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Electron-trapped Fe+-type centers, produced by x-ray irradiation at 80 K and further annealing at higher
temperatures in iron-doped SrCl2 single crystals grown in chlorine gas, have been investigated by electron
paramagnetic resonance. The Fe+�III� and Fe+�IIIa� centers, produced by annealing at temperatures higher than
200 K, exhibit monoclinic local symmetry with the two gJ- tensor principal axes situated in the �110� plane
slightly tilted away from the �001� and �1–10� directions, respectively. The Fe+�IV� center, observed after
several cycles of irradiation and annealing to 700 K, exhibits tetragonal local symmetry around �100� and a
well-resolved four-component structure, attributed to the superhyperfine interaction with a neighboring
monovalent impurity ion. The presence and properties of the low symmetry radiation-induced Fe+ paramag-
netic centers are attributed to trapping and the thermally activated movement of chlorine interstitials. Both
precursor Fe2+ and resulting Fe+ centers are perturbed by these interstitials, which are introduced in SrCl2 :Fe
crystals during growth under a chlorine atmosphere.
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I. INTRODUCTION

Iron enters the SrCl2 host lattice �cubic—Oh
5—fluorite

structure� as Fe2+ impurity ions, which are difficult to ob-
serve by electron paramagnetic resonance �EPR� spectros-
copy due to their d6�5D� ground state.1 One expects the elec-
trons and holes produced by ionizing radiation to be trapped
at the Fe2+ impurity ions situated at unperturbed substitu-
tional Sr2+ cation sites. The resulting Fe+ and Fe3+ paramag-
netic centers, respectively, would therefore exhibit cubic
symmetry. Indeed, a hole-trapped cubic Fe3+ center, called
Fecub

3+ , has been observed in early EPR measurements on
SrCl2 :Fe crystals which were grown in an inert atmosphere
and x-ray irradiated at room temperature �RT�.2 No electron-
trapped Fe+ centers have been reported so far in such crys-
tals, which might be due to their intrinsic instability.

As previously observed in the case of iron-doped alkali
chloride crystals grown in a chlorine atmosphere
�chlorinated�,3 new electron and hole trapped centers are also
produced with ionizing radiation of chlorinated SrCl2 crys-
tals doped with iron. It was found4–8 that in such crystals the
Fe2+ impurity ions can trap both electrons and holes, result-
ing in Fe+ and Fe3+ paramagnetic centers both with noncubic
symmetry. One could thus identify after x-ray irradiation at
80 K the following new paramagnetic centers: A hole-
trapped Fe3+ center with local �111� trigonal symmetry,4

called Fetrig
3+ , two electron-trapped centers, Fe+�I� and Fe+�II�

with local �001� tetragonal symmetry,5 as well as an electron-
trapped center, called Fe+�IIa�, with local monoclinic
symmetry.8 Because the resulting Fe-related centers were
produced after short irradiation at T�100 K, where no sig-
nificant ionic movement is present,9,10 it is expected that pre-

cursor Fe2+ centers with similar structure/symmetry are
present in the as-grown crystal.

Such observations strongly suggest that chlorination in-
duces precursor Fe2+ centers, with the iron impurity localized
at other noncubic lattice sites. In an attempt to better under-
stand the steric configurations of the Fe2+ precursors in the
SrCl2 crystal lattice, as well as the properties of the resulting
electron/hole trapped Fe+/Fe3+ centers, we have investigated
thermally induced changes in the EPR spectra of the low-
temperature-irradiated SrCl2 :Fe crystals.

As will be shown in this paper, the annealing of such
low-temperature-irradiated SrCl2 :Fe crystals results in the
formation of electron-trapped Fe+ centers, which have been
investigated by EPR. These results allow for a better under-
standing of the various Fe2+ center structures in the SrCl2
crystal lattice and the localization of excess chlorine in the
as-grown crystals. Moreover, the chlorine interstitials are
shown to play an important role in the formation of iron-
related electron and hole trapping centers.

II. EXPERIMENT

All samples used in this work were cleaved with the long
edge along a crystal �110� direction from the same SrCl2 :Fe
single-crystal ingots, grown by the Bridgman technique in a
chlorine atmosphere, which were employed in the previous
studies.4–8 Typical sample sizes were 3�3�10 mm3 in the
X band and 1�1�5 mm3 in the Q band. The samples were
irradiated with x rays �W anode operating at 50 mA and
50 kV� at T=80 K for 30 min and further transferred in the
microwave cavity without warming them up above 100 K.

The X-band EPR measurements were performed with a
BRUKER ESP300E spectrometer, equipped with a gas-flow
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cryogenic system for operation in the temperature range
from 1.5 to 293 K. The Q-band EPR spectra were recorded
using a BRUKER ELEXSYS E500 spectrometer, equipped
with an Oxford CF935 gas-flow cryostat operating in the
same temperature range.

III. RESULTS

A. Pulse annealing experiments

The thermal growth and decay of the electron and hole
trapped centers in chlorinated SrCl2 :Fe crystals x-ray irradi-
ated at 80 K have been investigated by pulse annealing ex-
periments. In all experiments, the sample, which was previ-
ously x-ray irradiated at T=80 K and transferred in the
microwave cavity with minimum warming up, was heated to
the annealing temperature for 5 min and recooled to the
same EPR measuring temperature �T=3.5 K�. The evolution
of the total EPR line intensities of each type of observed
electron-trapped Fe+ center �Seff=1/2�, determined for the
B � �110� orientation, which is proportional to its concentra-
tion, is presented in Fig. 1, as a function of the annealing
temperature. In the same figure, only the relative concentra-
tion of the cubic Fe3+ �S=5/2 ground state� centers is pre-
sented in order to illustrate the defects formation/annealing
kinetics. The concentration of the Fetrig

3+ centers, which did
not exhibit significant changes in the whole temperature
range, has not been included in the figure.

The experiments show that both Fe+�II� and Fe+�IIa� cen-
ters exhibit similar temperature stability and concentration,
which initially increases with the annealing temperature.
They reach a maximum concentration around 150 K. Both
centers begin to decay above 190 K and completely disap-
pear at 250 K. Their decay is accompanied by the growth of
some EPR lines �Fig. 2� attributed to two other paramagnetic
centers, called Fe+�III� and Fe+�IIIa�. The Fe+�III� and
Fe+�IIIa� centers exhibit, up to approximately 280 K, similar

annealing behavior. At higher temperatures, the decay of the
Fe+�IIIa� centers is accompanied �Fig. 2� by a further com-
parable increase in the concentration of the Fe+�III� centers,
which are stable at RT.

The EPR properties of the Fe+�III� and Fe+�IIIa� centers
have been investigated in the hope that, together with the
results of the annealing experiments, one could obtain a bet-
ter insight into their structure and transformation mecha-
nisms, as well as that of the related Fe+-type centers.

B. EPR properties of the Fe+
„III… and Fe+

„IIIa… centers

As previously mentioned, the SrCl2 :Fe crystals which
have been x-ray irradiated at T=80 K and annealed at RT
exhibit at T�15 K, in addition to the EPR lines of the al-
ready studied Fe+�I�, Fecub

3+ and Fetrig
3+ centers,2,4,5 intense lines

�Fig. 3�. These lines, attributed to a paramagnetic center
called Fe+�III�, exhibit strong temperature dependence, being
hardly visible for T�15 K. At T�5 K, the EPR lines are
comparable in intensity with those of the Fe+�I� center, be-
ginning to saturate at microwave powers of about 4 mW.

With the magnetic field rotated in a �110	 plane, the EPR
spectrum of the Fe+�III� centers consists of up to seven lines,
some of them degenerate. From their intensity ratios, it can
be assumed that the number of equivalent paramagnetic spe-
cies is 12, and the local symmetry of the center is monoclinic
�point symmetry 2/m3 in a m3m cubic crystal�.11

The observed angular variation of the X-band EPR spec-
trum, as recorded in a �110	 plane, is represented by full
circles in Fig. 3�b�. The solid lines represent the simulation
based on a least-squares gJ-tensor fitting to the experimental
data, using the spin Hamiltonian with effective spin S=1/2
and monoclinic gJ1

ĤS = �BB� · gJ · Ŝ . �1�

A very good fitting was obtained with the spin Hamiltonian
parameters given in Table I.

FIG. 1. Thermal growth/decay of the electron and hole trapped
centers in chlorinated SrCl2 :Fe crystals, x-ray irradiated at 80 K,
and measured at T=3.5 K. Only the relative concentration of the
cubic Fe3+ center is given. The concentration of the Fetrig

3+ �not
shown� does not change significantly in this temperature region.

FIG. 2. X-band EPR spectra of a chlorinated SrCl2 :Fe crystal
x-ray irradiated at 80 K and annealed at 150 K, 250 K, and 300 K,
respectively. The unmarked transitions correspond to the Fetrig

3+

center.
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In the 200–290 K annealing range, several additional
EPR lines with lower intensity have been observed close to
the EPR transitions of the Fe+�III� center �Fig. 2�. These lines
have been attributed to another electron-trapped Fe+ center,
called Fe+�IIIa�.

The angular variation in a �110	 plane of the EPR lines of
the Fe+�IIIa� center is similar to the one of the Fe+�III� cen-
ter, suggesting a similar local monoclinic symmetry. More-
over, the spin Hamiltonian parameters of the Fe+�IIIa� center,
presented in Table I, are also very close to those of the
Fe+�III� center.

C. EPR properties of the Fe+
„IV… center

In the EPR investigations of the Fe+�I� center, which is
characterized by a very high thermal stability, the irradiated
samples were usually annealed for 5 to 10 min at 700 K and
quenched at RT.5 One could thus bleach out all other para-
magnetic centers produced by irradiation, without sensibly
changing the concentration of the resulting Fe+�I� centers.
After several such cooling-irradiation-heating cycles, the
EPR measurements at very low temperatures revealed, in
addition to the lines of the Fe+�I� center, a set of lines. These
lines, with a lower intensity compared to those of the Fe+�I�
center, did exhibit a well-resolved structure consisting of
four equidistant components with quasi-equal intensity �Fig.
4�. This four-component structure, which is visible only at
T�10 K, while the EPR lines of the Fe+�I� center are visible
up to 120 K,5 is attributed to a paramagnetic center called
Fe+�IV�. At T=5 K and below, its EPR lines begin to satu-
rate for microwave powers of a few mW.

The angular variation of the EPR spectrum in a �110	
plane is represented in Fig. 4�b� by full and open circles for
the transitions of the Fe+�IV� and Fe+�I� centers, respec-
tively. The angular variation of the Fe+�IV� center is de-
scribed �solid lines� by the simple spin Hamiltonian with
tetragonal symmetry around one of the �100� directions

HS = �Bg//BzSz + �Bg��BxSx + BySy� , �2�

where g�=2.097, g�=4.859, and the effective spin S=1/2.
It seems very likely that the equally intense four-line

structure represents a superhyperfine �SHF� structure due to
the magnetic interaction between the paramagnetic electron
spin and a neighboring nucleus with nuclear spin I=3/2 and
natural abundance very close, or equal to 100%. The analysis
of the EPR spectra presented in Fig. 4 yields the principal
values of the SHF tensor 
A� 
 =149.7 MHz and 
A� 

=278.9 MHz. These values can be related12 to the isotropic

FIG. 3. X-band EPR spectra of a chlorinated SrCl2 :Fe crystal
x-ray irradiated at 80 K and annealed for 5 min at RT, for B � �110�
in �a� and B � �001� in �c�. b� Experimental �points� and calculated
�solid lines� angular variation in a �110	 plane of the EPR transi-
tions attributed to the Fe+�III� center. The unmarked transitions cor-
respond to the Fe3+ centers.

TABLE I. EPR parameters of the electron trapped Fe+-type centers in chlorinated SrCl2 :Fe crystals. In the case of the monoclinic centers,
the z and x axes are tilted in the �110� plane with an angle �.

Center S
gx

�1−10�+�
gy

�110�
gz

�001�+�
�
�°�

D
�GHz� k

Annealing
temp. �K�

Fe+�I�a 3/2 g�=4.175
±0.003

2.000
±0.009

0 121.5
±0.5

�700

Fe+�II�a 1/2 g�=5.211
±0.004

2.020
±0.009

0 0.81 �250

Fe+�IIa�b 1/2 5.144
±0.004

5.268
±0.004

2.013
±0.009

2.1
±0.1

0.81 �250

Fe+�IIIa�c 1/2 5.635
±0.005

4.815
±0.005

1.98
±0.01

3.0
±0.2

0.81 �290

Fe+�III�c 1/2 5.823
±0.004

4.624
±0.004

1.980
±0.009

3.0
±0.1

0.81 �300

Fe+�IV�c 1/2 g�=4.859
±0.004

2.097
±0.009

0 0.605 �700

aSee Ref. 5.
bSee Ref. 8.
cThis work.
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and anisotropic SHF constants a and b by the formulae:

A

 = a + 2b, A� = a − b . �3�

It results in either a=235.8 MHz and b=−43.1 MHz, if A


�0 and A��0, or a=−235.8 MHz and b=43.1 MHz, if
A

�0 and A��0; either a=142.9 MHz and b=−136 MHz,
if A

�0 and A��0, or a=−142.9 MHz and b=136 MHz, if
A

�0 and A��0.

IV. STRUCTURE OF THE Fe+- AND Fe3+- TYPE CENTERS

A. The axial Fe+-type electron-trapped centers

As shown by the previous EPR and electron-nuclear
double resonance �ENDOR� studies, although the electron-
trapped Fe+�I� and Fe+�II� centers, which are produced by
low-temperature irradiation, both exhibit �001� axial local
symmetry, the observed transitions belong to different
ground electron spin states, resulting from the different
atomic structure of the corresponding defects.5 Thus, the
Fe+�I� center consists of an eight-fold coordinated Fe+ ion in
an S=3/2 ground state, with D4h site symmetry. In the most
probable model �Fig. 5�, two monovalent K+ impurity ions
are proposed to be symmetrically situated at the two opposite
nearest-neighbor Sr2+ sites relative to the Fe+ in an interstitial
position.6 Unfortunately, neither EPR, nor ENDOR could
give direct proof of the presence of the cation impurities. In
the case of the Fe+�II� center, the Fe+ ion was found to be
four-fold coordinated as a result of a strong intrinsic off-
center displacement of the Fe+ ion along an �001� axis, very
close to the center of the face of the cube formed by the eight
nearest Cl− ligands �Fig. 6�, which is intersected by this axis.
This new four-fold coordination of the Fe+ ion yields an S
=1/2 ground state.7 It should be mentioned here that the
available EPR and ENDOR spectral data did not offer suffi-
cient information to conclude on the location of the precursor

Fe2+�II� ion, in either a cationic substitutional site or an
empty interstitial site.

The Fe+�IV� center is different from all other Fe+-type
centers in what concerns its production properties and the
presence of a large quasi-isotropic SHF structure �Fig. 4�.
Otherwise, it exhibits a similar �001� axial �tetragonal� sym-
metry and g-component values close �Table I� to those of the
Fe+�II� center. Moreover, exactly the same g-values and the
absence of high-field lines from transitions inside an

FIG. 4. X-band EPR spectra of a SrCl2 :Fe crystal x-ray irradi-
ated at 80 K and annealed for 5 min at 700 K, for B � �110� in �a�
and B � �001� in �c�. �b� Experimental �open and full circles� and
calculated �dashed and solid lines� angular variation in a �110	
plane of the EPR transitions attributed to the Fe+�I� and Fe+�IV�
centers, respectively.

FIG. 5. The most probable structural model of the Fe+�I� center
in SrCl2 :Fe �see Ref. 6�.

FIG. 6. Structural models of the Fe+�II� and Fe+�IIa� centers in
SrCl2 :Fe. The small tilting in the �110� plane of the x� and z�
principal axes of the gJ-tensor of the Fe+�IIa� center, attributed to the
presence of a neighboring Cl− interstitial �not shown in the figure�,
is somehow exaggerated for illustration purposes. The principal
axes of the gJ-tensor of the Fe+�II� center are represented by x, y,
and z. The dotted circle indicates the originating site of the precur-
sor Fe2+ ion.
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S=3/2 state have been observed in both X and Q bands.
Consequently, one should also consider an S=1/2 state as
the ground state for the Fe+�IV� center.

Assuming a Kramers doublet as the ground state �by con-
sidering the Fe+ ion situated close to the center of a square
formed by four nearest Cl− ligands�, as in the case of the
tetragonal Fe+�II� center,5 Tinkham’s formula13

gx + gy + gz = 10 + 3k �4�

yields a k=0.605 value, resulting in an unusually high cova-
lency compared to the other Fe+ centers in SrCl2 �Table I�.
This observation is, however, in agreement with the presence
of the four-component SHF structure, which can be accu-
rately described by the magnetic interaction with an I=3/2
nucleus associated with a spin delocalization onto a
neighboring ion. The most probable nuclei respons-
ible for this interaction can be either 23Na �I=3/2 ,
100% abundance, and gN=1.47839� or 39K �I=3/2 ,
93.26% abundance, and gN=0.26099�, both being present
as unintentional impurities in concentrations of about
100 ppm in the SrCl2 starting material. In the latter case,
there is another natural isotope 41K with the same nuclear
spin �I=3/2�. However, due to its lower natural abundance
�6.73%� and smaller nuclear moment �gN=0.14325�, the
EPR line shape simulation, which includes contributions
from both potassium isotopes, is practically undistinguish-
able from the simulation considering only the predominant
39K isotope. It is therefore impossible to distinguish solely
from EPR data, which one of the two most likely Na+ or K+

impurity ions is involved in the structure of the Fe+�IV� cen-
ter.

The presence of a chlorine anion next to the Fe+ along a
�001� axis is expected to be energetically unstable, because
even for a substitutional M3+- interstitial Cl− cluster, which is
supposed to exhibit a �001� symmetry favored by the elec-
trostatic attraction, it was calculated14 that the nearest-
neighbor �NN� position of the interstitial is less stable than
the next-NN position particularly in SrCl2 crystals, due to the
large lattice parameter. However, we still analyzed the pos-
sibility that the observed SHF structure originates from the
magnetic interaction with a neighboring Cl nucleus. Includ-
ing the two natural isotopes, 35Cl �75.77% , and gN

=0.5479157� and 37Cl �24.23% , and gN=0.4560820�, both
with I=3/2, the simulation of the EPR line shape results in
an equidistant four-line structure with unequal intensities,
which does not reproduce the observed SHF structure with
four equidistant equally intense components �Fig. 7�. More-
over, it is hard to understand how the observed SHF interac-
tion with such a neighboring Cl nucleus, which could be
situated at a minimum distance of a0 /4 from the Fe+ ion in
the Fe+�IV� center, can be one order of magnitude larger than
the interaction with the four neighboring Cl nuclei �Table II�,
surrounding the Fe+ ion in the Fe+�II� center, situated at
a0

�2/4 from the Fe+ ion, where a0 is the SrCl2 lattice
constant.7

Thus, from the analysis of the EPR data alone, one con-
cludes that the Fe+�IV� center consists of a Fe+ ion, off-
center displaced along an �001� axis, interacting with a NN

M+ monovalent cationic impurity �M+=Na+ or K+�, situated
on the tetragonal axis, either in the nearest empty interstitial
�Fig. 8�a�� or in the cationic site �Fig. 8�b��, depending on the
originating site of the Fe2+ precursor ion. The electrical neu-
trality of such a Fe+ - M+ pair could also explain its ex-
tremely high thermal stability.

A better insight into the nature of the neighboring M+

impurity ion with I=3/2 results from a semiquantitative
analysis of the experimental SHF parameters using the cal-
culated hyperfine parameters.15 In such an analysis, we shall
consider that in the case of the Fe+�IV� centers the charge
transfer of about 40% �for k=0.605� to the neighboring ions
takes place in a first rough approximation, mainly to the M+

impurity ion and to the four NN Cl− ligands. In the former
case, the charge transfer is responsible for the observed four-

FIG. 7. Observed SHF structure of the g� line from the Fe+�IV�
center for B � �001� �solid line� and the best line shape fitting which
can be obtained assuming an interaction with a neighboring chlo-
rine nucleus with individual linewidth �H=0.82 mT, considering
the presence of both 35Cl and 37Cl isotopes with corresponding
natural abundances �dashed line�. The experimentally observed line
shape can be accurately fitted assuming an interaction with a ligand
nucleus with �100% abundance, I=3/2 nuclear spin, and �H
=0.82 mT linewidth.

TABLE II. SHF parameters of the axial Fe+-type electron
trapped centers in chlorinated SrCl2 :Fe crystals. The principal axes
of the SHF tensors are defined in the cited references.

Fe+�I�a Fe+�II�b Fe+�IV�c

Ax=2.55 MHz Ax=5.98 MHz 
A� 
 =278.9 MHz

Ay =5.78 MHz Ay =11.42 MHz 
A� 
 =149.7 MHz

Az=9.37 MHz Az=18.91 MHz

�A=7° �A=2°

aSee Ref. 6. Parameters of the SHF interaction with first shell 35Cl
ligands.
bSee Ref. 7. Parameters of the SHF interaction with first shell 35Cl
ligands.
cThis work. Parameters of the SHF interaction with the I=3/2
nucleus of a neighboring M+ ion.
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component splitting. In the latter case, this results in an in-
homogeneous line broadening. It is thus expected that the
EPR linewidth of the Fe+�IV� and Fe+�II� centers to be com-
parable, as in both cases the paramagnetic Fe+ ion is off-
center displaced in a similar Cl− four-fold coordinated site.
Indeed, at low temperatures, the intrinsic EPR linewidth of
both centers varies with orientation between 1.3 mT and
1.7 mT. Considering the observed �20% charge transfer in
the Fe+�II� center �for k=0.81� to be mainly at the four near-
est Cl− ligands, one thus obtains that in the case of the
Fe+�IV� centers the remaining 20% charge transfer takes
place at the M+ impurity ion. Considering the isotropic SHF
contribution of the fully localized 3s electron at the sodium
atom of 927.1 MHz,15 one obtains for a 20% delocalization a
value of approximately 185 MHz which compares quite
well, considering the very rough approximation, with the two
possible experimental values of 235.8 MHz and 142.9 MHz.

A similar evaluation in the case of the K+ impurity ion
yields a value of approximately 45 MHz, too small as com-
pared with the experimental data. Thus, it seems that M+ is
most likely a Na+ ion.

B. The monoclinic Fe+-type centers

Close to the EPR transitions of the Fe+�II� center, several
satellitelike lines have been observed at very low tempera-
tures, which were attributed to another electron-trapped Fe+

center, called Fe+�IIa�.8 This monoclinic center, with an ef-
fective S=1/2 electron spin, which is also produced at low

temperature, seems to be a Fe+�II� center perturbed by some
weakly interacting neighboring defect, resulting in the small
monoclinic distortion of the original tetragonal deformation
along an �001� axis. The monoclinic distortion is observed as
a rhombic distortion along the perpendicular �110� and �1
−10� axes and a small tilting of the local z and x axes from
the corresponding �001� and �1−10� directions in the �110�
plane �Fig. 6�. As will be further shown, the structure of the
Fe+�IIa� center is related to the structure of the newly dis-
covered Fe+�III� and Fe+�IIIa� centers.

The other monoclinic Fe+�III� and Fe+�IIIa� centers,
which are produced by annealing the irradiated crystals
above 200 K, exhibit effective spin S=1/2, which is the true
electron spin ground state of both centers. Indeed, as in the
case of the Fe+�IIa� center,7 this assumption is supported by
the absence in both microwave X and Q bands, for magnetic
fields as high as 1.5 T, of any other transitions which could
be attributed to the same paramagnetic centers, as well as
from the observation of the EPR transitions at exactly the
same effective g-values at both microwave frequencies.

If the real electron spin is S=1/2, one should assume for
both centers a Kramers doublet as the ground state, similar to
the case of the Fe+�II� and Fe+�IIa� centers.5,8 Using Eq. �4�,
one obtains for both Fe+�III� and Fe+�IIIa� centers k=0.81,
i.e., practically the same value as in the case of the Fe+�II�
and Fe+�IIa� centers �Table I�.5,8

The similar electronic ground state and symmetry proper-
ties of the monoclinic Fe+�IIa�, Fe+�III�, and Fe+�IIIa� cen-
ters strongly suggest a common basic structure derived from
the Fe+�II� center, i.e., a four-fold coordinated Fe+ ion per-
turbed by some weakly interacting neighboring defect�s�, re-
sponsible for the monoclinic distortion of the original tetrag-
onal symmetry. The available EPR and ENDOR studies do
not offer enough data to allow a direct identification of the
neighboring entity responsible for the monoclinic distortion.
However, as in the cases reported earlier of monoclinic Fe+

and Pb+ centers in KCl,16,17 the tilting of the gJ- principal
axes away from the main crystallographic directions in a
�110	 plane by a small angle could be attributed to the pres-
ence of an interstitial Cl− ion next to one of the neighboring
Cl− ligands surrounding the Fe+ ion. The presence of a neigh-
boring cation has to be excluded, because only an anion in-
terstitial can explain the monoclinic deformation in a �110	
plane. The presence of several monoclinic Fe+ centers with
similar symmetry properties and different g-components re-
mains to be explained.

C. The Fe3+-type hole-trapped centers

According to the results of previous EPR investigations, it
seems very likely that in both hole-trapped Fecub

3+ and Fetrig
3+

centers, which are produced during low-temperature irradia-
tion by hole trapping at corresponding precursor Fecub

2+ and
Fetrig

2+ centers, respectively, the Fe3+�Fe2+� ion is situated in a
substitutional cationic site. The trigonal distortion of the lo-
cal crystal field, observed in the latter case, can be associated
with a negatively charged defect �X2−� replacing one of the
eight NN Cl− ligands.4

FIG. 8. The possible structural models of the Fe+�IV� center in
configurations resulting from the off-center displacement of the Fe+

ion from: �a� The substitutional site, and �b� the interstitial site. The
precursor Fe2+ sites are indicated by dotted circles.
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The nature of the charge-compensating defect could not
be unambiguously determined from the EPR data. The pres-
ence of a neighboring molecular anion, such as SO4

2−, CO3
2−,

etc., replacing one of the eight nearest chlorine ligands has to
be excluded, because the chlorination treatment is known to
be a very effective procedure in eliminating the oxygen and
oxygen-containing radicals from the crystal lattice of
chlorides.18 Consequently, it has been suggested4 that a chlo-
rine interstitial ion is situated next to one of the nearest Cl−

neighbors, resulting in a Cl−-Cl− di-interstitial centered on
one of the neighboring anionic sites and oriented along the
�111� axis.

V. DISCUSSION: INTERSTITIALS AND IMPURITIES IN
THE STRUCTURE OF PRECURSOR Fe2+ CENTERS

Our EPR studies of radiation-induced paramagnetic point
defects in chlorinated SrCl2 crystals doped with iron have
revealed the presence in the as-grown crystals of both elec-
tron and hole trapping Fe2+ precursor centers, which have not
been observed in crystals grown under an inert atmosphere.
High concentrations of the resulting Fe+ and Fe3+ paramag-
netic centers could be produced after relatively brief
�10–20 min� x-ray irradiations at low temperatures �T
�100 K�. Because intrinsic point defects are known to be
difficult to be produced by irradiation in the SrCl2 lattice,14

and no ionic movement takes place at such low
temperatures,9,10 one expects that all observed paramagnetic
defects are the result of simple electron/hole trapping at the
various precursor Fe2+ centers. Thus, the observation of the
Fe2+ precursor centers in the chlorinated SrCl2 :Fe crystals
seems very likely to be related with the presence of excess
chlorine as interstitial chlorine ions in the crystal lattice, in
agreement with our experimental observation of a slow and
continuous emanation of chlorine gas from such crystals,
even in normal, RT-laboratory conditions. This is also in
agreement with the known general ability of the fluorite-type
crystals to incorporate relatively high concentrations of an-
ions in interstitial positions.19

Moreover, in the case of the chlorinated crystals, the pres-
ence of monovalent cationic impurities in the precursor Fe2+

centers can explain the efficient electron trapping resulting in
the Fe+�I�, and Fe+�IV� centers. The presence of the efficient
electron and hole trapping Fe2+ precursor centers in the chlo-
rinated SrCl2 :Fe crystals is also explaining the absence of
EPR transitions from both intrinsic electron- and hole-
trapped F and VK paramagnetic centers, observed after x-ray
irradiation at 80 K in undoped and lightly doped SrCl2
crystals.9,20–22

Furthermore, when the temperature is increased from
100 K to 150 K, the concentration of the resulting hole-
trapped Fecub

3+ centers is strongly decreasing, while the con-
centration of all Fe+-type electron-trapped centers is increas-
ing �Fig. 1�. This behavior can be explained only if there is a
source of thermally freed electrons in the crystal, such as the
F* centers, i.e., F centers perturbed by neighboring impurity
alkali cations,21 which are known9 to decay up to 125 K. The
resulting mobile electrons are either trapped at positively
charged �with respect to the crystal lattice� Fecub

3+ centers,

decreasing their concentration, or at Fe2+ precursor centers,
producing more Fe+-type centers. The absence of an observ-
able EPR signal from the F*-centers at g�2 could be ex-
plained by the overlap of the intense lines from the Fe3+

and/or Fe+ centers, which are present in the same magnetic
field range. One should also mention that the presence of F*

centers was reported as difficult to observe in nominally pure
SrCl2 samples.22

While the concentration of the hole-trapped Fecub
3+ centers

decreases above 100 K, the concentration of the other hole-
trapped center, namely Fetrig

3+ , is not influenced by the pres-
ence of mobile electrons. The resulting thermal stability of
the Fetrig

3+ centers can easily be explained with the proposed
structural model.4 Indeed, according to this model, the pres-
ence of a neighboring chlorine di-interstitial instead of a NN
Cl− ligand yields an electrically neutral Fetrig

3+ center.
The results of thermal pulse annealing experiments on

SrCl2 :Fe crystals x-ray irradiated at 80 K, as shown in Fig.
1, offer additional interesting information concerning the
presence and role of the anion interstitials in the formation
and transformation of the radiolytic defects in chlorinated
SrCl2 :Fe crystals. Thus, the tetragonal Fe+�II� and mono-
clinic Fe+�IIa� centers exhibit quite similar annealing behav-
ior. Their decay at temperatures higher than 190 K is accom-
panied by the growth of two other monoclinic centers,
Fe+�III� and Fe+�IIIa�. The structural transformation of the
Fe+�II�-type centers in Fe+�III�-type centers at temperatures
higher than 190 K can be related to the motion of the inter-
stitial chlorine ions toward the Fe+ ion. At higher tempera-
tures, the Fe+�IIIa� centers transform into Fe+�III� centers,
which are stable at RT. To the best of our knowledge, there is
no experimental evidence in the literature about the activa-
tion temperature of the Cl− interstitials in SrCl2. Only the
theoretical activation energy of the Cl− interstitials of about
0.9 eV has been reported so far.14

As shown schematically in Fig. 9, the presence of a ther-
mally activated movement of an interstitial chlorine ion to-
ward the Fe+ ion could explain the conversion of the tetrag-
onal Fe+�II� center, which, as such, has no perturbing

FIG. 9. Schematic model of the thermally activated movement
of an interstitial Cl− ion towards the Fe+ ion in the �110� plane,
which could explain the formation and transformation of an unper-
turbed tetragonal Fe+�II� center in the sequence of monoclinic
Fe+�IIa� to Fe+�IIIa� and Fe+�III� centers associated with the a, b,
and c positions of the approaching chlorine interstitial, respectively.
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chlorine interstitial in its immediate neighborhood, into the
lower symmetry Fe+�IIa� center, with the smallest rhombicity
and monoclinic distortion. Further on, as the interstitial Cl−

approaches progressively closer to the Fe+ ion in a �110	
plane, the Fe+�IIa� center is converted into the Fe+�IIIa� and
Fe+�III� centers, which exhibit both larger rhombicity and
monoclinic distortions �Table I�. �The restriction of the
movement of the interstitial in a �110	 plane is imposed by
the presence in all low symmetry Fe+ centers of a tilting of
the local z and x axes in such a plane.� Around 275 K, the
Fe+�IIIa� centers begin to transform into the Fe+�III� centers,
which exhibit the largest monoclinic distortion. The resulting
Fe+�III� centers, with the largest rhombicity �corresponding
to the shortest Fe+ - interstitial Cl− ion separation�, are the
only ones left above 290 K. They are stable at RT: No sig-
nificant decrease in their concentration has been observed
after storing the sample at RT for several years.

The preferential final stabilization of the Cl− interstitial in
the NNN position �site c in Fig. 9�, rather than in the NN
position with tetragonal symmetry, is not surprising �see the
corresponding discussion in Sec. IV A� and agrees with the
theoretical calculations.14

It should be mentioned that the simultaneous presence of
both tetragonal Fe+�II� and monoclinic Fe+�IIa� centers in
about the same concentration, after low-temperature irradia-
tion is not very clear. It could be either fortuitous, or it could
mean that for some unknown reason, both Fe2+�II� and
Fe2+�IIa� precursor centers are present in the as-grown crys-
tals, in comparable amounts.

The thermally activated movement of the negatively
charged chlorine interstitial toward the Fe+�II� center, which
consists basically of a Fe+ ion in an off-center position, re-
quires either a positively charged Fe+�II� center or, at least a
neutral one. This condition imposes additional restrictions on
the possible structural models of the precursor Fe2+�II� cen-
ters. Indeed, in the basic structural model based on EPR/
ENDOR data,5,7 a substitutional Fe2+ ion has trapped an elec-
tron, being displaced by an intrinsic off-center mechanism
along an �001� axis, almost in the center of the square deter-
mined by the four nearest chlorine ligands, which intersects
the direction of displacement �Fig. 6�. In this model, the
resulting Fe+�II� center would be negatively charged and,
thus, would not be expected to attract negatively charged
chlorine interstitials.

However, it should be mentioned that the presence and
movement of the interstitial chlorine ions in the neighbor-
hood of the Fe2+ /Fe+ impurity ions cannot be explained by
simple Coulomb interactions. As shown in the case of alkali
halides doped with monovalent impurity cations,23 the ob-
served movement of interstitial halide ions toward the impu-
rities is controlled by the more subtle forces induced by the
local crystal lattice distortions resulting from the presence of
such impurities. This also explains why, in SrCl2 doped with
trivalent cations, the number of anionic interstitials is about
2.5 times larger than that required for charge compensation,
as observed by neutron diffraction.24

One should also consider here the possible alternative in-
terstitial localization of the Fe2+ ion in the Fe2+�II� precursor
center. Such interstitial localization of the Fe2+ ion in the

fluorite-type lattice of SrCl2 is expected to take place only if
it plays the role of a charge compensating impurity for a NN
substitutional M+ cation impurity. Such a configuration could
explain both the efficient electron-trapping properties of the
Fe2+�II� precursor center, as well as the neutrally charged
character of the resulting Fe+�II� center with respect to the
crystal lattice. However, with such a structural model, it is
hard to explain why the positively charged Fe2+�II� precursor
center does not trap chlorine anion interstitials during the
crystal growth process, which would result in the observation
after x-ray irradiation at 80 K of a dominant Fe+ center with
the largest monoclinic distortion.

VI. CONCLUSIONS

The analysis of the EPR spectra observed in chlorinated
SrCl2 :Fe crystals after low-temperature �T�100 K�-x-ray
irradiation and after subsequent annealing at higher tempera-
tures, resulted in the identification of several Fe+-type elec-
tron trapped centers. Contrary to the expectancy, only in one
of them, namely the Fe+�I� center, the Fe+ ion occupies an
eight-fold cubically coordinated site. Such centers are char-
acterized by an electronic spin S=3/2 and a zero-field-
splitting 2D much larger than the Zeeman interaction �see
Table I�, resulting in only two EPR transitions inside the
lowest and upper doublets at low and high magnetic fields,
respectively.

In all other Fe+-type centers, the Fe+ ion is off-center
displaced along the tetragonal axis, very close to the center
of a square formed by the four NN chlorine ligands inter-
sected by the displacement axis.

The pulse annealing experiments on chlorinated SrCl2 :Fe
crystals, which have been x-ray irradiated at 80 K, resulted
in the observation of the new electron-trapped Fe+�III�-type
centers with local monoclinic symmetry, related to the
Fe+�II�-type centers produced by irradiation. Their structure
and transformation properties can be understood by consid-
ering the presence and thermally activated movement of
neighboring chlorine interstitials �resulting from the chlori-
nation treatment of the melt� in the �110	 planes of the as-
grown crystal.

The proposed structures of the electron-trapping Fe2+ pre-
cursors and resulting paramagnetic Fe+ centers observed in
chlorinated SrCl2 crystals involve—in the case of the Fe+�I�
and Fe+�IV� centers—the presence of neighboring M+ alkali
impurities as well. This does not seem to be the case for the
hole-trapping Fetrig

2+ precursor and resulting Fetrig
3+ center, as

well as for the electron-trapping Fe2+�II�-type precursors and
resulting Fe+�II� and Fe+�III�-type centers.

To the best of our knowledge, little is known so far about
the presence and properties of chlorine interstitials in SrCl2
crystals. Indeed, the formation of interstitials by radiolysis in
SrCl2 has not been reported so far. An excess of chlorine of
about 3 mol % has been induced in SrCl2 crystals by doping
with trivalent Y3+ ions.25 Furthermore, the formation of the
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so-called cuboctahedral clusters of interstitial ions in �110�
directions has been observed in coherent diffuse neutron
scattering of such �SrY�Cl2.03 crystals, in agreement with our
interpretation of the formation and structure of the mono-
clinic Fe+ centers in chlorinated SrCl2 crystals.

Our results confirm the general behavior of impurities in
fluorite-type structures, which stabilize interstitials and en-
hance the coloration �radiation damage� of alkali earth fluo-
rides by favoring the formation of impurity related defects.
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