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Cr,05 and Crk; doped Cak single crystals have been studied by cw-EPR and electron spin echo envelope
modulation(ESEEM) techniques. In both cases®Crions enter the fluorite structure at substitutionally dis-
torted cation sites. For @D; doped crystalsX andQ band EPR measurements at temperatures between 4 and
200 K allowed us to determine the ion symmetry and spin Hamiltonian parameters, suchgasdtars and
the zero-field splitting tensors, as well as #iér’" hyperfine tensor. Electron spin echdESE were detected
on that system at temperatures below 20 K. The analysis of the ESEEM and cw-EPR superhysia§fine
structure lead us to propose a model composed of two nearest-neighbor fluoride ions placddlf) thlane
containing theC, axis with the ones opposite substituted by &1 @n. For Crk doped crystals the distortion
is also orthorhombic but the shf interaction is with four fluoride ions presumably ifltt® plane perpen-
dicular to thez defect axis. No ESE was detected for this system. A linewidth narrowing effect was observed.
We assign this distortion to a dynamical Jahn-Teller effect correspondifigyto(ty+eg) coupling stabilized
by lattice stresses.

[. INTRODUCTION terms are included in the electron-lattice Hamiltonian. In this
case the number of different coupling constants is large and

The Jahn-Teller effectdT) occurs in ions with orbitally in practice the Hamiltonian has to be solved numerically for
degenerate ground states as a consequence of the couplingeafch particular case, which makes it difficult to knavpri-
the electronic states with some lattice modeShe JT  ori the magnitude of the distortion expected for a given sys-
theorens states that for electronically degenerate moleculesem. We therefore have to rely on experiments, with electron
or ions in a solid, a distortion exists which reduces the symparamagnetic resonan¢EPR being one of the best tools
metry of the system. In spite of the tremendous amount o$ince it can provide information on the ion ground state and
theoretical and experimental work performed in this areaenvironment.
since its discovery sixty years ago, there are still some as- The question now becomes is?Crorthorhombic distor-
pects of the electron-phonon coupling which are not fullytion, as found for Cdfand Srk, a general trend through all
understood. the fluorite series? We have, therefore, undertaken the

In particular, some uncertainties exist about the expectedtudy of the C¥" ion in the alkaline-earth halides by the EPR
(JT) distortion for orbital triplet states in cubic systems. In technique to obtain models for the different systems, as well
fact, as first discussed by Van Viecand more extensively as useful experimental parameters suchyasctors, zero-
by Opik and Prycé,linear coupling toe andt, modes only  field splitting and cubic field parameters, hyperfine and su-
predicts two types of distortion, tetragonal or trigonal ac-perhyperfine constants. We have found tetragonally distorted
cording to the relative strength betweerandt, couplings, Cr?*' ions for Bak and SrC} (Ref. 12 and corroborated the
whereas there is little experimental evidence for orthorhomerthorhombic symmetry for SgFrecently proposed by Zari-
bic JT distortions. pov et al.” Here we present the results for GaF

Let us consider the case of Crions (d%. Since this The first problem to deal with concerns the reliability of
configuration is non-Kramers, very few EPR studies arehe assignment of the distortions given by to a JT effect. In
available. For tetrahedral and cubic symmetry, the groundiact, most of the 8 ions in ionic matrices show EPR spectra
state is the orbital tripIe?Tz(g). Usually in tetrahedral envi- with conventional line shapes. The usual absence of any dy-
ronments the orbital degeneracy is lifted by a tetragonal Jhamical effect makes it difficult to distinguish between a true
distortion, as has been observed for cubic ZnS, ZnSe, ZnTdT effect or a perturbation due to foreign atoms or lattice
and CdTe crystafsby a clear indication of the predominance point defects. For example, in an old work on Gafeped
of T® e JT coupling in these compounds. On the other handwith 3d ions some evidence was given for the existence of
for CdF,:Cr (Ref. 6 and Srk:Cr,” which to our knowledge orthorhombic C¥" ions interacting with two fluoride ions.
are the only cubic G systems studied to date, the distor- In the fluorite lattice this defect structure is very unlikely for
tion is orthorhombic. unperturbed substitutional ions.

It is interesting to note that, although not predicted by Inthe present work we prove that doping with either chro-
linear JT theory, several authofBacci et al,® Sakamotd,  mium oxide or fluoride produces different orthorhombic dis-
Estreicher and Esti¥, and others have shown that foD,,  torted substitutional Gf centers, C¢*(1), and CF'(Il) with
symmetry clusters, orthorhombic distortions are possiblex superhyperfingshf) interaction with two and four fluoride
when simultaneous coupling & andt,; modes and qua- ions, respectively, the latter being presumably the true unper-
dratic or bilinear coupling terms and/or anharmonic potentiaturbed JT distorted defect and the former being associated
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with oxygen impurities. Electron spin ecliBSE is detected

for the CF*(l) system thus allowing us to study the super-

hyperfine interaction with the surrounding fluoride ions

by analyzing the electron spin echo envelope modulation
(ESEEM signal.

H ()

II. EXPERIMENTAL DETAILS

Single Cak crystals doped with CeFused in this study
were grown in our laboratory using a standard Bridgman
method. The Crfcontent in the starting materials was 0.5%.
Single Cak crystals doped with GO; were provided by den 0.5 1 L
Hartog ranging from 0.1 to 1% @D, content. Both samples L 10° 20° 30°
were colorless. [110] angle (deg) [211]

X-band EPR measurements were performed using either a
Bruker ESP-380E or a Varian E-112 spectrome@band FIG. 1. The angular dependence of the EPR line positions of
EPR and ESEEM measurements were performed with &aF,:Cr*(I) measured in th¢111) plane at 77 K in theQ band.
Bruker ESP-380E. Liquid-nitrogen temperattdNT) mea-  Transitions are labeled with their distortianaxis. The experimen-
surements were taken using an immersion quartz dewar anal points correspond t®: |0)«|+1) and @: |+1)«|—1) transi-
the low temperature measurements were made using an Otens. Solid lines give the computed line positions using @yand
ford CF 100 and CF 935 continuous flow cryostat. A Varianthe parameter value given in the text.

E-257 continuous flow cryostat was used for measurements

between LNT and 300 K. Magnetic field values were deterstate into a singletM ;=0) and two doublet§M ==*1 and
mined with a NMR gaussmeter. The diphenylpicrylhydrazylM ;==+2) at a distance at zero field efD and 4D, respec-
(DPPH signal (g=2.0037-0.0002 for the Q band and a tively. The observed spectrum depends strongly upon the
Hewlett-Packard microwave frequency counter 5350B wereize of D relative to the microwave enerdyy,.

used to measure the microwave frequency. In the X band (D|>hv,) we can only observe the for-
bidden|+1)«|—1) and|+2)«|—2) transitions, the intensity
IIl. EXPERIMENTAL RESULTS AND INTERPRETATION of the latter belng proportional tﬂz, whereas in th@ band

(ID]=hvy) the allowed|0)«|*1) transition can also be ob-
First we wish to point out that the analysis of the EPRserved. The sign db was determined using the temperature
spectra is somewhat complicated by crystal field terms of @ependence of the line intensities in the range 4-35 K.
strength comparable to the Zeeman term and also by super-

hyperfine constants of the same magnitude as the nuclear A. CaF,:Cr2*(l)
Zeeman interaction. In these cases, measurements at differ- )
ent microwave frequencies were necessary. Measurements were performed in ttE00), (110, and

We have measured the EPR spectra of O@Fcrystals ~ (111) planes at 9.3 and 34 GHz. As an example the angular
doped with C30; and CrF; in the X andQ bands as a func- dependence for @11) plane in theQ band is given in Fig. 1.
tion of the angle between the crystallographic axes and thé corresponds to an orthorhombic defect whose principal
external magnetic field® at temperatures in the 4-200 K axes are the ones defined above. For this plane the six defects
range. In both cases we obtained an anisotropic spectrudf€ observed. In th¢110] direction, the high field signal
corresponding to an ion with an electronic spin of 2 and arff~1338 mT corresponds to the magnetic field along the
orthorhombic symmetry that we assigned t& CiTwo dif- defectx axis while the low field oné~600 mT) corresponds
ferent defects, Gf (1) and C#*(Il), are obtained depending t0 thezlB center. The solid lines represent the calculated line
on the doping sallCr,O; and Crk, respectively. The angu-  POSitions using an exact diagonalization of Et), with the
lar dependence of the resonance lines, positions, and intefRllowing values of the parameters:
sities can be explained by the following approximate spin
Hamiltonian (SH) for orthorhombic symmetry: 9,=1.9697), g,=1.9983),

A= B(0,SBy+9,5,B, + 0,5,B,) + DS+ E(S2— &) D=-2.2375) cm !, E=0.04761) cm ..

1 1 5 Excellent agreement with the observed positions is found.
*s a(S{+S;+S3) + 180 F(355,-1555), (1)  The transitions are labeled by their high fidity valuest* It
L is interesting to note that th@®)«|+1) transition is also
with S=2 andx=[110], y=[001], andz=[110]. observed.

In Eqg. (1) the SH parameters have their usual meaning. In It can be seen that the departure from axial symmetry is
the cubica term, 1, 2, and 3 are the axes of the cube. Fhe very small(E/D<1) and within the experimental error limits
term in Eq.(1) is small and the spectra are rather insensitiveg,=g,=g, . In agreement with intensity calculations using
to this parameter. We have assuntetb be zero throughout the eigenstates which diagonalize Ety, the transition in-
the analyses. tensity decreases from high field to low field, vanishing

For both cases, the dominant fine structure ternDjs when the defect axis is parallel to the magnetic field. The
which produces a splitting of the fivefold spin degeneratedotational diagrams in the other planes and inXhieand and
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Aet=*((S)1=(S)2)AL (°%Cr). )

Thus A4 depends on the microwave frequency as do the
electronic eigenstates. Using the eigenstates of the SH given
in Eqg. (1) we have calculate@S,); and(S,), for both X and
Q-band frequencies and thus obtainéd (*3Cr)=33.5+3
MHz.
When the magnetic field is applied in the01] direction

and perpendicular to the defertaxis the mean values are

1.5 mT (80=(S,)=0 andAg is 11.4 and 46.5 MHz for th&X and
—_— Q bands, respectivelyA4 related to the perpendicular hf

parameter by

= + — 5
FIG. 2. TheX-band spectrum of CaECr>" (1) corresponding to A== ((S)1=(S)2) AL (*Cr). “)

the high field|+1)«|—1) transition measured at 77 K with the Following the same procedure as above we obtained

magnetic field along thg110] direction. A, (33Cr)=33.3+3 MHz. The isotropy of the perpendicular
hf parameter justifies the axis choice fdy;.

the line intensities are also in agreement with the defect sym- £o this orientation(BI[001]) the spectrum of the nonper-

metry and SH parameters given above. pendicular defect shows two resolved replica that allow us to

The | +2)—|—2) transition is not observed for this com- estimateA,(*Cr). In this case(S,)=0 and the measured hf
pound, indicating that tha-term contribution is negligible.  gpjitting is

The sign ofD was determined from the temperature depen-

x 40 x 40

dence of thg+1)«—|—1) line intensity at low temperatures. Aci=[({S)1)%A, (5%CnN2+ ((S,)1)?A(53Cr)?] 12
The D andE parameters are slightly dependent on tempera- 2 n 532 2 /53 2712
ture, withD increasing andE decreasing as the temperature (S ALCN "+ ((S2) AN (5)

decreases. In contrast to semiconductors, where t&& CrThe obtained value for the parallel hyperfine parameter
EPR signals decrease below detection limits at temperaturag‘(%c;r) is 364 MHz.

above 20 K3 measurements can be performed up to 200 K.
shf structure

Hyperfine (hf) structure When the magnetic field is applied parallel to eitherthe

The X-band high field|+1)«<|—1) spectrum forBI[110]  ory defect axis, the EPR spectrum shows a three line struc-
measured at 77 K is shown in Fig. 2. The peak to peakure with an intensity ratio of 1:2:1 in both th¢ and Q
linewidth is 0.2 mT at this temperature and increases as thieands. If the field is applied in other directions, new lines
temperature increases. Above 240 K the lines are so broagbpear and the pattern is different when measured in either
than they cannot be resolved. The central structure consisthe X or Q band.
of three lines with an intensity ratio of 1:2:1 which can be  As an example, the angular evolution of this structure in
associated with the shf interaction with two equivalent fluo-the (010 plane measured in th®@ band at 77 K is shown in
ride ions. On each side of these resonances, a pair of lindgg. 3. The transitions correspond to the defect whoagis
can be observed, which are about 40 times weaker than the perpendicular to thg010] direction. The 1:2:1 intensity
central one. They are a replica of the central group where ongtio can be explained by the superhyperfine interaction of
line is not observed due to overlap with the stronger structuréhe CF* 3d electrons with two fluoride nuclei. At first sight,
and are explained by the hf interaction with the 9.5% natuthe other lines that appear, when the magnetic field is not in
rally abundanf®Cr isotope(l =3/2). Of the four predicted hf the[100] or [101] directions, could be assigned to the inter-
resonances, the two inner ones are covered by the intensetion with four crystallographically equivalent neighbor
central group and cannot be observed. The measured splituoride ions, as has been proposed by Jabldfskind
ting between the lines is 47.15 MHz. The same structure i€aripoV in the case of chromium doped CdBnd Srk.
observed in the band but with a different splitting54.5  However, with this model it is impossible to explain the dif-

MHz). ferent shf angular evolution observed in tikeand Q band.
In order to explain the hf spectrum the following axial These experiments can be fully explained by a shf inter-
hyperfine SH has been added to that given in @. action with only two equivalent fluoride nuclei, the nuclear
Zeeman term of fluorine is high and of a magnitude compa-
|:|hf=Au(530f)5z|z+ A, (53Cn) (Sl + Sly), 2) rable to the shf term, the other lines being forbidden nuclear

transitions. Thus up to nine transitions can be observed with
where the parallel hf axis is chosen to be the defeekis  a transition probability that depends on the nuclear eigenstate
(see below. The hyperfine parameters were obtained by apmixture.
plying perturbation methods up to first order as follows. To understand better this phenomenon, Fig. 4 shows an
For BI[110] and perpendicular to the defeztaxis, the energy level diagram corresponding to the two extreme situ-
expected values of the spin operators &g =(S,)=0 for  ations of parallel and perpendicular defects given in Fig. 3.
the two electronic eigenstates involved In the transitibn When the defect is perpendicular, the resonance appears at
and 2 and the effective hf splittingthe measured splitting high magnetic field values and the fluorine nuclear Zeeman
is terms are the dominant ones. The “allowed” transitions are
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90°= [101]
WW
55°

355

frequency (MHz)

[oo1] angle (deg) {110]

20°
FIG. 5. The ESEEM three pulse experiment: angular depen-
dence for C¥*(1) in the (110 plane at 9.8 GHzw, and w, corre-
spond to the energy between the nuclear levels in the up and down
,ﬂ_' spin variety.y_ is the fluorine Larmour frequency for the actual
EPR resonance field. The points correspond to the experimental
frequencies and the lines to the calculated ones using@and

FIG. 3. The|+1)«|—1) Q-band spectrum of thH\[lOT] defect, e values given in the text.

measured at 77 K when rotated in tf@0 plane as a function of
the angle between the defertaxis and the magnetic field. The

. s . ) the experiment being of two or three pulses the decay time is
intensities have been normalized to that of the central line. P 9 P y

Ty or T,, respectively. A periodic modulation of the echo
now “nuclear transitions” and three lines with a 1:2:1 inten- amplitude is sometimes observé&SEEM.'” The peaks ob-
sity ratio are observed. When the magnetic field is appliedained from the Fourier transformati@RT) of this modula-
along the defect axis, the resonance field reaches its lowestiion coincide with the electron nuclear double resonance
value and the allowed transitions are the outer “superhypeENDOR) frequenciedw; and w, in Fig. 4 and their com-
fine lines.” The differences between tkeandQ-band spec- binations. In the case of a three pulse experiment only the
tra are now easily understood in terms of their different Zeecombination of the frequencies belonging to the same spin
man nuclear contributions and of the different electronicvariety can be observed. In a two pulse experiment we can

eigenstates. observe combinations between frequencies from different
For this rotation plane, the EPR lines corresponding to thespin varietied w,*+ ).
other four defects wittz axes out of the(010 plane are Spin echo was detected for the1)«|—1) EPR transi-

doubly degenerate. Slight plane misalignment and line overtions at temperatures below 20 K. We have mainly studied
lapping effects make the interpretation of the shf structureesults from the three-pulse experiméstimulated echpbe-
difficult in most cases. Thus we have used another techniqueause they are simpler to analyze. In Fig. 5 we present the
with higher spectral resolution to solve the problem. angular dependence, in tELO) plane, of the peaks obtained
by FT analysis of the echo decays for thel)«|—1) EPR
transition corresponding to the defect with thaxis perpen-
Two pulses(n/2-7-m) and three pulse&m/2-~#/2-T-w/2)  dicular to the rotation plane.

ESEEM experiments

experiments were performed in GaE€r’*(1). Depending on In this experiment the shf splittings of each spin lewgl
and w, are directly obtained. Due to a small rotation plane
@ ) misalignment the two fluoride ions are slightly inequivalent
and a splitting between the otherwise degenerate levels is
i —< Iml T —— detected.
S N Combining these ESEEM experiments with the cw-EPR

shf measurements we mentioned above, we can propose the
model given in Fig. 6. The model consists of two nearest-

) / Iwz 5 g neighbor fluoride ions lying in th€l10) plane containing the
> f ™ A b defectz axis approximately along f11] direction.
— —l To obtain the shf interaction constants and the position of

the fluoride ions we have added the following SH to Eg:

| | S I ‘ ] Hents nz=2i1{— gnBnl B+ SA"}, (6)

with i =1,2 which includes both nuclear Zeeman and super-

FIG. 4. The nuclear energy level diagram for two equivalenthyperfine terms. The latter is assumed to be axial along the

fluorine nuclei for the magnetic field beirig) perpendicular ofb) ~ Cr**-F~ bond. In agreement with the angular dependence of
parallel to the defect axis. Solid lines represent the allowed transithe shf structure, we have chosen the shf aXey', andz’
tions and dashed lines the forbidden transitions. shown in Fig. 6 withx'lIx andz’ at an angled from the[110]
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the six[110] directiong and the direction of the magnetic
. y [001] field. A resonance peak at 920 mT is observed in[tHE)]
direction. We assign this line to the perpendicular
|+1)«|—1) transition but the line broadens when we move
out of this direction preventing us from studying its angular
dependence. Above 40 K no signals are detected.

With only the|+2)«|—2) and|+1)«|—1) transitions it is
not possible to obtain all the SH parameters from the fitting
of Eqg. (1) to the line positions. Thus we have used the fol-
lowing strategy: the sign and approximate valueDofvas
obtained by fitting the Boltzmann statistic level population
law to the temperature dependence of th&)«|—2) line
Q E- @ ot intensity. Thela| value was obtained from the ratio between

r the line intensities of thét+1)«|—1) and|+2)«|—2) tran-
sitions at 34 GHz measured in the00] direction. From this

FIG. 6. The C#*(1) defect model for Caf  x,y,z are the de-  atio we can only estimate the absolute valueoDepend-
fect axes anc’,y’,z’ are the shf interaction axes. ing on its sign we obtain two differerE values, namely

0.045 cm?! if a<0 and 0.07 cm' if a>0. Some

direction. The eigenstates and eigenvaluesigf:, ., were | +1<|—1) resonances are expected to appear at 9.8 GHz
found using the same first order perturbation method as inthus explaining the resonance of 920 mT. Othet)—|—1)
dicated in the previous section. Fitting the experimental re{ransitions should also appear but we have observed none of
sults we obtain g=44+5°, AM=166x4 MHz and them. A possible explanation is that the line positions of
A= 4 36+2 MHz. Using these data we can reproduce the_these resonances are strongly dependent ok tredue. That

shf structure in all the directions studied so as the ESEEMS because the zero field splitting of thel) doublet is pro-
results. portional toE. In consequence, a relatively narrow distribu-

tion of orthorhombic distortions can produce a very broad

B. CaF,:Cr2*(Il) spread in the line positions and lead to an inhomogeneous

: 2 broadening of these lines out of all recognition. The same

The EPR of Cakcrystals doped with Crfivas measured effect explains the broadening of the1)«|—1) lines with

at 9.8 and 34 GHz in th€100), (110, and (111 planes. In  respect to thé+2)«|—2) ones in theQ band. Of course the
general the lines are much broader than fa¥'@J. In Fig. 7 effect of theE distribution on the half-width of the latter is
the angular dependence of the resonance peaks ilifle  almost negligible since the zero-field splitting of the2)
plane at 34 GHz is shown. Only ther1)«s|—1) and level is in a first order approximation independentsof
|+2)«|—2) transitions are observed in this case at this fre- We have used these parameters to fit @9.to the rota-
quency. For the+1)«|—1) transition the six centers corre- tional diagrams. A fitting is obtained for the following pa-
sponding to the orthorhombic symmetry are detected, somemeter set:
of them being equivalent in this plane. We could not observe

z [110]

the |0)«|+1) transition due to the experimental limits g,=195 g¢,=199, D=-2.8 cm},
(B|<1.5 T.
At 9.8 GHz we could only detect the-2)«|—2) transi- E=0.045 cm!, a=-0.073 cm?,

tions, their field positions being almost proportional to

(1/cos#) with 0 the angle between the defectxis (one of  but large uncertainties have to be addedEtand a. The
calculated line positions with these parameters and an exact
diagonalization of the SH are given by the lines in Fig. 7.
+1>el-1> It is interesting to point out here that besides the reso-
nance lines we have just discussed there are many other
small ones that only appear for Gréfoped Cak single crys-

tals whose angular dependence cannot be fitted by the SH
parameters given aboyeee for example the white points in
H1>el-13, Fig. 7). We think that these resonances belong to another
8 o A chromium defect which is different to &r(ll).

shf structure

. The |+1)«|—1) transitions produce broad and structure-
“oe 30° 60° 90° less lines for all the studied orientations. In contrast the

[001] angle (deg) [i10] |+2)«|—2) transitions consist of five well resolved equally
spaced lines with a 1:4:6:4:1 line intensity ratio, the splitting
between the lines being almost orientation independent. This

FIG. 7. The angular dependence forQill) in the (110 plane  Structure is due to the shf interaction of the?CBd electron

at 34 GHz. The circles are the experimental points and the lines th&ith four equivalent fluoride ions. Taking into account the

theoretical positions using the parameter values given in the text.defect symmetry we propose for this center a model consist-
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to that of ad* ion in an orthorhombic environment leading to
a non-Kramers=2) doublet as the ground state, the origin of

10K the distortions are different.
For CP*(1) the EPR lines are narrow and well shaped.
20K Transitions between the-1) doublet and thg0) and |+1)

levels can be observed under favorable conditions. Some of
the lines can be measured up to 200 K corresponding to

oK unexpectedly large spin-lattice relaxation times.
35K For C#*(Il) the situation is different. Only the resonance
for the |=2) doublet is clearly seen. The transitions within
3mT the |=1) doublet are very broad. In addition the relaxation

times are presumably so short that no spin-echo nor free
induction decay is observed. All these facts point towards a
FIG. 8. The temperature dependence for C&F*(Il) in the  much stronger spin-lattice interaction for the?Gitl) system
(110 plane at 35° from th€001] direction (9.8 GH2. The intensi-  than for CI’H(I).
ties have been normalized for presentation purposes. Let us discuss these differences in light of the possible
) L ] ] S ] defect models. Since €i(l) only appears when go; is
ing of a CF* ion with equally distant fluoride ions in the seq as the doping agent we can in principle suspect that the
(110 plane perpendicular to 2th_e defeztaxllg. A similar  c2+(1) center involves some oxygen ionic impurities. This
model has been proposed for"Ciin CdF,:Cr.> _assumption is supported by the shf structure that corresponds
The shf structure can be explained by adding to the spify 5 shf interaction of the &F ion with only two fluoride
Hamiltonian in Eq.(1) the nuclear Hamiltonian in Eq6)  jons placed along the cube edge in the plane containing the

with i.ranging from 1to 4 and the terms having their usualc2 symmetry axis. The point group symmetry for this center
meaning. Using first order perturbation for the2) non- is C,,.

v

Kramers doublet and assuming that for this doublet pgegiges the geometrical information we have obtained
(S0 =(S,)=0 and(S,)==2, which is nearly true because fom the study of the angular dependence of the shf structure
the fourth degree term of the electronic SH is much smallege can gain an insight into the defect model by studying the

than the other terms, then E@) becomes shf interaction parameters. Our measurements give an isotro-
- i i i ic shf interaction constant
Alspte nz=3i{— OnBn(Hyl it Hylj+Hol ) P
H(SHALI T A +ALL)Y, (7) a=1 (A4 2ASN)— 4 46+2 5 MHz 9)

with x, y, andz the defect axes. The axes of the shf interac- . ]
tion arex’, y’, andz’, with z’ along the C¥'-F~ bonding ~ and an anisotropic one
direction andx’liz. The AS"") tensor for this axis system is
diagonal withA,:, = A+, =A™ andA,/, = Af"™" With b=1 (ASW_AS)— 41022 MHz. (10)
this shf axis choice we obtaify,,= A,,=0 andA,,=AS"".
Then the eigenvalues of E{/) are : -
Analysis of these values has been done within the frame

A= i{(Aihfun_%ganHz)er(%gan)z(HiJrHz)}llz_ of the orthogonalized envelope function metHbdsing a

y ®) perturbation scheme in order to obtain the ground terms cor-
responding to the appropriaté€,, orthorhombic symmetry.

Since the nuclear Zeeman contribution is very small forFor this symmetry any of thé,, A,, or B, terms coming
the lines where the shf structure is resolved the measured sfibm the CubiC5T2g can be the ground state.
splitting equals Aj“f(“) independent of the magnetic field  The isotropic shf interaction constant is given by the well-
orientation. This explains the apparent isotropy of the shknown formula
structure observed for tHG‘2><—>L(—2> transitions.

From the experiments thas"!") value obtained for this 87 1 A
interaction is 43 MHz, compared to~50 MHz for 8= 7~ GeMBUnkn 55 Sl (R)IZ, (1)
CdF,.1® No values for the shf parameters are given for,SrF
No ESE has been detected for’Q(ll) centers. . _ _ ) _ )

In Fig. 8 we show the temperature evolution of the EPRVhere#5(R;) is thei wave function of the linear combina-
spectrum measured at 9.8 GHz. As the temperature increasid@n of atomic orbitals(LCAO) involving the metal terms
the half-width of the[+2)«<|—2) lines decreasedl.2 mT at and tlhes.orbltals of the ligand. The group—pverlap mtegrals.
10 K; 0.55 mT at 35 K As we shall see later this behavior contributing toyy have been calculated using the Clementi

can be interpreted as a narrowing effect associated with déind Roetti atomic wave functiotfand depend on the metal-
fect motions. ligand distanceR,; .

We have only studied the three lowest terms, not consid-
ering mixtures with the terms from the cutﬂEg nor cova-
lency effects. In Fig. @) we plot the calculated values as

Two different C#* defects have been identified for GaF a function ofR for the three orbitals. Similarly the aniso-
Although in both cases the electronic structure correspondisopic contribution to the shf constant is given by

IV. DISCUSSION
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not. In consequence we cannot give a definitive model for
@ (b) this defect, although from the defect symmetry axes we have
tentatively proposed it as that for Cgwith the fluoride ions
placed equidistant from the €rion in a(110) plane perpen-
« dicular to the defect axis.
The spectra point towards the existence of large inhomo-
b geneous broadening effects due to a distribution of crystal
»\ field parameters. In fact the position of the resonance lines
within the |=2) doublet are to a first order approximation
independent oD andE values. On the contrary, there is a
first order zero field splitting proportional % for the |+1)
doublet which explains why the transition lines for thel)
EEETIETyRa doublet are wider than for thie=2) one. _ _
. &A) : : F|gu.re 8 shows the temperature evoluuon of the) Ilne.
There is an excess linewidth at 10 K that increases linearly
. , , , with the magnetic field which can be explained by a param-
FIG. 9. (a) The isotropic shf constant aritl) the anisotropic shf  gter gistribution. A distribution iD andE values to account
contrlbutlrgn oPta!ned following the method in the text as afunc’[lonfor the excess linewidth for the-2) resonance would pro-
of the Crr-F dlstapce. Only the values 'obtalr.1ed fer the termsduce a broadening of thbl—l)<—>|—1) transition out of all
coming from the cubléng are represente®:A,; @:A, ¢:B,. The I, h hink that the broadening i db
dotted lines correspond to the experimental value obtained for recegr!ltlon. Thus yvet Ink that the broadening Is caused by
andb with its error. a dlstrlbutlon of either theg factor, thea term, or the_shf
interaction parameter, their effect on the linewidth being av-
1 eraged out by motions induced at high temperatures.
= . — 37| 4 2 Now an important question arises concerning the possible
D= 0ettelntin 73 E'f [(3 coso—1)/r]lvzy(r) a7 origin of the observed distortions. As we have said'Qt)
by (12) defects are only observed in Cagtrystals doped with Cef
e Furthermore the orthorhombic symmetry of the center and
where:p'zp(r) is thei wave function of the LCAO involving the observation of a shf interaction with four equidistant
the metal terms and thp orbitals of the ligand andy, fluoride nuclei coincide with previous observations for chro-
(MHz)=14.1549g,/R® being the dipolar contribution. mium doped Cdkand Srk crystals but this is not the case
In Fig. Ab) we give the calculatetl values as a function for Cr** ions in Bak and SrC} as their symmetry is tetrag-
of R for the three orbitals. We compare the calculated valuesnal. In all these cases the defects are not associated with
with the experimental ones. Best fitting is obtained fGAa  other impurities and a JT effect has been suggested to be the
ground term withR~2.15 A compared with the sum of fluo- origin of the observed distortions.
rine and chromium ionic radii o&2.2 A. Next we shall prove that the distortions observed are com-
A possible model for this defect is depicted in Fig. 6 andpatible with the JT effect. Let us consider a cluster consisting
consists of a Gt ion displaced along thg110] direction  of a CF" ion in the O, fluorite cation site surrounded by
such that it touches the two fluoride ions which are slightlyeight fluoride ions in a cubic symmetry. As we have stated
out of their lattice positions. An © ion may replace the two previously, the electronic ground state of the metal ion is
opposite F ions thus conserving the charge neutrality of the5T29. The JT effect couples this level with theg and t,,
defect. As can be seen in the figure the size of the ©n  cluster modes. The symmetrized displacements of the atoms
fits in the available site. The remaining four Fons may in a cubic complex Mk for theey and thet,; modes used in
relax outwards which results in a negligible overlapping withthis discussion are given by Liefir. The analysis of the
the CF* electron and explains the absence of any observabl&® (e+ 2t,) problem for a tetrahedral complex has recently
shf interaction due to these ions. been studied by Kirlet al??> The form of the interaction is
The geometrical configuration of this defect is very com-exactly the same for the cubic cluster and their conclusions
pact, which may result in large crystal field level splittings can be applied to the case reported Hére.
and thus in a decrease of the level mixing by the spin-lattice If coupling to e, modes is dominant, three minima in the
interaction. Such an effect could explain why narrow reso-Q space corresponding to tetragonal distortions are obtained
nance lines are observed and EPR detection at temperaturasd the displacements are combinations of ma@esand
relatively high for a non-Kramers doublet is possible. TheQ,.2* Strains in thee symmetry can stabilize the system in
relative narrow line shapes allow us to determineXi@r>* one of the tetragonal distortions and thus the EPR spectra
hyperfine constants using EPR. They are smaller than foshow narrow resonance lines and their angular evolution can
%Cr* and®*Cr" in the same compourd. be interpreted by an axially symmetric spin Hamiltonian
With respect to Cr(Il) the experimental evidence is with its axis along th¢100] crystal directiongpoint symme-
much less complete than for €¥I). Concerning the geo- try D,;).2° This is the case for & in BaF, and SrC}. If
metrical configuration of the defect it is interesting to realizecoupling to thety; modes dominates, four trigonal minima
that contrary to G (1) we can only resolve the shf structure are obtained corresponding to linear combinations of the
for the [+2)—|—2) transition. According to our interpreta- t; modes. This is the situation for €r ions in Cak
tion of the analysis of this structure we only obtaii™",  and Srf.2°
thus we do not know if the interaction is isotropic as sug- For CF' in Cak, CdR, and Srk the EPR spectra can be
gested for the equivalent &r defect in Cdk and Sri; or  interpreted by an orthorhombic spin Hamiltonian with small
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orthorhombic terms. Coupling to botly andey; modes can The existence of these stabilizing random strains may also
indeed produce orthorhombic distortions under certain conexplain the observed distribution in the SH parameters. Fur-
ditions of quadratic couplirf§ and the minima correspond to thermore, such a stabilization may be necessary in order to
environments with four equidistant ions in thE10) planes.  detect JT distorted &f EPR signals. In fact, due to the large

It is interesting to note that one of thg, cube modes is  anisotropic contributions to the &r SH terms, any dynami-
radial whereas they and the othet,, are transverse; it is cal effect associated to jumps between JT potential wells
expected that they will couple to the ion with different would broaden the lines out of all recognition.
strengths. It is also probable that stronger coupling to
Q,+Q5+Qg modes will exist for Caf, CdF, and Srk
than for Bak and SrC} because of the differing lattice dis- V. CONCLUSIONS
tances. This also applies to Crwhere a preliminary study
of BaF; indicates a tetragonal instead of the trigonal distor-
tions observed in CgFand Srk.

We will now comment on the SH we have used to inter-
pret the EPR data. A detailed dynamic JT model has bee
developed by Abhvanét al for the tetragonal GaAs:&F
system and by Parkeretal?® for the orthorhombic

GaAs:CP" system. pes
. o . (Il) defects observed for CgFdoped Cak possess

o e T o e gome propertes that may conespond o hose f  rancor
well as the calculation of the reduction factors. If appropriatestraln stap|l|zed T system. A shf Interaction with four

. X R nearest-neighbor fluoride ions is observed in this case.
random strains are included, the motion is confined to a po-
tential well as has been studied in detail for thg®e
coupling? In this case the lowest states are orbital singlets ACKNOWLEDGMENTS
with a small degree of mixing with=1 states caused by the
dynamic JT effect and the use of conventional spin Hamil- This research was sponsored by CICYT and DGICYT un-
tonian to study the EPR of ground states is therefore fullyder Contracts No. MAT-92-1279 and No. PB 92-0040. One

justified?’ of us, P.B.0., thanks DGA-CONAI for a grant.

We have identified two orthorhombic €r defects in
chromium doped Cafsingle crystals. The &f(l) defect is
presumably associated with oxygen impurities introduced
during doping with the GO; salt. Its shf structure and
BSEEM has been fully explained by the interaction with two
nearest-neighbor fluoride nuclei. The hf interaction of the
3Cr?* isotope has been resolved.
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