6 presents the relative orientation 
(one from among the possible three) of both lattices as 
well as the distribution of the dopant. As can be seen, 
the (1 1 0)-type IV" dipoles are segregated on the 
{ 10 0} plane in the form of planar quadripoles, whereby 
two such dimers occupy the half number of cation 
sites within the unit cell The dipoles within each dimer 
as well as the two dimers within each unit cell are 
arranged in a way which reduces the electrostatic 
constraints between the ncighbouring lattice sites, 
[22]. It should be noted that the calculated distances 
between both, the base edges of the unit cell as well as 
between 2 Eu 2+ ions belonging to the neighbouring 
dimers (along the (1 1 2) direction), are in reasonable 
agreement with the roentgenographical data. The 
lattice distortion amounts to about 6%, and this misfit 
is likely to be accommodated within the stress fields of 
dislocations around which the particles of tlie phase 
considered are preferentially segregated. In this way, 
the information of the present study along with the 
microstructural data provide a more complete picture 
of the precipitations occurring in the AG NaC1: Eu 2+ 
system. 
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