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Magnetic resonance study of the F&() center in SrCl, single crystals
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An Fe'-type center with axiak001) symmetry has been studied by electron nuclear double resonance
(ENDOR) in the microwaveX andQ bands. The Fgl) center is produced only after irradiation with x er
rays at 80 K of SrGl:F€" crystals grown in a Glatmosphere. It has add “FI"g ground state with spit$
= % As shown by the correlated analysis of the ENDOR data and electron paramagnetic resonance superhy-
perfine structure, the Feion is situated in the center of a tetragonally compressed cube of eight nearest Cl
ions. The simplest model of the F@) center, compatible with the magnetic resonance results, consists of an
interstitial F€ ion with two substitutional monovalent cations, very likely Kons, in two opposite nearest-
neighbor St* sites along the tetragonal axis of the center.
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[. INTRODUCTION Moreover, crystals with cubic fluorite structure, such as
SrCl, provide the possibility to investigate the less known
Single crystals of SrGlgrown and doped with iron in a case of paramagnetic impurity ions in crystal fields with
chlorine atmospheréhlorinated contain Fé" related elec-  eightfold coordination, when impurity ions are substituted on
tron and hole trapping centers, which have not been found ifation sites. Indeed, compared to the large amount of data
crystals grown by conventional procedures, i.e., in vacuungoncerning the transition ions in sixfold and fourfold coordi-
or an inert gas. The trapping of electrons/holes produced bfjatéd sites of the rock salt and diamond type lattices, respec-
subsequent short irradiation at low temperatures with joniztively, the amount of published results on eightfold coordi-
ing radiation (high-energy electrons, x oy ray$ at such nated iron group transition ions is very I_|m|t§dUp to now,
precursor F&" centers results in corresponding paramagnetid;0 our knowledge, the'fe has been7 pgbhshed only one paper
Fe'/Fe*t centers, which can be easily observed and studie porting the observation of F¢3d") ions in a crystal lat-

. _ tice host (ThQ@) with fluorite structuré. In this case, the
by electron paramagnetic resonai&#R and related tech reduced ionic charge of the Féon is compensated by the

niques. . . . ; o .
. . . e resence of a neighboring trivalent impurity ion, responsible
Applying such procedures resulted in the identification of]E)Or the local tetragonal digtortion purtty P
3+ . : .
a trapped holeFe;™ center with local trigonal(11D) In order to understand the abovementioned aspects, we

symmetry and of two trapped electron Fé) and FE(Il)  performed a combinek and Q band EPR and electron
centers, both with local tetragon@01) symmetry>* These  nyclear double resonan¢ENDOR) study of the Fé(l) cen-
centers cannot be observed in irradiated S crystals ter, observet® in chlorinated SrGl:Feét crystals after x ray
grown by conventional techniques, crystals in which only ajrradiation atT=80K. Our main effort has been directed
trapped hoIeFei+ center with cubic symmetry has been towards determining its microstructure, nature, and localiza-
reported! It should be mentioned that the production of ad-tion of the neighboring ligands.
ditional F&€" related electron/hole trapping precursor centers
has been previously observed in chlorinated alkali chloride Il. EXPERIMENTAL
crystals as welt~’

The mechanism responsible for the production of the pre-
cursor F&" hole/electron trapping centers by chlorinating is ~ SrCh, single crystals doped with Ee were grown by the
not well understood yet, neither in alkali chlorides, nor in Bridgman technique in a glatmosphere, as described in
strontium chloride. In this respect, essential information mayRef. 1. It is estimated that due to segregation effects, less
result from a detailed knowledge of the microstructure of thethan 300 ppm from the 1000 ppm iron added to the melt
corresponding paramagnetic centers produced by irradiatioenter the SrGllattice, mainly as Fe& ions. Before irradia-
at low temperaturébelow 100 K. Due to the absence of tion, the crystals were annealed to 700 K, in order to enhance
ionic movements at such temperatures, the paramagnetibe intensity of the resulting F¢l) signal. The Fé&(l) cen-
centers produced by irradiation are expected to retain thters were produced by irradiation with x ra§& anticathode,
structure of the precursor Fecenters in the as-grown crys- 60 kV, 40 mA at T~=80K, for typically half an hour. Usu-
tals. ally, after irradiation, in order to avoid the overlap with the

A. Materials
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EPR lines from other paramagnetic centers, especially in the
g~2 region, the crystals were again annealed at 700 K.
Without significantly changing the concentration of the
Fe'(l) centers, by this treatment all other’Fand Fé* type
of paramagnetic centers, simultaneously produced during ir-
radiation, were bleached out. The crystals were cleaved with
the long edge along crystél10 directions, which allowed
the angular dependence of the spectra to be recorded in a
{110 plane. Typical sample sizes werex3x 10 mn? in the
X band and X 1x5 mn? in the Q band. The samples were
oriented in the magnetic field by inspection of the" HgEPR
spectrum(estimated accuracy 0,6An even higher accuracy
(0.1° could be obtained in as irradiated samples, with the aid FIG. 2. Model used in the analysis of ENDOR spectra, consist-
of those transitions of the trigonﬁlef’+ centers which are ing of a central F& ion, interacting with four equivalent neighbor-
fourfold degenerate when the magnetic field lies along théng CI™ ions (full lines), labeled Cl1)-Cl(4). The principal axes
(002 axis and twofold degenerate in tfi&l0 planes. and principal valued,, T,, andT, of an interaction tensoF, are
indicated in the figure. The principal direction corresponding fo
is along a(lTO) axis. The principal directions correspondingTtp
and T, are tilted away from{001) and (110, respectively, by an
The X-band EPR and ENDOR measurements were perangie 6. The other four equivalent Clions in the first shell of
formed on a Bruker ESP300E spectrometer with a Brukepejghbors are presented with interrupted lines.
ESP353E ENDOR/TRIPLE extensiofEN374 radio fre-

quency (rf) amplifier and EN525 Schomand| synthesizer E500 s : :
. . pectrometer equipped with an Oxford CF935 cryostat.
equipped with an Oxford ESR10 flow cryostat. TQeband The ENDOR spectra were recordedTat 6 K with the mi-

ENDOR spectra were recorded using a Bruker ELEXSYScrowave power ranging between 1 and 40 mW and the rf

power ranging from 60 to 200 W.

B. Methods

Ill. RESULTS
A. Definition of g planes

SrCl, has the Caj-lattice structure with cubic symmetry
(Oﬁ with a=0.6977 nm\. The F€ (1) center has tetragonal
symmetry® If the magnetic field has an arbitrary direction
with respect to the crystal axes, three magnetically inequiva-
lent defect orientations can be obserJ&iy. 1(a)]. For the
magnetic field rotated in a crystél10 plane two of these
orientations, calle®2 andS3 in Fig. 1(a), become magneti-
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cally equivalent. ENDOR spectra recorded with the magnetic
field set to the EPR line position of these defect orientations
will be denoted as being recorded in thhelane Il. The other
defect orientatiodS1 in Fig. 1(@)] has its tetragonal axis in
the {110 plane of rotation, called thg plane I. The corre-
sponding low field EPR transitiond(s= 3« Mg=—3) are
presented in Fig. (b).

B. First shell Cl interactions

The interaction with only one shell of Cl nuclei could be
identified in the ENDOR spectrum. The tetragonal symmetry
of the g tensor implies that the Fél) center has eithe€,,
or D4, symmetry. In the former case, the first shell contains

FIG. 1. (@) Three possible orientations of the tetragonal axis offour equivalent Cl nuclei, in the latter case eight, which are

the Fé€ (1) center in the cubic lattice of SrCindicated with arrows

pairwise magnetically equivalent. As ENDOR does not give
any direct information about the total number of interacting

(81, S2, andS3). (b) Angular variation of the low field EPR tran-
sitions M= 2—Mg=— 1) of the Fe (1) center in a{110 plane.  Magnetically equivalent nuclei, it is unable to distinguish be-
The positions of the EPR transitions, as resulting from microwavéween these two cases. In discussing the ENDOR results an
X-band (9.56 GH2 and Q-band (34.00 GH2 measurements, are interaction with a shell of four CI nuclei, represented in Fig.
given in units of magnetic field over microwave frequency. 2 with continuous lines, will be initially considered. The

024405-2



MAGNETIC RESONANCE STUDY OF THE F¥(). . . PHYSICAL REVIEW B 64 024405

®Ci(1,3) A A
Motz M2 hvy=2—0gnunB+3Q,  hvs=5—gnunB,

A
*Cl2.4) hve=2—gnunB—3Q. 2

M=1/2 Mg=-1/2

Thus, two triplets of ENDOR transitions would be observed

. for each set of Cl nuclei and each isotope. The splitting be-
tween these triplets isqunB. In the spectrum shown in
Fig. 3 the two triplets of the’>Cl isotope for set one are
indicated. The splitting between them, however, is close to
4gymnB. This is confirming the previous analysis of the

. i ' . complete X band EPR spectrutnperformed with a spin

0 5 10 15 20 Hamiltonian with spinS=%. Consequently, the analysis of
RF frequency (MHz) the interaction of the unpaired electrons with the magnetic ClI

nuclei, has been performed with the following axial spin

FIG. 3. X-band ENDOR spectrurfmicrowave frequencywy  Hamiltonian(neglecting all interactions between the nuglei
=9.56 GH2 with BII{110 in g plane I, recorded at 6 K. The tran-

sitions attributed to the shf interaction with the nucle€l(1) and . . R R R 1.
%CI(3) are indicated with solid vertical lines. The corresponding ~ Hs= ug(9,B,S,+ 9, (ByS+ByS)))+D S2— 582

37CI transitions are indicated with an asterisk. The transitions as-

signed to the interaction with the second sef’¥I nuclei [CI(2) +S.A. {—gnunB-T+1- Q- (3)

and C[4)] are indicated with dashed vertical lines. The observed

corresponding’Cl transitions are indicated with #. where the first two terms in the above formula describe the
EPR spectra with parametérg,=2.000,g, =4.175, andD

other four CI' ligands forming the other comers of a cube =121.5 GHz. Assuming that the principal axes of the supe-

are represented with interrupted lines. rhyperfine(shf) A and quadrupol&) tensors coincide with
those of theg tensor, the ENDOR transitions with the mag-
1. ENDOR spectrum netic field perpendicular to the tetragonal axis of the center

Figure 3 presents th¥-band ENDOR spectrum recorded (B,=0) can be calculated to first order to occur at

in the range 0—20 MHz, with the magnetic fiedd(110 in 130
theg plane | @=g,). The observed resonances can be at- - 40 '
tributed to the interaction of the unpaired electrons with two A" = gymunB '
magnetically inequivalent sets of Cl nuclei. One set corre- —-3Q,
sponds to nuclei €1) and C[3), the other consists of nuclei
Cl(2) and CI[4), with notations from Fig. 2. The interactions

with the two Cl isotopes®°Cl and 3'Cl (both with 1 =2) are [ 3( 2

observed in the expected intensity ratios for their natural A*=A 1_Z hzvgw 1+ 7 D
abundance of 75.77 and 24.23 %, respectively. INAN 4
Although the subset of EPR lines at which the ENDOR )
spectra were recordgdhown in Fig. 1b)] can be formally =~ Because th&-band microwave quantunhg,,,,) is about ten
described with an effective spB~ 3, the ENDOR spectrum times smaller than the zero field splitting parameerthe
in Fig. 3 cannot be analyzed in this way. Indeed, for a centetenter of the two triplets can be taken as a first order estimate
with an effective spirb=3 (gfﬁ:gu andgiﬁ=29L), interact-  for the shf interaction parametdéy. Using the above men-
ing with a nucleus with +3, six allowed ENDOR transi- tioned EPR parameters, the splitting between the triplets is

tions(AMg=0, AM,= 1) between the first order eigenvalues found to be 3.8yunB, in very close agreement with the

and gy =0n

3 gL/J’BA)

of the spin Hamiltoniariwith usual notation®): observed value.
|:|S: 1B §- 3+8.A. A_gNMNB' .81 (1) 2. ENDOR angular variation
The angular variation of the ENDOR spectrum has been
should be observed at frequencies recorded in botty planes, in the two microwave frequency

bands. TheX- and Q-band ENDOR angular variations m
A A plane | for the3>Cl sotope are shown in Fig. 4, along with
hvy =2 +gnunB+3Q,  hvy=5+gnunB, simulations using the spin Hamiltonian parameters given in
Table I. The resonance frequencies were calculated by diago-
nalization of the spin Hamiltoniaf8). The ENDOR param-
hy :é n B-30Q eters in Table | were obtained by least square error fitting the
375 TONMN ’ X-band data in botly planes. The intensity and line width of
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FIG. 4. Angular variation of thé®Cl ENDOR spectrum irg FIG. 5. Angular variation of thé®Cl ENDOR spectrum irg

plane I in the(@ X band ¢ wy=9.56 GH2 and(b) Q band ¢\  Plane Il in (@ the X band ¢uw=9.56 GHz) and(b) Q band

=34.00 GH3, recorded at 6 K. The experimental data are repre-(vyw=34.00 GHz), recorded at 6 K. The experimental data points

sented by filled circles. Simulated angular variation, calculated witrare represented by filled circles. Simulated angular variation, calcu-

the ENDOR data in Table I, is shown for the allowegd\V,= 1, full lated with the ENDOR data in Table |, is shown for the allowed

lines) and forbiddenAM,=2, dashed lingstransitions. (AM =1, full lines) and forbidden(AM,=2, dashed lingstransi-
tions.

TABLE I. Spin Hamiltonian parameters of the Fi¢) center in  the€ ENDOR transitions strongly depend on the orientation of
SrCl, including the EPR parameters, as reported in Ref. 3. Théhe magnetic field, especially in ti@ band. .
zero field splitting parameted, the shf and quadrupole principal ~ 1he symmetry of the center requires that one of the prin-
values are given in MHz. The principal axes of the Cl interactionCipal axes of theA andQ interaction tensors is along a crys-
tensors are defined in Fig. 2. The angles are given in degrees. Thal (110) direction, indicated as thg axis in Fig. 2. The
principal axes of thé’Fe interaction are coincident with the prin- gther two axes and z may be tilted away fron{001) and
cipal g axes. The errors in the last digits are given as a subscript.(110) respectively, by an anglé. If §+0, the nuclei Ql1)
and C[3) become magnetically inequivalent when the mag-

EPR parameters netic field is rotated away from th@ 10 direction(90° in g
D plane I. This is indeed observed in the angular dependence,
e 9 as a splitting of the corresponding transitions. Meanwhile
2.000, 4175 12150Q,, pliting ponding . - VIE ’
the nuclei C{2) and C[4) remain magnetically equivalent.
ENDOR parameters No splitting is observed for these lines. When the magnetic

field is directed along001) (0°), all four chlorine nuclei are

35,
Cl A Ay Az O Qu Qy Q: 0o magnetically equivalent and the corresponding transitions

255, 578 9.37% 7, +0.86, +0.9% 7184 7,

coincide.
SFe ST, YA Figures %a) and §b) present theX- and Q-band angular
~312 410, variation of the®>*Cl ENDOR spectrum img plane Il, respec-

tively. The corresponding transitions could only be followed
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interacting nuclei. The result of such simulations is presented
in Figs. §a) and &b) assuming an interaction with four and
eight equivalent ClI nuclei, respectively. In the former case,
the interaction with the other set of four Cl nucl@idicated
(b) in dashed lines in Fig.)2is assumed to be very small, be-
cause it has not been detected in the ENDOR spectrum. It
should thus only contribute to the line width of the individual
© shf EPR transitions. The simulated spectra were calculated
by considering both allowedAM¢=1 and AM,=0) and
forbidden (AMg=1 and AM,:+ 3« +1) EPR transitions
and assuming that each additional interacting nucleus splits
————————————T—————————r— each shf line in the same way. Contributions of all possible
I I g 8 8 8 conformations of*°Cl and *’Cl nuclei were added in ratios
Magnetic field (mT) according to their statistical probability. Comparing the
FIG. 6. EPR spectrum wittBI(100) in g plane Il at vy simulated and observed spectra, it is clear that four equiva-
=9.44 GHz. Simulated shf interaction witfe) four equivalent lent Cl nuclei cannot reproduce the obse_rved_shf patt(_arn. On
3CIP7CI nuclei, (b) eight equivalenf?CIACI nuclei, and(c) ex- the contrary, the spectrum calculateq with eight equivalent
perimental spectrum recorded at 10 K with 16001 mT modula- ~ Cl nuclei is in excellent agreement with the observed spec-
tion amplitude. trum. The best agreement between experimental and simu-
lated spectra was obtained assuming that the individual shf
over a limited angular range, as their intensity dropped drasines exhibit a Gaussian shape and a line width of 0.048 mT.
tically when the magnetic field was rotated towards{@iEl)  The fact that all 8 CI ligands are equivalent implies that the
direction. In an arbitrary direction in this plane, all four Cl center had,, symmetry.
nuclei are magnetically inequivalent. As the anglis small The g, component of the EPR spectrum also exhibits a
(7°) the inequivalence between(T) and CI3) and between partially resolved shf structure. However, in freshly irradi-
ClI(2) and Cl4) is very subtle. The corresponding splitting of ated crystals, containing the Fecenter, used for orienting
the observed transitions is barely resolved in the recordeghe crystal, thay, spectrum of F&(I) overlaps the spectra of
angulal‘ range. The observation of ENDOR forbidden transi'the Other paramagnetic Fand Fé+ centers. Annea|ed Crys_
tions (AMs=0,AM,=2) in thisg plane, especially in thX  tals, on the other hand, could not be equally well oriented.
band, has facilitated the analysis of the spectra. For these reasons, we did not simulate the shf structure for
Examining the®>*CI ENDOR spin Hamiltonian parameters this defect orientation.

presented in Table I, the following points should be noted:
the principal axes of thé and Q tensors coincide within o _ . .
experimental error. The largest shf and quadrupole tensors C. Hyperfine interaction with the central >'Fe nucleus

principal values are found along the direction pointing to- |5 addition to, and well separated from the ClI transitions,
wards the central Fe nucleus. However, this principal direCtywo transitions with lower intensity were observed in the
tiOI’I |arge|y deViateiWith 280) from the Fe-Cl bond aXiS, X-band ENDOR Spectra’ in the frequency range 10-45 MHz.
which is at 35°16 for a Fe ion situated in the center of a These transitions could not be detected in @wband EN-
cube of Cl ions. ENDOR does not allow determining theDoR Spectrum, most probab'y due to the overall lower Sig_
absolute signs of the principal shf and quadrupole tensokg] intensity as compared with théband spectra. Their an-
components. It could, however, be determined that all pringylar dependence, shown in Fig. 7, suggests an interaction of
cipal hyperfine tensor components have the same sign, whighe unpaired electrons with a nucleus located on the tetrago-
we assume to be positive. The relative signs of the quadrig| axis of the center. For each magnetic field orientation,
pole values with respect to that of the shf values could not b%nly two transitions are observed. At the splitting be-
determined. tween the lines is about twice as large agyat The lines
cross when the magnetic field is rotated about 5° away from
(001) in g plane I. It was checked with electron nuclear triple
As mentioned in the Introduction to this section, ENDOR resonance that these transitions belong to diffekégstates.
gives no information concerning the total number of equiva-Although the hyperfine coupling corresponding to this inter-
lent Cl nuclei in this case and leaves unanswered the quesction is much larger than that of the interaction from the
tion whether the first shell contains four or eight @bns. In  first chlorine shell, it cannot be observed in the EPR spec-
the X-band EPR spectrum, witBlI(100) in g plane Il, a trum (the complete spectrum can be reproduced without tak-
partially resolved complex shf pattern has been observeihg it into account This fact indicates that the correspond-
[Fig. 6(c)]. The experimental spectrum was recorded with aing nucleus has a very low natural abundance. For an iron-
modulation amplitude of 0.01 mT, after carefully orienting related center in Srgl °'Fe (2.15%| = 3,gy=0.1806) and
the crystal with the aid of the EPR transitions of th¢ Fe 8Sr(7.0%) =$%,gy=—0.24291) are the most obvious can-
center. didates. As only two transitions are observed for each mag-
The simulation of the EPR spectrum using the ENDORnetic field orientation, we assign these transitions to the hy-
data allows the determination of the number of equivalenperfine interaction with the centra’Fe nucleus. A good

(a)

3. Superhyperfine structure in the EPR spectrum
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A L A L A termined, which strongly supports the present analysis,
: : based on the expected similar core polarization fields in the
two cases.

It should be mentioned that an equally good fitting of the
angular dependence for these transitions may be obtained by
assuming that the interacting nucleu$Sr and taking the\
values positive. However, for &Sr nucleus, twavig mul-
tiplets of nine ENDOR transitions, split by the nuclear quad-
rupole interaction, are expected for each magnetic field ori-
entation. In spite of a careful search, no evidence for such
quadrupole splitting of the transitions has been observed.
Moreover, it is not easy to explain why the hyperfine values
; ] for an interaction with &’Sr nucleus on the tetragonal axis
0 10 20 a0 w0 s s 70 s w0 of the complex should be so large and strongly anisotropic.

« (degrees) Indeed, as the unpaired electrons for an ion in g

ground state are mainly localized dy,, d,,, andd,, orbit-
] als, there is no direct overlap with the orbitals of the ligands
----------- e on the z axis of the complex. Therefore, we consider the
- ] possibility of assigning the transitions fSr improbable.

] Conclusive evidence for the assignation of the interaction to
the central nucleus could be obtained from experiments on
crystals doped witi’Fe isotopically enriched iron.
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IV. STRUCTURAL MODELS OF THE Fe *(I) CENTER AND
ITS PRECURSOR

ENDOR frequency (MHz)
8
1

] Our primary objective is to propose a microscopic model
by 7 for the center under study. As the H& center is produced
' ' . . . ' ' . .: at 80 K without additional thermal anneal, it may be assumed
o 10 20 a0 40 s s 70 80 w0 that it has the same structure as its precursét (Fecenter,
o (degrees) except for a possible relaxation of the surrounding lattice
following the electron trapping. Moreover, considering the
FIG. 7. X-band ¢ ww=9.56 GHz) angular variation of ti&Fe  short irradiation times in which a large amount of "Fé
ENDOR spectrum irg plane I1(a) andg plane Il (b), recorded at 6  centers are produced at low temperature, it is highly unlikely
K. Experimental datdfull circles) and simulated angular depen- that the production or migration of vacancies or interstitials
dence(continuous ling play a role in its formation. Consequently, the structural
models to be further on discussed shall refer to both(Fe
fitting of the angular dependence of these transitions couldenter and its P& (1) precursor.
only be obtained by assuming that the hyperfine values are No additional information could be obtained from pulse
negative(principal values given in Table.IThe crossing of  annealing experiments, because the center itself does not de-
the transitions can then be explained as follows. For eac[aay and it is not formed through the decay of other paramag-
magnetic field Orientation, the ENDOR frequenCieS are giverhetic centers. The ENDOR data do not provide enough in-
by formation to propose an exclusive model, but offer the basis
for ruling out the majority of the simplest models presented
|A®™M s— R unBl. (5  in Fig. 8.

pre
(4.
Ty

-
o

At g;, the levels between which the EPR transition occurs - )

are pureM =+ 1 states for Whicmeﬁ:Aﬂ and gﬁ‘ﬁ:gN_ If A. Position of the central Fe ion

A,<0, theMg=—3 transition occurs at a lower frequency  The SrC} lattice consists of cubic cells cornered by eight

than theMg=1 transition. Atg, , A®"~2A andgf=gf,  CI™ ions alternatively filled with a $f ion or empty[see,

[see Eq(4)]. As the latter value is negative for negatike , e.g., Fig. 8a)]. The Fé ion can be either in a 3t position

the Ms= — 1 transition will now occur at the highest transi- (substitutional or reside in an empty celinterstitia). The

tion frequency. If the magnetic field is rotated in h@lane  coordination by eight Cl ions is in both cases the same.

[, from g, to g, , the ENDOR lines should thus cross. However, in the former case the neighboring cells are empty
From the best fit hyperfine parameters in Table I, the hywhereas in the latter they are occupied with & Son. Thus,

perfine splitting in the EPR spectrum can be calculated to béhe position of the F&ion in the lattice can only be identi-

SA;=—1.1mT and®’A, =—0.7mT. These hyperfine val- fied in an unambiguous way through the observation of the

ues are very similar to the ones observed for thé Eenter  nearest shell of $f ions. Unfortunately, we have observed

in ThO, (°’A,;=1.19mT and®’A, =0.88 mT, signs not de- no convincing evidence for interactions of that kind. This
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B. Isolated Fe" models

The simplest models for Fé¢l) would be an electron
trapped at a substitutiongfFig. 8@)] or at an interstitial F&"
ion [Fig. 8b)]. The substitutional model immediately leads
to a problem. The isolated substitutional’Féon acts as a
hole trap in SrCl single crystals, grown in vacuum or in an
inert atmosphere, giving rise to the cukﬁei‘* center upon
irradiation at low temperaturklf this F€" ion would also
be the precursor of the Fé) center, it should also be pro-
duced in crystals grown in this way. Because of its net
charge of+2e,F€" in an interstitial position is expected to
act as a deep electron trap rather than a hole trap. However
the model in Fig. &) cannot explain the strong tetragonal
distortion of the Fé&(l) center(g anisotropy,D term, axially
compressed first shell Clions). Indeed, eightfold coordi-
nated Fé has an orbital singlet ground statd’g) and is not
expected to exhibit a Jahn-Teller distortion. EPR results on
the isoelectronic eightfold coordinated £oin SrCh, e.g.,
show that this center has undistorted cubic symmegtiy.
may thus be concluded that the axial symmetry of the center
is due to the presence of other defects in the neighborhood of
the Fe ion.

C. Fet—Mt pairs (M=Na or K)

In previous EPR studiés the strongg tensor anisotropy
and the large zero field splitting have been attributed to an
interstitial M * impurity next to the substitutional Feion.
The corresponding model is shown in FigcBand for the
sake of symmetry in the discussion, we shall also consider
the case oM ™ being in the substitutional position while Fe
is interstitial[ Fig. 8d)]. The cation impurities were proposed
to be N& or K™, as these ions are known to be the dominant

FIG. 8. Simplest models of the E@) center in Srgl:Fe*  unintentional impurities in SrGlwith concentrationgbelow
single crystals grown in a chlorine atmosphe@. Substitutional, 100 ppm comparable to that of the Fd) centers. Although
isolated Fé ion. (b) Interstitial isolated Fé ion. (c) Substitutional ~Such models perfectly explain the stability of the certeis
model with a nearby interstitial cation impurityd) Interstitial  €lectrically neutral and the fact that the precursor acts as a
model with a nearby substitutional cation impurig) Substitu- deep electron trafit has a net charge of e), they have to
tional Fe™ with two nearby cation impurities on tH€01] axis. (f) be rejected because they ha@g, symmetry, whereas the
Interstitial F€" with two nearest substitutional cation impurities on present EPR and ENDOR results demonstrate that thé)Fe
the[001] axis. The tetragonal compression of the first shell of CI center ha®D 4, symmetry.
ligands is indicated by arrows.

D. M*—Fe"—M™* models

e o o none Models hich Dy symmety can be dered o

. : ' . the structures presented in Figgc)8and &d) by adding an
neug mqment apd a h'Qh nugle;’:tr Sp'“:@)- The former identical cation on the tetragonal axis of the center in such a
fact implies that interactions witf'Sr nuclei are expected at way that it acquires inversion symmetry. These models are
low rf frequencies(possibly below the detection limit of the spown in Figs. 8) and 8f) for substitutional and interstitial
spectrometer 0.8 MHzand the latter implies that each inter- Fe*  respectively. The presence of the cation impurities may
action gives rise to a set of 18 ENDOR transitions, furtherexplain the strongly axial character of the 'f® center.
decreasing the intensity of an individual ENDOR resonanceHowever, it has to be kept in mind that these impurities are
Because F& has the same valence state as the cations ipresent in the crystals in fairly low concentrations.
SrCh, it is expected to occupy substitutional positions. How-  In the case of substitutional Feno driving force seems
ever, the presence of interstitial#&n the structurally simi-  to be keeping thé ™ ions bound to the complex. The con-
lar CaF, lattice has been suggested by Sato based ossMo centration of the precursor center is expected to be domi-
bauer spectroscopy resulfs. Both substitutional and nated by the statistical probability of two of these ions and
interstitial models are in agreement with our ENDOR resultsone F&* ion being arranged in this way in the crystal, which
and will be considered here. appears to be very low. As the concentration of @ecen-
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ters appears to have the same order of magnitude as that electron spin with a value of at leadt Indeed, considering
other paramagnetic Fe centers, e.g., Ehaé” centers, the the spin Hamiltonian(3) in which the zero field splitting is
model presented in Fig.(& seems rather unlikely. much larger than the electronic Zeeman energy, there will
In the case of interstitial Fe the presence of two substi- only be a first order contribution of thé =+ 3 levels to the
tutionalM * ions is required for the charge compensation ofground state doubleM ==; and the EPR and ENDOR
the precursor, which is then electrically neutral. Although thecharacteristics of the center may be described quite accu-
statistical probability of finding such an arrangement of ionsrately using an effective spi=3. A possible model for the
is low, the charge compensation mechanism would make #e*(l) center should, of course, still hav,, symmetry
energetically favorable. The model in FigfBdoes not ex- (e.g., a pair of Fe interstitials along(#00 axis with a St
plain a priori the high stability of the F&(I) center, though, vacancy in between would have the right symmetry
as it would have a net charge efe. The charge compensa-  As the *’Fe isotope has very low natural abundance, no
tion may, however, be preserved by the presence of a remotaformation about the number of interacting Fe nuclei can be
positively charged defect such as an interstitial cation or abtained from the EPR spectrum. Moreover, possible weaker
CIl~ vacancy. interactions with othe?’Fe nuclei may easily be obscured by
Related to this model the remaining questions are what ighe more intense first shell CI ENDOR spectrum. In order to
the nature of the impurity ions and why have they not beerexamine this possibility, additional experiments BRe en-
observed in the ENDOR spectra? In the reconstruction of theiched SrC}:Fe&** crystals are required.
g, EPR spectrum from the chlorine ENDOR data, a residual
linewidth of 0.048 mT was observed. If the impurity ions are V. CONCLUSIONS
assumed to be either Naor K*, this line width may be o
explained by an unresolved shf pattern of two equivalent The Fe () center, produced after x oy ray irradiation at
nuclei with I=2 (seven line pattern with intensity ratios liquid nitrogen temperature of chlorinated Sy@e*" single
1:2:3:4:3:2:). This limits the shf parametek, to about 1 ~ crystals, has been studied with and Q-band ENDOR. In-
MHz. As the ions are situated on the axis of the center, thderactions of the unpaired electrons with the first shell of Cl
A, value is expected to be larger. In the caseda (gy nuclei and with the central’Fe nucleus have been identified
=1.477) the Larmor frequency ranges from 0.92 MHgat N the ENDOR spectra. The reconstruction of tKéand _
to 3.85 MHz atg, in the X-band microwave frequencies and EPR spectrum using the ENDOR data showed that all eight
from 3.27 MHz to 13.63 MHz in th& band. Because these Cl™ ions in the first shell are equivalent. Hence the center has
values, especially in th@ band and in the), region, are well ~ Dan Symmetry. Moreover, the ENDOR data strongly suggest
above the detection limit of our ENDOR spectrometers, théhat the first shell of Cl ions exhibits a tetragonal compres-
corresponding transitions should have been observed. Wa&ion. The simplest structural model which can explain all
therefore reject the possibility of Naimpurities. The experimental data consists of an interstitial"fen with two
nuclear magnetic moment 0?9K is much smaller gN nelghborlng S-Ubstitutional cation impuritie_s, most ||kE|V,K
=0.261). In theX band the Larmor frequency does not ex- ON OppOsite sites along the tetragonal axis of the center. The
ceed 0.7 MHz and even in th@ band it remains below 2.5 unusually high stability of the resulting Fecenter can only
MHz. It is thus possible that a weak interaction with two Pe explained by considering the additional presence of posi-

equivalent K ions remained undetected in the ENDOR lively charged defects in the crystal, and/or by an energeti-
spectra. cally favorable, strong relaxation of the neighboring lattice

following the electron trapping at the £l) precursor cen-
ter. However, a model consisting of a dimer or trimer of

E. Models involving more than one Fe ion .
F&" ions as precursor center cannot be completely ruled out.

In view of the high iron concentration in the crystals
(~300 ppm, aggregates of Fé ions, such as dimers and
trimers, may be incorporated in the crystals during growth.
After irradiation at 80 K, such defects may trap electrons and This work was performed under the auspices of a
become EPR active. Because botf Ag&=1) and FE(S  Flemish-Romanian collaborative scientific research project
=3) are paramagnetic ions, such centers should be treated é81L96/57) and partially supported by ANSTI Grant No. B4/
coupled spin systems. In order to be a possible model for th£999. The Fund for Scientific Research—Fland&slgium)
Fe' (I) center, the resulting system should have a half integeis acknowledged for financial support.
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