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Magnetic resonance study of the Fe¿„I … center in SrCl2 single crystals
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An Fe1-type center with axial̂ 001& symmetry has been studied by electron nuclear double resonance
~ENDOR! in the microwaveX andQ bands. The Fe1~I! center is produced only after irradiation with x org
rays at 80 K of SrCl2:Fe21 crystals grown in a Cl2 atmosphere. It has a 3d7 4FG8 ground state with spinS
5

3
2 . As shown by the correlated analysis of the ENDOR data and electron paramagnetic resonance superhy-

perfine structure, the Fe1 ion is situated in the center of a tetragonally compressed cube of eight nearest Cl2

ions. The simplest model of the Fe1~I! center, compatible with the magnetic resonance results, consists of an
interstitial Fe1 ion with two substitutional monovalent cations, very likely K1 ions, in two opposite nearest-
neighbor Sr21 sites along the tetragonal axis of the center.

DOI: 10.1103/PhysRevB.64.024405 PACS number~s!: 76.30.Fc, 76.70.Dx, 61.72.Ww
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I. INTRODUCTION

Single crystals of SrCl2 grown and doped with iron in a
chlorine atmosphere~chlorinated! contain Fe21 related elec-
tron and hole trapping centers, which have not been foun
crystals grown by conventional procedures, i.e., in vacu
or an inert gas. The trapping of electrons/holes produced
subsequent short irradiation at low temperatures with ion
ing radiation ~high-energy electrons, x org rays! at such
precursor Fe21 centers results in corresponding paramagn
Fe1/Fe31 centers, which can be easily observed and stud
by electron paramagnetic resonance~EPR! and related tech-
niques.

Applying such procedures resulted in the identification
a trapped holeFet

31 center with local trigonal^111&
symmetry1 and of two trapped electron Fe1~I! and Fe1~II !
centers, both with local tetragonal^001& symmetry.2,3 These
centers cannot be observed in irradiated SrCl2:Fe crystals
grown by conventional techniques, crystals in which only
trapped holeFec

31 center with cubic symmetry has bee
reported.4 It should be mentioned that the production of a
ditional Fe21 related electron/hole trapping precursor cent
has been previously observed in chlorinated alkali chlor
crystals as well.5–7

The mechanism responsible for the production of the p
cursor Fe21 hole/electron trapping centers by chlorinating
not well understood yet, neither in alkali chlorides, nor
strontium chloride. In this respect, essential information m
result from a detailed knowledge of the microstructure of
corresponding paramagnetic centers produced by irradia
at low temperature~below 100 K!. Due to the absence o
ionic movements at such temperatures, the paramagn
centers produced by irradiation are expected to retain
structure of the precursor Fe21 centers in the as-grown crys
tals.
0163-1829/2001/64~2!/024405~9!/$20.00 64 0244
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Moreover, crystals with cubic fluorite structure, such
SrCl2, provide the possibility to investigate the less know
case of paramagnetic impurity ions in crystal fields w
eightfold coordination, when impurity ions are substituted
cation sites. Indeed, compared to the large amount of d
concerning the transition ions in sixfold and fourfold coord
nated sites of the rock salt and diamond type lattices, res
tively, the amount of published results on eightfold coor
nated iron group transition ions is very limited.8 Up to now,
to our knowledge, there has been published only one pa
reporting the observation of Fe1(3d7) ions in a crystal lat-
tice host (ThO2) with fluorite structure.9 In this case, the
reduced ionic charge of the Fe1 ion is compensated by th
presence of a neighboring trivalent impurity ion, responsi
for the local tetragonal distortion.

In order to understand the abovementioned aspects,
performed a combinedX and Q band EPR and electron
nuclear double resonance~ENDOR! study of the Fe1~I! cen-
ter, observed2,3 in chlorinated SrCl2:Fe21 crystals after x ray
irradiation atT580 K. Our main effort has been directe
towards determining its microstructure, nature, and locali
tion of the neighboring ligands.

II. EXPERIMENTAL

A. Materials

SrCl2 single crystals doped with Fe21 were grown by the
Bridgman technique in a Cl2 atmosphere, as described
Ref. 1. It is estimated that due to segregation effects,
than 300 ppm from the 1000 ppm iron added to the m
enter the SrCl2 lattice, mainly as Fe21 ions. Before irradia-
tion, the crystals were annealed to 700 K, in order to enha
the intensity of the resulting Fe1~I! signal. The Fe1~I! cen-
ters were produced by irradiation with x rays~W anticathode,
60 kV, 40 mA! at T'80 K, for typically half an hour. Usu-
ally, after irradiation, in order to avoid the overlap with th
©2001 The American Physical Society05-1
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EPR lines from other paramagnetic centers, especially in
g'2 region, the crystals were again annealed at 700
Without significantly changing the concentration of t
Fe1~I! centers, by this treatment all other Fe1 and Fe31 type
of paramagnetic centers, simultaneously produced during
radiation, were bleached out. The crystals were cleaved
the long edge along crystal^110& directions, which allowed
the angular dependence of the spectra to be recorded
$110% plane. Typical sample sizes were 333310 mm3 in the
X band and 13135 mm3 in the Q band. The samples wer
oriented in the magnetic field by inspection of the Fe1~I!EPR
spectrum~estimated accuracy 0.5°!. An even higher accuracy
~0.1°! could be obtained in as irradiated samples, with the
of those transitions of the trigonalFet

31 centers which are
fourfold degenerate when the magnetic field lies along
^001& axis and twofold degenerate in the$110% planes.

B. Methods

The X-band EPR and ENDOR measurements were p
formed on a Bruker ESP300E spectrometer with a Bru
ESP353E ENDOR/TRIPLE extension@EN374 radio fre-
quency ~rf! amplifier and EN525 Schomandl synthesize#
equipped with an Oxford ESR10 flow cryostat. TheQ-band
ENDOR spectra were recorded using a Bruker ELEXS

FIG. 1. ~a! Three possible orientations of the tetragonal axis
the Fe1~I! center in the cubic lattice of SrCl2 indicated with arrows
~S1, S2, andS3!. ~b! Angular variation of the low field EPR tran
sitions (MS5

1
2 ↔MS52

1
2 ) of the Fe1~I! center in a$110% plane.

The positions of the EPR transitions, as resulting from microw
X-band ~9.56 GHz! and Q-band ~34.00 GHz! measurements, ar
given in units of magnetic field over microwave frequency.
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E500 spectrometer equipped with an Oxford CF935 cryos
The ENDOR spectra were recorded atT56 K with the mi-
crowave power ranging between 1 and 40 mW and the
power ranging from 60 to 200 W.

III. RESULTS

A. Definition of g planes

SrCl2 has the CaF2 lattice structure with cubic symmetr
~Oh

5 with a50.6977 nm!. The Fe1~I! center has tetragona
symmetry.3 If the magnetic field has an arbitrary directio
with respect to the crystal axes, three magnetically inequ
lent defect orientations can be observed@Fig. 1~a!#. For the
magnetic field rotated in a crystal$110% plane two of these
orientations, calledS2 andS3 in Fig. 1~a!, become magneti-
cally equivalent. ENDOR spectra recorded with the magne
field set to the EPR line position of these defect orientatio
will be denoted as being recorded in theg plane II. The other
defect orientation@S1 in Fig. 1~a!# has its tetragonal axis in
the $110% plane of rotation, called theg plane I. The corre-
sponding low field EPR transitions (MS5 1

2 ↔MS52 1
2 ) are

presented in Fig. 1~b!.

B. First shell Cl interactions

The interaction with only one shell of Cl nuclei could b
identified in the ENDOR spectrum. The tetragonal symme
of the g tensor implies that the Fe1~I! center has eitherC4v
or D4h symmetry. In the former case, the first shell conta
four equivalent Cl nuclei, in the latter case eight, which a
pairwise magnetically equivalent. As ENDOR does not g
any direct information about the total number of interacti
magnetically equivalent nuclei, it is unable to distinguish b
tween these two cases. In discussing the ENDOR result
interaction with a shell of four Cl nuclei, represented in F
2 with continuous lines, will be initially considered. Th

f

e

FIG. 2. Model used in the analysis of ENDOR spectra, cons
ing of a central Fe1 ion, interacting with four equivalent neighbor
ing Cl2 ions ~full lines!, labeled Cl~1!–Cl~4!. The principal axes

and principal valuesTx , Ty , andTz of an interaction tensorTJ, are
indicated in the figure. The principal direction corresponding toTy

is along â 11̄0& axis. The principal directions corresponding toTx

and Tz are tilted away from̂ 001& and ^110&, respectively, by an
angle u. The other four equivalent Cl2 ions in the first shell of
neighbors are presented with interrupted lines.
5-2
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MAGNETIC RESONANCE STUDY OF THE Fe1~I! . . . PHYSICAL REVIEW B 64 024405
other four Cl2 ligands forming the other comers of a cub
are represented with interrupted lines.

1. ENDOR spectrum

Figure 3 presents theX-band ENDOR spectrum recorde
in the range 0–20 MHz, with the magnetic fieldBi^110& in
the g plane I (g5g'). The observed resonances can be
tributed to the interaction of the unpaired electrons with t
magnetically inequivalent sets of Cl nuclei. One set cor
sponds to nuclei Cl~1! and Cl~3!, the other consists of nucle
Cl~2! and Cl~4!, with notations from Fig. 2. The interaction
with the two Cl isotopes35Cl and 37Cl ~both with I 5 3

2 ) are
observed in the expected intensity ratios for their natu
abundance of 75.77 and 24.23 %, respectively.

Although the subset of EPR lines at which the ENDO
spectra were recorded@shown in Fig. 1~b!# can be formally
described with an effective spinS5 1

2 , the ENDOR spectrum
in Fig. 3 cannot be analyzed in this way. Indeed, for a cen
with an effective spinS5 1

2 ~gi
eff5gi andg'

eff52g'!, interact-
ing with a nucleus with I5 3

2 , six allowed ENDOR transi-
tions~DMS50, DM I51! between the first order eigenvalue
of the spin Hamiltonian~with usual notations10!:

Ĥs5mBB•gJ•Ŝ1Ŝ•AJ• Î2gNmNB• Î•QJ • Î ~1!

should be observed at frequencies

hn15
A

2
1gNmNB13Q, hn25

A

2
1gNmNB,

hn35
A

2
1gNmNB23Q,

FIG. 3. X-band ENDOR spectrum~microwave frequencynMW

59.56 GHz! with Bi^110& in g plane I, recorded at 6 K. The tran
sitions attributed to the shf interaction with the nuclei35Cl~1! and
35Cl~3! are indicated with solid vertical lines. The correspondi
37Cl transitions are indicated with an asterisk. The transitions
signed to the interaction with the second set of35Cl nuclei @Cl~2!
and Cl~4!# are indicated with dashed vertical lines. The observ
corresponding37Cl transitions are indicated with #.
02440
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hn45
A

2
2gNmNB13Q, hn55

A

2
2gNmNB,

hn65
A

2
2gNmNB23Q. ~2!

Thus, two triplets of ENDOR transitions would be observ
for each set of Cl nuclei and each isotope. The splitting
tween these triplets is 2gNmNB. In the spectrum shown in
Fig. 3 the two triplets of the35Cl isotope for set one are
indicated. The splitting between them, however, is close
4gNmNB. This is confirming the previous analysis of th
complete X band EPR spectrum3 performed with a spin
Hamiltonian with spinS5 3

2 . Consequently, the analysis o
the interaction of the unpaired electrons with the magnetic
nuclei, has been performed with the following axial sp
Hamiltonian~neglecting all interactions between the nucle!:

ĤS5mB~giBzŜz1g'~BxŜx1ByŜy!!1DS Ŝz
22

1

3
Ŝ2D

1Ŝ•AJ• Î2gNmNB• Î1 Î•QJ • Î , ~3!

where the first two terms in the above formula describe
EPR spectra with parameters3 gi52.000,g'54.175, andD
5121.5 GHz. Assuming that the principal axes of the su
rhyperfine~shf! A and quadrupoleQ tensors coincide with
those of theg tensor, the ENDOR transitions with the ma
netic field perpendicular to the tetragonal axis of the cen
(Bz50) can be calculated to first order to occur at

A* 6gN* mNBH 13Q,
10,

23Q,

with

A* 5AF12
3

4 S hnmw

2D D 2G and gN* 5gNS 11
3

4

g'mBA

gNmND D .

~4!

Because theX-band microwave quantum (hnmw) is about ten
times smaller than the zero field splitting parameterD, the
center of the two triplets can be taken as a first order estim
for the shf interaction parameterA. Using the above men
tioned EPR parameters, the splitting between the triplet
found to be 3.8gNmNB, in very close agreement with th
observed value.

2. ENDOR angular variation

The angular variation of the ENDOR spectrum has be
recorded in bothg planes, in the two microwave frequenc
bands. TheX- and Q-band ENDOR angular variations ing
plane I for the35Cl sotope are shown in Fig. 4, along wit
simulations using the spin Hamiltonian parameters given
Table I. The resonance frequencies were calculated by dia
nalization of the spin Hamiltonian~3!. The ENDOR param-
eters in Table I were obtained by least square error fitting
X-band data in bothg planes. The intensity and line width o

s-

d
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FIG. 4. Angular variation of the35Cl ENDOR spectrum ing
plane I in the~a! X band (vMW59.56 GHz! and ~b! Q band (vMW

534.00 GHz!, recorded at 6 K. The experimental data are rep
sented by filled circles. Simulated angular variation, calculated w
the ENDOR data in Table I, is shown for the allowed~DM I51, full
lines! and forbidden~DM I52, dashed lines! transitions.

TABLE I. Spin Hamiltonian parameters of the Fe1~I! center in
SrCl2, including the EPR parameters, as reported in Ref. 3.
zero field splitting parameterD, the shf and quadrupole principa
values are given in MHz. The principal axes of the Cl interact
tensors are defined in Fig. 2. The angles are given in degrees.
principal axes of the57Fe interaction are coincident with the prin
cipal g axes. The errors in the last digits are given as a subscr

EPR parameters

gi g' D
2.000g 4.1753 121500500

ENDOR parameters

35Cl Ax Ay Az uA Qx Qy Qz uQ

2.5510 5.783 9.373 71 60.863 60.982 71.842 71

57Fe 57Ai
57A'

231.23 241.05
02440
the ENDOR transitions strongly depend on the orientation
the magnetic field, especially in theQ band.

The symmetry of the center requires that one of the p
cipal axes of theA andQ interaction tensors is along a crys
tal ^11̄0& direction, indicated as they axis in Fig. 2. The
other two axesx and z may be tilted away from̂001& and
^110& respectively, by an angleu. If uÞ0, the nuclei Cl~1!
and Cl~3! become magnetically inequivalent when the ma
netic field is rotated away from thê110& direction~90°! in g
plane I. This is indeed observed in the angular depende
as a splitting of the corresponding transitions. Meanwh
the nuclei Cl~2! and Cl~4! remain magnetically equivalent
No splitting is observed for these lines. When the magne
field is directed alonĝ001& ~0°!, all four chlorine nuclei are
magnetically equivalent and the corresponding transiti
coincide.

Figures 5~a! and 5~b! present theX- andQ-band angular
variation of the35Cl ENDOR spectrum ing plane II, respec-
tively. The corresponding transitions could only be follow

-
h

e
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FIG. 5. Angular variation of the35Cl ENDOR spectrum ing
plane II in ~a! the X band (vMW59.56 GHz) and~b! Q band
(vMW534.00 GHz), recorded at 6 K. The experimental data poi
are represented by filled circles. Simulated angular variation, ca
lated with the ENDOR data in Table I, is shown for the allow
~DM I51, full lines! and forbidden~DM I52, dashed lines! transi-
tions.
5-4
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over a limited angular range, as their intensity dropped d
tically when the magnetic field was rotated towards the^011&
direction. In an arbitrary direction in this plane, all four C
nuclei are magnetically inequivalent. As the angleu is small
~7°! the inequivalence between Cl~1! and Cl~3! and between
Cl~2! and Cl~4! is very subtle. The corresponding splitting
the observed transitions is barely resolved in the recor
angular range. The observation of ENDOR forbidden tran
tions (DMS50,DMI52) in this g plane, especially in theX
band, has facilitated the analysis of the spectra.

Examining the35Cl ENDOR spin Hamiltonian parameter
presented in Table I, the following points should be not
the principal axes of theA and Q tensors coincide within
experimental error. The largest shf and quadrupole ten
principal values are found along the direction pointing
wards the central Fe nucleus. However, this principal dir
tion largely deviates~with 28°! from the Fe-Cl bond axis
which is at 35°168 for a Fe ion situated in the center of
cube of Cl ions. ENDOR does not allow determining t
absolute signs of the principal shf and quadrupole ten
components. It could, however, be determined that all p
cipal hyperfine tensor components have the same sign, w
we assume to be positive. The relative signs of the qua
pole values with respect to that of the shf values could no
determined.

3. Superhyperfine structure in the EPR spectrum

As mentioned in the Introduction to this section, ENDO
gives no information concerning the total number of equi
lent Cl nuclei in this case and leaves unanswered the q
tion whether the first shell contains four or eight Cl2 ions. In
the X-band EPR spectrum, withBi^100& in g plane II, a
partially resolved complex shf pattern has been obser
@Fig. 6~c!#. The experimental spectrum was recorded with
modulation amplitude of 0.01 mT, after carefully orientin
the crystal with the aid of the EPR transitions of the Fet

31

center.
The simulation of the EPR spectrum using the ENDO

data allows the determination of the number of equival

FIG. 6. EPR spectrum withBi^100& in g plane II at nMW

59.44 GHz. Simulated shf interaction with~a! four equivalent
35Cl/37Cl nuclei, ~b! eight equivalent35Cl/37Cl nuclei, and~c! ex-
perimental spectrum recorded at 10 K with low~0.01 mT! modula-
tion amplitude.
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interacting nuclei. The result of such simulations is presen
in Figs. 6~a! and 6~b! assuming an interaction with four an
eight equivalent Cl nuclei, respectively. In the former ca
the interaction with the other set of four Cl nuclei~indicated
in dashed lines in Fig. 2! is assumed to be very small, be
cause it has not been detected in the ENDOR spectrum
should thus only contribute to the line width of the individu
shf EPR transitions. The simulated spectra were calcula
by considering both allowed~DMS51 and DMI50! and
forbidden ~DMS51 and DMI :6 3

2 ↔6 1
2 ! EPR transitions

and assuming that each additional interacting nucleus s
each shf line in the same way. Contributions of all possi
conformations of35Cl and 37Cl nuclei were added in ratios
according to their statistical probability. Comparing th
simulated and observed spectra, it is clear that four equ
lent Cl nuclei cannot reproduce the observed shf pattern.
the contrary, the spectrum calculated with eight equival
Cl nuclei is in excellent agreement with the observed sp
trum. The best agreement between experimental and s
lated spectra was obtained assuming that the individual
lines exhibit a Gaussian shape and a line width of 0.048 m
The fact that all 8 Cl2 ligands are equivalent implies that th
center hasD4h symmetry.

The gi component of the EPR spectrum also exhibits
partially resolved shf structure. However, in freshly irrad
ated crystals, containing the Fet

31 center, used for orienting
the crystal, thegi spectrum of Fe1~I! overlaps the spectra o
the other paramagnetic Fe1 and Fe31 centers. Annealed crys
tals, on the other hand, could not be equally well orient
For these reasons, we did not simulate the shf structure
this defect orientation.

C. Hyperfine interaction with the central 57Fe nucleus

In addition to, and well separated from the Cl transition
two transitions with lower intensity were observed in t
X-band ENDOR spectra, in the frequency range 10–45 M
These transitions could not be detected in theQ-band EN-
DOR spectrum, most probably due to the overall lower s
nal intensity as compared with theX-band spectra. Their an
gular dependence, shown in Fig. 7, suggests an interactio
the unpaired electrons with a nucleus located on the tetra
nal axis of the center. For each magnetic field orientati
only two transitions are observed. Atg' the splitting be-
tween the lines is about twice as large as atgi . The lines
cross when the magnetic field is rotated about 5° away fr
^001& in g plane I. It was checked with electron nuclear trip
resonance that these transitions belong to differentMS states.
Although the hyperfine coupling corresponding to this int
action is much larger than that of the interaction from t
first chlorine shell, it cannot be observed in the EPR sp
trum ~the complete spectrum can be reproduced without t
ing it into account!. This fact indicates that the correspon
ing nucleus has a very low natural abundance. For an ir
related center in SrCl2,

57Fe (2.15%,I 5 1
2 ,gN50.1806) and

87Sr (7.0%,I 5 9
2 ,gN520.24291) are the most obvious ca

didates. As only two transitions are observed for each m
netic field orientation, we assign these transitions to the
perfine interaction with the central57Fe nucleus. A good
5-5



u
a

ac
e

ur

y

i-

hy
b

-

-

is,
the

he
d by

d-
ori-
uch
ed.
es
is
pic.

ds
he

to
on

el

ed

ice
he

ely
als
ral

se
t de-
ag-
in-
sis
ed

ht

e.
pty

-
the
d
is

-

H. VRIELINCK et al. PHYSICAL REVIEW B 64 024405
fitting of the angular dependence of these transitions co
only be obtained by assuming that the hyperfine values
negative~principal values given in Table I!. The crossing of
the transitions can then be explained as follows. For e
magnetic field orientation, the ENDOR frequencies are giv
by

uAeffMS2gN
effmNBu. ~5!

At gi , the levels between which the EPR transition occ
are pureMS56 1

2 states for whichAeff5Ai andgN
eff5gN . If

Ai,0, the MS52 1
2 transition occurs at a lower frequenc

than theMS5 1
2 transition. At g' , Aeff'2A' and gN

eff5gN*
@see Eq.~4!#. As the latter value is negative for negativeA' ,
the MS52 1

2 transition will now occur at the highest trans
tion frequency. If the magnetic field is rotated in theg plane
I, from gi to g' , the ENDOR lines should thus cross.

From the best fit hyperfine parameters in Table I, the
perfine splitting in the EPR spectrum can be calculated to
57Ai521.1 mT and57A'520.7 mT. These hyperfine val
ues are very similar to the ones observed for the Fe1 center
in ThO2 (57Ai51.19 mT and57A'50.88 mT, signs not de

FIG. 7. X-band (vMW59.56 GHz) angular variation of the57Fe
ENDOR spectrum ing plane I~a! andg plane II ~b!, recorded at 6
K. Experimental data~full circles! and simulated angular depen
dence~continuous line!.
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termined!, which strongly supports the present analys
based on the expected similar core polarization fields in
two cases.9

It should be mentioned that an equally good fitting of t
angular dependence for these transitions may be obtaine
assuming that the interacting nucleus is87Sr and taking theA
values positive. However, for a87Sr nucleus, twoMS mul-
tiplets of nine ENDOR transitions, split by the nuclear qua
rupole interaction, are expected for each magnetic field
entation. In spite of a careful search, no evidence for s
quadrupole splitting of the transitions has been observ
Moreover, it is not easy to explain why the hyperfine valu
for an interaction with a87Sr nucleus on the tetragonal ax
of the complex should be so large and strongly anisotro
Indeed, as the unpaired electrons for an ion in the4G8
ground state are mainly localized indxy , dyz , anddzx orbit-
als, there is no direct overlap with the orbitals of the ligan
on the z axis of the complex. Therefore, we consider t
possibility of assigning the transitions to87Sr improbable.
Conclusive evidence for the assignation of the interaction
the central nucleus could be obtained from experiments
crystals doped with57Fe isotopically enriched iron.

IV. STRUCTURAL MODELS OF THE Fe ¿
„I … CENTER AND

ITS PRECURSOR

Our primary objective is to propose a microscopic mod
for the center under study. As the Fe1~I! center is produced
at 80 K without additional thermal anneal, it may be assum
that it has the same structure as its precursor Fe21~I! center,
except for a possible relaxation of the surrounding latt
following the electron trapping. Moreover, considering t
short irradiation times in which a large amount of Fe1~I!
centers are produced at low temperature, it is highly unlik
that the production or migration of vacancies or interstiti
play a role in its formation. Consequently, the structu
models to be further on discussed shall refer to both Fe1~I!
center and its Fe21~I! precursor.

No additional information could be obtained from pul
annealing experiments, because the center itself does no
cay and it is not formed through the decay of other param
netic centers. The ENDOR data do not provide enough
formation to propose an exclusive model, but offer the ba
for ruling out the majority of the simplest models present
in Fig. 8.

A. Position of the central Fe ion

The SrCl2 lattice consists of cubic cells cornered by eig
Cl2 ions alternatively filled with a Sr21 ion or empty@see,
e.g., Fig. 8~a!#. The Fe1 ion can be either in a Sr21 position
~substitutional! or reside in an empty cell~interstitial!. The
coordination by eight Cl2 ions is in both cases the sam
However, in the former case the neighboring cells are em
whereas in the latter they are occupied with a Sr21 ion. Thus,
the position of the Fe1 ion in the lattice can only be identi
fied in an unambiguous way through the observation of
nearest shell of Sr21 ions. Unfortunately, we have observe
no convincing evidence for interactions of that kind. Th
5-6
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may be due to the low natural abundance of the magn
87Sr isotope. Moreover, this isotope has a low nuclear m
netic moment and a high nuclear spin (I5 9

2 ). The former
fact implies that interactions with87Sr nuclei are expected a
low rf frequencies~possibly below the detection limit of th
spectrometer 0.8 MHz! and the latter implies that each inte
action gives rise to a set of 18 ENDOR transitions, furth
decreasing the intensity of an individual ENDOR resonan
Because Fe21 has the same valence state as the cation
SrCl2, it is expected to occupy substitutional positions. Ho
ever, the presence of interstitial Fe21 in the structurally simi-
lar CaF2 lattice has been suggested by Sato based on M¨ss-
bauer spectroscopy results.11 Both substitutional and
interstitial models are in agreement with our ENDOR resu
and will be considered here.

FIG. 8. Simplest models of the Fe1~I! center in SrCl2:Fe21

single crystals grown in a chlorine atmosphere.~a! Substitutional,
isolated Fe1 ion. ~b! Interstitial isolated Fe1 ion. ~c! Substitutional
model with a nearby interstitial cation impurity.~d! Interstitial
model with a nearby substitutional cation impurity.~e! Substitu-
tional Fe1 with two nearby cation impurities on the@001# axis. ~f!
Interstitial Fe1 with two nearest substitutional cation impurities o
the @001# axis. The tetragonal compression of the first shell of C2

ligands is indicated by arrows.
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B. Isolated Fe¿ models

The simplest models for Fe1~I! would be an electron
trapped at a substitutional@Fig. 8~a!# or at an interstitial Fe21

ion @Fig. 8~b!#. The substitutional model immediately lead
to a problem. The isolated substitutional Fe21 ion acts as a
hole trap in SrCl2 single crystals, grown in vacuum or in a
inert atmosphere, giving rise to the cubicFec

31 center upon
irradiation at low temperature.4 If this Fe21 ion would also
be the precursor of the Fe1~I) center, it should also be pro
duced in crystals grown in this way. Because of its n
charge of12e,Fe21 in an interstitial position is expected t
act as a deep electron trap rather than a hole trap. How
the model in Fig. 8~b! cannot explain the strong tetragon
distortion of the Fe1~I) center~g anisotropy,D term, axially
compressed first shell Cl2 ions!. Indeed, eightfold coordi-
nated Fe1 has an orbital singlet ground state (4G8) and is not
expected to exhibit a Jahn-Teller distortion. EPR results
the isoelectronic eightfold coordinated Co21 in SrCl2, e.g.,
show that this center has undistorted cubic symmetry.12 It
may thus be concluded that the axial symmetry of the ce
is due to the presence of other defects in the neighborhoo
the Fe1 ion.

C. Fe¿ÀM¿ pairs „MÄNa or K …

In previous EPR studies2,3 the strongg tensor anisotropy
and the large zero field splitting have been attributed to
interstitial M 1 impurity next to the substitutional Fe1 ion.
The corresponding model is shown in Fig. 8~c! and for the
sake of symmetry in the discussion, we shall also cons
the case ofM 1 being in the substitutional position while Fe1

is interstitial@Fig. 8~d!#. The cation impurities were propose
to be Na1 or K1, as these ions are known to be the domina
unintentional impurities in SrCl2 with concentrations~below
100 ppm! comparable to that of the Fe1~I) centers. Although
such models perfectly explain the stability of the center~it is
electrically neutral! and the fact that the precursor acts as
deep electron trap~it has a net charge of1e!, they have to
be rejected because they haveC4v symmetry, whereas the
present EPR and ENDOR results demonstrate that the Fe1~I)
center hasD4h symmetry.

D. M¿ÀFe¿ÀM¿ models

Models which haveD4h symmetry can be derived from
the structures presented in Figs. 8~c! and 8~d! by adding an
identical cation on the tetragonal axis of the center in suc
way that it acquires inversion symmetry. These models
shown in Figs. 8~e! and 8~f! for substitutional and interstitia
Fe1, respectively. The presence of the cation impurities m
explain the strongly axial character of the Fe1~I) center.
However, it has to be kept in mind that these impurities
present in the crystals in fairly low concentrations.

In the case of substitutional Fe1, no driving force seems
to be keeping theM 1 ions bound to the complex. The con
centration of the precursor center is expected to be do
nated by the statistical probability of two of these ions a
one Fe21 ion being arranged in this way in the crystal, whic
appears to be very low. As the concentration of Fe1~I) cen-
5-7
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ters appears to have the same order of magnitude as th
other paramagnetic Fe centers, e.g., theFec

31 centers, the
model presented in Fig. 8~e! seems rather unlikely.

In the case of interstitial Fe1, the presence of two subst
tutional M 1 ions is required for the charge compensation
the precursor, which is then electrically neutral. Although
statistical probability of finding such an arrangement of io
is low, the charge compensation mechanism would mak
energetically favorable. The model in Fig. 8~f! does not ex-
plain a priori the high stability of the Fe1~l! center, though,
as it would have a net charge of2e. The charge compensa
tion may, however, be preserved by the presence of a rem
positively charged defect such as an interstitial cation o
Cl2 vacancy.

Related to this model the remaining questions are wha
the nature of the impurity ions and why have they not be
observed in the ENDOR spectra? In the reconstruction of
g'EPR spectrum from the chlorine ENDOR data, a resid
linewidth of 0.048 mT was observed. If the impurity ions a
assumed to be either Na1 or K1, this line width may be
explained by an unresolved shf pattern of two equival
nuclei with I5 3

2 ~seven line pattern with intensity ratio
1:2:3:4:3:2:1!. This limits the shf parameterA' to about 1
MHz. As the ions are situated on the axis of the center,
Ai value is expected to be larger. In the case of23Na (gN
51.477) the Larmor frequency ranges from 0.92 MHz atg'

to 3.85 MHz atgi in theX-band microwave frequencies an
from 3.27 MHz to 13.63 MHz in theQ band. Because thes
values, especially in theQ band and in thegi region, are well
above the detection limit of our ENDOR spectrometers,
corresponding transitions should have been observed.
therefore reject the possibility of Na1 impurities. The
nuclear magnetic moment of39K is much smaller (gN
50.261). In theX band the Larmor frequency does not e
ceed 0.7 MHz and even in theQ band it remains below 2.5
MHz. It is thus possible that a weak interaction with tw
equivalent K1 ions remained undetected in the ENDO
spectra.

E. Models involving more than one Fe ion

In view of the high iron concentration in the crysta
~;300 ppm!, aggregates of Fe21 ions, such as dimers an
trimers, may be incorporated in the crystals during grow
After irradiation at 80 K, such defects may trap electrons a
become EPR active. Because both Fe21(S51) and Fe1(S
5 3

2 ) are paramagnetic ions, such centers should be treate
coupled spin systems. In order to be a possible model for
Fe1~I) center, the resulting system should have a half inte
oli

i

tt.

02440
of

f
e
s
it

te
a

is
n
e
l

t

e

e
e

.
d

as
e
r

electron spin with a value of at least3
2. Indeed, considering

the spin Hamiltonian~3! in which the zero field splitting is
much larger than the electronic Zeeman energy, there
only be a first order contribution of theMs56 3

2 levels to the
ground state doubletMs56 1

2 and the EPR and ENDOR
characteristics of the center may be described quite a
rately using an effective spinS5 3

2 . A possible model for the
Fe1~I) center should, of course, still haveD4h symmetry
~e.g., a pair of Fe interstitials along a^100& axis with a Sr21

vacancy in between would have the right symmetry!.
As the 57Fe isotope has very low natural abundance,

information about the number of interacting Fe nuclei can
obtained from the EPR spectrum. Moreover, possible wea
interactions with other57Fe nuclei may easily be obscured b
the more intense first shell Cl ENDOR spectrum. In order
examine this possibility, additional experiments on57Fe en-
riched SrCl2:Fe21 crystals are required.

V. CONCLUSIONS

The Fe1~I) center, produced after x org ray irradiation at
liquid nitrogen temperature of chlorinated SrCl2:Fe21 single
crystals, has been studied withX- andQ-band ENDOR. In-
teractions of the unpaired electrons with the first shell of
nuclei and with the central57Fe nucleus have been identifie
in the ENDOR spectra. The reconstruction of theX-band
EPR spectrum using the ENDOR data showed that all e
Cl2 ions in the first shell are equivalent. Hence the center
D4h symmetry. Moreover, the ENDOR data strongly sugg
that the first shell of Cl2 ions exhibits a tetragonal compre
sion. The simplest structural model which can explain
experimental data consists of an interstitial Fe1 ion with two
neighboring substitutional cation impurities, most likely K1,
on opposite sites along the tetragonal axis of the center.
unusually high stability of the resulting Fe1 center can only
be explained by considering the additional presence of p
tively charged defects in the crystal, and/or by an energ
cally favorable, strong relaxation of the neighboring latti
following the electron trapping at the Fe21~I) precursor cen-
ter. However, a model consisting of a dimer or trimer
Fe21 ions as precursor center cannot be completely ruled
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