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Structure of the Jahn-Teller distorted Cr?* defect in SrF,:Cr
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Electron spin echoes have been obtained by two-putt® ) and three-pulsén/2-r-m/2-T-7/2) experi-
ments in the|+1)—|—1) EPR resonance transitions of the Jahn-Teller orthorhombically distort&d icr
SrF;:Cr. Particular emphasis is placed on the stimulated electron spin envelope mod(E8BEM. Since
this system has a spi=2 and the zero-field-splitting contribution is of the same order of magnitude as the
electronic Zeeman term, a new formalism for analysis of the ESEEM has been developed, allowing us to
extend the Mims formalism fo=1/2 to more complex systems. Applying it to our results we have deter-
mined the superhyperfinghf) interaction tensors of &f with the nearest-neighborindNN), next-nearest-
neighboring(NNN), and third-shell-neighboring fluoride ions, estimating thé'@F~ distances with the or-
thogonalized envelope function method. The defect model consists of four fluoride ionsyin th&0) defect
plane which relax inwards to touch the®trion. The remaining four fluoride ions relax outwards to fit into the
next SF* ions cage[S0163-182606)00441-9

I. INTRODUCTION ESE spectrometer in practice only systems with relaxation
times larger thar=200 ns can be measuréd@hus there is an
Electron-spin-echo envelope modulatile&SEEM spec-  experimental limitation which does not allow the study of
troscopy is a powerful technique to determine the structurénany interesting systems by this technique.
of paramagnetic systems. It is a time-domain spectroscopy Echoes in inhomogeneously broadened EPR lines can be
that can supply information on the nature and spatial argenerated by the well-known two-pulsep(and three-pulse
rangement of ligands providing they include some nuclei3P) sequences. Thep2decay is governed by the phase
with nuclear magnetic momenta. The interaction of the elecemory relaxation timery, whereas the spin-lattice relax-
tron paramagnetic system with the surrounding nuclei, th&tion timeT, is the relevant time for B experiments. Since
so-called superhyperfirighf) interaction, can produce a time for crystals the latter is usually 1 order of magnitude longer
modulation on the electron-spin-ecHBSE decay envelope. than the former, B experiments are preferable in order to

The frequency spectrum of this modulation can be as;sociate%]IUdy ESEEM of ions and defects in single cry§taI§. More-
with the small shf splitting of the resonance lirte$. ;)r:/er ttnetfrefqtlrj]engy spelctrum of the &cho decay is simpler

. . . an that of the P one.
Seen from this aspect, ESEEM spectroscopy gives infor- The fundamentals of the ESEEM phenomenon are well

mation similar to that_of elegt_ron—nuclegr douple resonancgnown for the simplesS=1/2, 1=1/2 systent~’ ESEEM
(ENDOR). However, in addition to being a time-domain paq also been used to stuBy=12 S=3/2 and 5/2(Refs. 9
spectroscopy which pr_ovide_s a direct measure of the relevanj,q 10 systems with small zero-field splittings. In these
relaxation times, the intensity of the ESEEM does not detases the problem has been reduced to that of a spin-doublet
pend on any magnetic relaxation rate as ENDOR, thus maKeading to expressions for the echo intensity similar to these
ing it easier to detect in some cases. Furthermore ESEEM, &f the S=1/2 case. Less attention has been paid to the study
difference with ENDOR, is sensitive to very small splittings of S=2 systems where recently only a few ENDOR or ES-
so that frequencies well below 1 MHz, the limit for conven- EEM studies have been made availaiélowever, the ES-
tional ENDOR, can be easily measured by ESEEM. HighEEM theoretical treatment has only been developed in the
resolution in the frequency domain can also be achieved bgase of very large zero-field-splittingFS) terms and for the
ESEEM when the decay is analyzed by backwards lineaEPR transitions within the|=2) non-Kramers’ doublet.
prediction(BLP) methods’ Again within this approximation the problem is straightfor-
In the last few years, the technique has been extensivelyardly reduced to that of a spin doublet that can be described
applied to the study of the structure of molecules in orientain terms of a simple fictitious spi®’'=1/2 with a Hamil-
tionally disordered solids but less often to that of ions ortonian
defects in ionic crystal$.The lack of research into single
crystals can be explained by the difficulty in getting suitable H=49,8B,S,+AS,, 1)
systems. In fact, the most interesting systems to study are
crystals having constituent ions with nonzero nuclear mowhereA is the doublet splitting aB,=0 andz is determined
menta. Unfortunately dipolar magnetic interactions betweermy the ZFS axial term. Unfortunately, if the ZFS terms are
the paramagnetic electron and the matrix nuclear momentaot very large, strong mixing between the states takes place
shorten the spin-relaxation times. Due to the dead time of thand the treatment is, as we will see, more complex.

0163-1829/96/54.7)/1209910)/$10.00 54 12 099 © 1996 The American Physical Society



12 100 P. B. OLIETE, V. M. ORERA, AND P. J. ALONSO 54

Recently some cw-EPR studies on tH& Cr?* ion in
fluorite crystals have been report&d!® Since the ion con-
figuration is non-Kramers, EPR is difficult to detect and the
literature on conventional EPR studies is very scarce for this
ion. Furthermore we have not found any previously ad-
vanced reported EPR studies until our recent work on the
ESEEM associated to an impurity perturbed Cdefect in
Cak,.'? Using this technique we were able to determine the
defect model and the tensor of the shf interaction with the
two F~ surrounding nuclei for this defect.

Besides this perturbed €r defect the published results 0.1 ‘ :
suggest that Gt ion when isolated enters the fluorite struc- 0° 10° 20° 30°
ture in a Jahn-TellerJT) distorted orthorhombic site in (110] angle (deg) [211]
Cah,'? SrR,,*® and CdR,'* and in a tetragonally distorted
site in Bak and SrC}.'® The dominant fine-structure term is
in all cases the zero-field-splitting axial term, which even for
X-band frequencies is not large enough for Et). to be ?xperimental points correspond t®, |+2)-|-2) and ®,

applicable. Strong state mixing Compllcgtes thg th_eoretlc +1)«|—1) transitions. Solid lines are the calculated line positions
treatment of the spectra and computer diagonalization of thﬁsing Eq.(2) and the parameter values given in Table I.

spin Hamiltonians describing the spin system is necessary in

B (T)

FIG. 1. The angular dependence of the EPR line positions of
Ser:Cr2+ for a (111) plane measured at 10 K in thé band. The

all these cases. o . Il. EXPERIMENTAL DETAILS
From cw-EPR measurements it is clear that'Gdistorts . _
the fluoride coordination cube alongGy symmetry axis to Single crystals of SiECr used in the present work were

produce the observed orthorhombic symmetry in C&FF,, grown in our laboratory using a standaro! Bridgman method
and CdR. As discussed by Olietet al'? such a distortion is i @n argon atmosphere and carbon crucibles. Thg CoR-

compatible with the JT effect. In fact coupling of tﬁ'@zg tent in the starting material was 0.5%. Samples were color-
electronic ground state of the metal ion to batiandty, less.

modes of theViLg (O, symmetry cubic cluster can produce CW-EPR in both t]t@(' aanQ—bgndkanoé(ét;%ré%ESE ex-
orthorhombic distortions under certain conditions of qua_perlments WEre periormed in a oruker speqtrom—
dratic coupling®L” and the minima correspond to environ- eter. Low-temperature measurements were taken using an

ments with four equidistant fluoride ions in the10) planes Oxford CF 935 continuous-flow cryostat refrigerated with
The study of the G conventional EPR spectra gave liquid He. A TWT tube was used as microwave amplifier in

luable inf . b d field t qal the ESE measurements. The width of th& pulses was
valuab’e information a OLQ and zero-field tensors and aiso adjusted to 16 ns and the echo decay was sampled with a
the defect symmetry but it has not been able to throw an

. " , - | inimum time interval of 8 ns over 1024 point data. As
light on the positions of the distorted ligands. This informa-giated in the text different experimental parameters were

tion is very important in understanding the nature of thesed in some cases. The intensity and phase of the micro-
quite unusual orthorhombic JT systems. The reason for thi§ave pulses were optimized by maximizing the ESE ampli-
failure is that the shf structure with the SUrrOUnding ﬂuoridetude_ Suitable phase Cyc”ng was performed to eliminate un-
ions observed in some EPR resonance lines has not yet be@anted echoes.

well interpreted. Although the shf structure of?Crin Srk, The magnetic field values were determined with a NMR
and Cdk has been eventually associated to a nearly isotropigaussmeter and the diphenylpicrylhydrazfdPPH signal

shf interaction with the four nearest-neighboritN) crys-  (g=2.0037-0.0002 for the Q band and a Hewlett-Packard
tallographycally equivalent fluoride iort$1the interpreta- microwave frequency counter 5350B for the band was
tion does not seem very clear as fluorigeorbitals should used to measure the microwave frequency.

always give some anisotropic contribution to the shf interac-

tion. . . . IIl. EXPERIMENTAL RESULTS AND INTERPRETATION
To elucidate this important point we have measured and
interpreted the orientationally resolved ESEEM of Cin A. cw-EPR

SrF,. The results reported in this work are an illustrative  y_ and Q-band EPR measurements on SEF crystals
example of a JT distorted ion studied by this technique. W&yere performed as a function of the angle between the crys-
have measured the ESE decay for transitions withir{#1#  tajlographic axes and the external magnetic figltying in
doublet which are the most intense in this case. The theoretihe (110) and (111) planes at temperatures in the 4—40 K
cal treatment for the ESEEM departs from the one previouslyange. Figure 1 shows the orientational diagram for rotations
used for otherS>1/2 ions. shf interaction up to the third- in the (111) plane for 10 K at 9.7 GHz.

neighbor shell has been resolved from the ESEEM experi- The angular dependence of the resonance line positions
ments. The shf tensor principal values were analyzed by and intensities can be described by the following approxi-
linear combination of atomic orbitald. CAO) method?® to mate spin HamiltoniaiSH) corresponding to an ion with an
obtain the C¥'-F~ distances which has led us to propose aelectronic spinS=2 in an orthorhombic symmetry that we
sensible yet somewhat unexpected defect model. ascribed to G
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TABLE I. Spin Hamiltonian parameters for €tin SrF,. D, E, anda are given in cm™.

a
Oy gy 9z D E-% El
This work 1.981) 1.991) 1.951) —2.783) 0.0255%3) 0.03Q7)
Ref. 13 1.961) 1.991) 1.941) —2.7913) 0.02832) 0.037
Ho=B(9xS:Bx+09yS,B,+0,S,B,) + DS+ E(S;— S7) 4 . -
° By > Hntsnuc= 2, 1~ GnBol B+ SAIIY, &)

1
+ga(s‘1‘+$+$), 2)

which includes both nuclear Zeeman and superhyperfine in-
teraction terms, to give

with x=[110], y=[001], andz=[110]. _ _ Hip="Ho+ Hshtsnuc- (4)
In Eq. (2) the SH parameters have their usual meaning. In
the cubic term, 1, 2, and 3 are the axes of the fluoride cube. The eigenstates and eigenvaluesHyf;, .. are obtained
The dominant fine-structure term B, which produces a by applying perturbation methods up to first order using as
splitting of the fivefold degenerated state into a sing®t zero-order states the eigenstateggf It comes out that the
and two doublet$+1) and|=2). The transitions observed in experimental data from the+1)«s|—1) transition are not
our experiments are tHe-2)«—|—2) and|+1)«<|—1) for both ~ enough to determine the unknowns in Eg).. On the other
X andQ bands. Thd0)«|=1) transitions were not detected hand, a nearly isotropic shf structure in fHe2)«|—2) tran-
because of experimental limitations in the magnetic field in-sition does not necessarily imply an isotropic shf interaction.
tensity. The states are named with their high field label.  In fact, for transitions within thé=2) non-Kramers doublet,
The parameters obtained from the fitting of the calculatedhe line positions can be predicted in a good degree of ap-
line positions using an exact diagonalization of the SH of Eqproximation by assuming th&S,)~(S,)~0 and(S,)~=*2
(2) (given by solid lines in Fig. Lto the experimental ones depending on the spin variety considered. Then By be-
both for X andQ band are given in Table I. comes
With this set of parameters an excellent agreement be-

tween the observed and calculated line positions and inten- ‘

sities was obtained. The sign Bf was determined using the Hshtrnue= El {=9nBn(ByIx+ By“y+ B.I2)
temperature dependence of the line intensities, corresponding S
to the|=2) doublet as ground state. The intensity ratio be- H(SH(ALI ALy FALID (5)

tween the|+2)«|—-2) and the|+1)«|—1) transitions was
used to obtain théa| value. TheE value was determined
with much uncertainty because it could not be obtained in
dependently of the value. So depending on tlasign two
different E values that fit the experimental data were ob-
tained. The SH parameters that we have obtained are ve
close to those recently given by Zaripet al*® for Jahn-
Teller distorted chromium ions in Ssksee Table)l, so we
may assert that we are studying the sam&" @efect.

with X, y, andz as the defect axes. The shf interaction is

assumed to be axial, witk’, y’, andz’' being the shf axes

and z' along the Cf'-F~ bonding direction. For the rela-

tively low magnetic fields where thet2)«|—2) lines are
served, the nuclear Zeeman contribution is negligible
hen compared with the shf term, besid&s) is isotropic

for this transition and so the shf structure given by &j.is

nearly independent of the magnetic field orientation. This

In our case, the shf spectrum corresponding to th&Xplains the apparent isotropy of the shf interaction observed
|+1)<»|—1) transition is only clearly resolved in some direc- 1oF the|+2)—[—2) transitions. The relationship between the
tions, the resonance lines being in general broad and stru@bserved shf structure and the shf interaction parameters de-
tureless. Instead, for tHe- 2)«|—2) transition, the EPR lines Pends on the defect model used. If thaxis is perpendicular

present a shf-resolved structure consisting of five lines witfC the four-fluoride(110 plane, we can always choosélz
an intensity ratio of 1:4:6:4:1 and an effective splitting of & SO’?‘ZZZAL » Axz=Ay,=0. Then the eigenvalues of Eq.
about 131 MHz for all the magnetic field orientations where(®) ard? \=*A, . _ . N
they can be observed. A possible explanation is that a distriz ON the other hand, if the axis is contained in the NN
bution in ZFS parameter® andE, has little influence on fluoride (110 plane then x'lix ~and = A,=0,
the |+2) electronic energy spliting. Consequently for an”zz—(SINO)°A +(Co)"A; and A,,==xsing Cosi(A—A,),
S=2 spin system ther2)—|—2) resonances are usually nar- depending on ;[he fluc_)rlde nucleus cc.)nsm'iered)elngl the
@ngle betweer’ shf axis and th¢110] direction. The eigen-

in this case. The apparent isotropy of the shf structure leadé2!ues in this case are given by

to Zaripovet al®to propose a shf interaction predominantly _ . 2A 12

isotropic with four equivalent fluoride nuclei. In the follow- A =E{L(sing)°A, + (o) A]

ing we will see if this interpretation is correct. +[cos sing(A”_Al)]Z}UZ_ (6)
The shf structure caused by a shf interaction of the

3d Cr** electrons with four fluoride nuclei can be explained ~ So the defect model is far from being solved by conven-

adding to the SH of Eq2) the following contribution: tional EPR experiments.
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(a) To analyze the measured ESEEM we have to take into
account in the first place that the ZFS terms are too large for
perturbation methods to be applied. Although (he) states
can be approximately treated as a separated non-Kramers
doublet with the SH of Eq(1), the|=1) states strongly mix
among them and with the0) state, depending on the
magnetic-field orientation. As a consequence in this repre-
sentation the X5 SH cannot be separated into twx 2 and

one 1x1 boxes. The electronic levels involved in the
|+1)«|—1) EPR transition cannot be treated as%ir=1/2
system and consequently, Mims treatment is not directly ap-
plicable. Therefore we are currently looking for another

echo amplitude (arb. units)

: : : : strategy.
0 500 1000 1500 2000 2500 In a pulse experiment we have to distinguish successive
T (10”%) periods of nutation and free precession. The evolution of the

electron states during these time periods can be followed by
means of the density-matrix formalism, where the equation

(b) of motion that predicts the evolution of the spin system un-
3 g der the influence of a spin Hamiltonidgri(t), given in fre-
338 & 8 quency units, in the defect axes fram&lis
: dp(t)
. ¥ —gr =ile(®HO)], @
3 [ -
e 3
8 s & . wherep(t) is the density-matrix operator of the system and
= s° £ &3
¢] e H(O =Tt Ha(1), ®)
| ; ) , | with Hy,, the Hamiltonian defined in E¢4), and
0 10 20 30 40 50 60 Ho(1) = 2HCOSot = H (el @t + e iot 9
frequency (MHz) (V) ! il ) ©

for the interaction with the microwave fiefd.This last term

FIG. 2. (a) The ESE decay in agBexperiment as a function of introduces a time dependence on the spin Hamiltonian dur-
the timeT between the second and the third pulses forzh&01] ing the nutation periods which complicates the solution of
center when the magnetic field is applied 70° away from[064] Eq. (7).
direction in a(110 plane. The time origin has been displaced00 Let us first consider the problem of &2 electron sys-
ns to avoid uncompensated Mims echo contribution to the ESHem in interaction with ard =1/2 nucleus. During the free
signal.(b) The peaks obtained in the frequency domain of the preprecession period, where the microwave field is switched off,
vious decay using the BLP analysis methfiéor labeling see text  the Hamiltonian that determines the system evolutiohjs

(Sec. I B).] SinceHy, is time independent in the laboratory frame EZ).
B. ESEEM can be solved by an expression as
Two and three pulse experiments were performed ifkthe p(t') = =it =0 (1) @it~ (10

band in Srk:Cr crystals by rotating the magnetic field in the

(110 and(111) planes at temperatures between 4 and 20 K. . M —1) i o
Electron spin echoes were only detected for [th&)«|—1) In the representation of(;, the matrixe™ '™ is di-
transition. Attempts to observe ESE in the in the)—|—2)  agonal with elements™ "B’ =V E, being the eigenener-
transition failed presumably because of experimental limitagies of Hg, . SinceHgpe nyc<Ho, the eigenstatekm) in this
tions in the microwave powefsee below. Typical decay representation can be obtained up to a good approximation
times at 10 K were 0.5 to 1.2s, depending on the crystal degree by a first-order perturbation method over tig
orientation, forT; and~150 ns forT,,. As expected relax- eigenstates. We defing, ,E,, and |k),|m) as theH, and
ation times shorten at higher temperatures and echoes atén,c €igenvalues and eigenstates, respectively, keeping

difficult to observe at temperatures above 20 K. in mind that the nuclear eigenvalugs, and eigenstatelsn)
In Fig. 2@ we present the decay at 10 K of the echodepend on the electronic spin variety labeledkby
amplitude for a  experiment as a function of the tinie During the nutation period, when the microwave field is

between the second and the third pulse for the defect whosawitched on, the Hamiltonian to be consideredig). Now

z axis is parallel to th€101] direction, withB contained ina Eg. (7) cannot be easily integrated becaugét) depends

(110 plane. The spin-echo decay is analyzed in the freexplicitly on time. In the standard ESEEM theory, when the
qguency domain using either the usual method of the fas¢lectronic Zeeman Hamiltonian term is the dominant one, the
fourier transform(FFT) or the alternative one of the back- solution of the dynamical equation is handled by restating
ward linear predictiod®?° The frequency spectrum corre- the problem in a frame of reference rotating at the micro-
sponding to this decay is given in Fig(2. wave frequency around the static magnetic field direction
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(laboratoryz axis). In this frame the time dependence of the 60

microwave field is removed and the solution can be easily
I S 20

found. 50 L . o

If ZFS terms are dominant, passing to the reference frame
of the microwave field places a time dependence’p
which complicates the solution during the free precession
time periods. To avoid this time dependence we have trans-
formed both the Hamiltonians and the density-matrix equa-
tion of motion to the so-called “interaction representation.”
We have proven that within this representation and if the
excited EPR transitions do not share a common electronic

frequency (MHz)

spin level, the problem can be redefined in terms of a spin 10 R 'o '0 R
doublet leading to expressions for the primary and stimulated 0 30 60 0
ESEEM which are formally similar to those given by the (001] angle (deg) [110]

standard theorysee the Appendix A

For a $ sequence the time dependence of the stimulated FIG. 3. The angular dependence of the peaks obtained far a 3

: AL . T
echo intensity is given by EGA1L2). Since the Ci' elec ESEEM experiment in 110 plane for the defect whoseaxis is

trons are coupled_to four qupnde nuclei the expression to b%erpendicular 0 the plane, measured at 9.8 GHz and 16, fand
used is the one given by Dikandv,

wg correspond to the shf splittings in the up- and down-spin variety.

4 4 The points correspond to the experimental frequencies and the lines
1
E T)== E (r,T)+ E.rT)|, (11 to the calculated ones using E§1) and the parameter values given
mod 7. T) 2 iljl (72 T) i];[1 16(7:T) (D in Table II.

where was assumed to be perpendicular to the plane of nearest fluo-

Eio(7,T)=1—k/2[ 1-cog w; 57) {1~ 0§ w;,( 7+ T)]}. _rides. ESEEM re_sults univocglly support this model. In fact
(12) if the magnetic flglq rotates in thel10) plane and for 'Fhe
defect whosez axis is parallel td110], the shf interaction

Eig(7,T) is obtained from Eq(12) by permutinga andB.  with the four fluoride nuclei is equivalent for all the direc-
ki=4l;,l;; is the modulation depth parametéy, and | tions contained in this plane. Due to this equivalency only
being the intensities of the allowed and forbidden EPR linesfwo frequencies are expected, one for each electronic spin
respectively. variety. If other defect configurations are considered, this

Here w;, and w; 5 stand for the fundamental frequencies equivalency is not kept and more frequencies should be ob-
resulting from the interaction with thienucleus in thex and  served. Figure @) shows the ESEEM frequencies for a de-
B manifolds and among these the EPR transition occurdect whosez axis is parallel to th¢101] direction, when the
These equations tell us that if there is a shf interaction witrmagnetic field is applied at 70° from t§801] direction in
more than one nucleus all the possible combinations betweghe (110 plane. In this case the fluoride nuclei are equivalent
shf frequencies belonging to the same electronic spin varietin pairs and thus two different frequencies for each electronic
can also contribute to thepBESEEM pattern. spin manifold are detectedy,;, w,, for the a electronic

Using Egs.(11) and(12), three different sets of frequen- level andwg;, wg, for the B electronic level. It can be also
cies have been identified corresponding to the interactioseen that most of the allowed frequency combinations pre-
with the four nearest-neighboringNN), the next-nearest- dicted by Egq. (11) are detected too, for example
neighboring(NNN), and the third-shell neighboring fluoride ®,+=|w*w,l, wﬁt=|wﬁziwm|. Those combinations
ions. Figure 3 shows the dependence of the ESEEM frequen-
cies on the orientation of the static magnetic fiBléor crys-
tal rotation around §110] crystallographic direction corre-
sponding to the NN fluoride ions for the defect whasaxis
is perpendicular to the rotation plane. Only two frequencies,
w, and wg, are observed for this defect. In some directions,
peaks corresponding to thewg combination are also de-
tected. When the magnetic field is applied near [th&0]
direction, the echo modulation vanishes and no peaks are
observed in this frequency domain.

The same experiments have been done for rotations in the
(111) plane. The angular dependence of the ESEEM frequen-
cies in both(110 and(111) planes can be explained with the z=[110]
defect model depicted in Fig. 4 and the Hamiltonian given in
Eq. (4). The shf axes chosen here arey’, andz’ with x’
parallel to thex defect axis and’ forming an angle? with
the[110] direction. In this model the four fluoride nuclei are  FIG. 4. The model for G in SrF,. x,y,z are the defect axes
placed in the(110) plane containing the defeetaxis. The andx’,y’,z' the shf interaction axes for the NN fluoride nuclei.
model is in contrast to previous ones where the defextis  The NNN fluoride are also shown in the figure.
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TABLE II. Superhyperfine Hamiltonian parameters for the three neighboring fluoride shells%birCr
SrF;, given in MHz.

A Al 0 (deg a b
Shell 1 +40x+2 +17x1 395 24713 7.1
Shell 2 +12.5+2.5 +2+0.5 35-10 5.5-0.7 3.5£0.6
Shell 3 1.35 -0.7 65 0 0.67

which should appear at frequencies above the Nyquist associated with the up electronic spin variety. In the experi-
frequency,wy (62.5 MHz for 8 ns sampling are folded into  mental spectra some peaks with a lower intensity are ob-
20N~ 0 . _ served in this region. Calculations predict such a low inten-

The vanishing echo modulation amplitude in tfil0]  sity for these peaks. Although their angular dependence
direction can be explained in the frame of this model, sincequalitatively follows the prediction, they appear to be lower
in this case the eigenstates &, corresponding to the than 0.5 MHz below the calculated lines. We have tried to
two electronic levels involved in the transition coincide, theadjust both sets of lines to E@3) but failed even using
modulation depth parametds goes to zero. For a model orthorhombic shf interaction tensors. We do not know at this
with defectz axis perpendicular to the NN fluoride plane this stage where the origin for this small discrepancy lies.
vanishing should not occur. Other peaks in the Larmor frequency region correspond to

Once we have assigned all the peaks of the ESEEM frethe third-shell neighborghe fluoride ions placed in the six
quency spectra either to an ENDOR frequency or to an alcubes adjacent to the €rfluoride cubg. In fact, if we as-
lowed frequency combination we can fit the nuclear split-sume that these nuclei are fixed in their undistorted lattice
tings calculated with the method outlined in Sec. Ill A to the sites and that the shf interaction is reduced to the dipolar
experimental ones. The best fitting parameters, given by thanisotropic contribution, we can calculate their shf parameter
principal values of the axial shf tenséy, ., =A,,/=A, , values(see Table I\ In the Fig. 5 we have plotted the split-
and A, ,,=A,, together with §, the angle between the tings (solid lines calculated with these parameter values,
Cr**—F bonding direction and thg110] crystal direction, ~with i ranging from 1 to 24, following as before a perturba-
are enumerated in Table Il for the three studied coordinatioion method. Only those lines corresponding to the most in-
shells. The isotropic and anisotropic shf contributions detense predicted peaks are represented.
fined asa=(1/3)(A;+2A,) andb=(1/3)(A,—A,), respec-
tively, are also given in Table 1.

The solid lines in Fig. 3 correspond to the theoretical shf
splittings calculated with the Hamiltonian in E@) and the
shf parameter values corresponding to the four first- The determination of the shf tensors has been done from
neighboring fluoride ions. The relative intensities of the ex-the ESEEM detected on the-1)«|—1) transitions. Well-
perimental ESEEM frequency spectrum are also approXiresolved echoes are obtained when we perform either a well-
mately reproduced by the calculations. optimized 2 or 3p experiment on these transitions. In the

For some orientations, apart from the lines associated tX- and Q-band cw-EPR spectria-2)«|—2) transitions are
these four NN fluoride nuclei, other peaks at frequencies
close to the Larmor frequency are detected. Figure 5 shows
the angular dependence of these peaks obtained by the linear 14
prediction method for rotations in @10 plane and for the
zl[011] defect. Two peaks can be clearly followed along all
the rotational diagram. One of them corresponds to the fluo-
rine Larmor frequencyw, , the other one at a higher fre-
guency, is due to the shf interaction with the next-nearest-
neighboring fluoride ions. Some combinations of this
frequency with other ones corresponding to the NN shf in-
teraction have been observed. All the combinations occur
with shf splittings belonging to the down spin variety. In a
3p experiment only combinations between frequencies be- 5
longing to the same spin variety are allowed so we can -
univocally assign the shf splitting observed in the figure to 001 angle (deg) (o)
the lowest spin electronic level.

The peak frequencies and the angular dependence can berG. 5. The angular dependence of the shf frequentielid
interpreted as being due to the remaining four fluorides otircleg near to the Larmor peakopen circle obtained in a §
the cube placed in the plane perpendicular tozthgis of the  experiment for thezi[011] defect 4 7 K and 9.8 GHz by rotating
center(Fig. 4). The dashed lines in Fig. 5 correspond to thethe magnetic field in 4110 plane. Dashed lines are the calculated
frequencies calculated with the parameters given for the se@plittings for the NNN fluoride nuclei and solid lines for the third
ond coordination shell in Table Il, the two lowest ones beingshell neighbors with the values given in Table 1.

IV. DISCUSSION

frequency (MHz)

° 30° 60° 90°
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also observed, but attempts to detect ESE on these transitions Besides the geometrical information from the angular de-
failed. We interpret this failure as a consequence of thg@endence of the ESEEM, we have obtained the complete shf
poorly optimized magnetization rotation as is explained betensor for the four NN fluoride nuclei. We have analyzed
low. these values using the orthogonalized envelope function

The fundamentals of the ESEEM phenomenon for armethod'® Within this frame the isotropic shf interaction con-
S>1/2 system with ZFS terms are developed in the Appenstant is given by

dix. In particular in Eq.(A8) the effect of the exponential

operators can be understood to produce rotations of the angle 8 1

a= — QeBOnMn 5 2|| l/’is|21 (14)
0=2|(a|H| B)lt, (13 3 25

of the laboratoryz component of the magnetization around Whereysi(R;) is thei wave function of the LCAO involving
the microwave magnetic field axis for an idealized squaréh® metal terms and theorbitals of the ligand. The group-
pulse of intensityB; and durationt,. The echo intensity overlap integrals that contribute {&; were calculated using
depends on this rotation angle, which also depends on tH&€ Clementi-Roetti atomic wave funcﬂo?fsbemg_ depen-
amplitude of the microwave transition between the electronident on the metal-igand distand® . For the anisotropic
levels under consideration. contribution we have

Using the eigenstates calculated from EB) we have
estimated the matrix elements in Ed13) for both

1 )
|[+1)<|—1) and |+2)—|—2) transitions. Thus from opti- b=geisUniin 4—SEiJ [(3 cos6—1)/r%]|yh,(r)|?dT
mized 2 and 3 |+1)«|—1) experiments we can predict
the best experimental conditions for ESE on the)«|—2) +bgip, (15)

transition. Since the transition amplitude for the latter is

much smaller than for the former by a factor of typicall : . . . .
6.6x10°2 either the microwave powgr the pulse w)i/gth c?/rwheretjfzpi(r) is thei wave function of the LCAO involving
) : . oniN€ metal terms and thp orbitals of the ligand andg;,

both have to be increased. Limited microwave power from _ 3, . oo
the generator used makes it necessary to increase the pu@éHz)_M'lM@“/R (A)° being the dipolar contribution. In

: : ! : . lysis only the three terms coming from the cubic
width but since thg+2)«|—2) EPR signal is broadtypi- our ana 5 . . .
cally about 300 MHZthis results in an incomplete excitation grou.nd fstate tThZQ WET(?—,EStUd'gd' M|i<tures ¥¥'tht the termst
of the band, with the echo intensity decreasing when th&OMINg from the cubic, and covalency €etiects were no

pulse width increases. Thus a compromise between puls(‘Eonsidered here. To obtain the wave function of each term
intensity and width has to be found to obtain intense an e followed a perturbative scheme froy, to D, and then

: : D, symmetry, the ground states beiAg, By, or Bsg.
well-defined echoes. Because of these constraints we hav@ =2n 29 39
not been able to obtain an echo signal in the2)«s|—2) Using the proposed defect model and s} and (15

transition we have calculated tha andb shf values as a function of

L . .
Next we shall discuss the defect model. From cw-EPR® ct to ligand distanceR, for the three orbitaldg, By,
results we know the orthorhombic symmetry of the defec ndBg,. Figure 6 shows the results of these calculations for

; oth NN and NNN fluoride ions and compares them with the
:Sgri?jlgﬁors taséf; ek::zsftorl:;ig:]yl;s;ilographycally equivalent experimental values. The best fitting is obtained fot

In principle, the orthorhombic symmetry is compatible ground term, wittRyy~2.24 A for the nearest neighbors and
with apJT ch)istortion of the G env)i/ronmeri/t as wasp dis- Runn=2.62 A for the next-nearest neighbors. It is interesting

cussed in Ref. 12. So coupling of the mesfﬁig ground state ;ton?ote; tgﬁﬂv'm cromcllges W|thirgh%sumwci):hth?h@r a)r:d Ft d
with both e, andt, cluster modes can produce orthorhom- onic ra ereasRnny coinciaes € expecte

IR . > )
bic distortions with potential minima for environments with Cr'-F dlstanc_e i _the NNN fluorlde_lons are displaced
four equidistant ligand ions in thé110) planes?® For this along the[111] direction until contact with the second shell

o . X , i
D,,,, symmetry, two possible defect models can now be pro-s'z cation. The geometrical configuration of this center tells

posed. The center consists of &Cion with four equidistant us that .by the effect of the JT dist_ortiqn the .fluo.ride cube
fluoride nuclei either in thé110) plane perpendicular to the distorts in such a way that four fluoride ions lying irn¥10

defectz axis as it has been proposed for GaEr (Ref. 12 plane relax inwards until they touch the smaller” Cion.

. ; ; ; The effect of the coupling to they mode is reflected in their
and Cdk:Cr (Ref. 19 or alternatively in the fluoridé110 o .
plane containing the defetaxis. small departure from the culp@l1] direction. The remaining

. 2 . _
The ESEEM results can only be interpreted when the gefour fluorides relax outwards from the central Ciion to

“ " . ¥
fect z axis is in the(110 plane of the NN fluoride nuclei as wards the “cage” produced by their nearest thre&'Sons.

has been previously established. Of course, with the shf pzip this case the departure from t_[1EL1] direction is minimal
rameters obtained from the ESEEM for the NN fluoride shelldue to the symmetry of the available space.

we predict from Eq(6) a cw-EPR shf structure with a split-
ting of 4\~131 MHz as observed. At this stage we believe
that this can also be the case for JT distorted"Gn CaF,
and Cdk. Unfortunately we did not detect ESE in GaF It has been proven that the formalism developed by Mims
presumably because of the short relaxation times and thi®r the ESEEM of ar5=1/2 system can be extended to any
hypothesis cannot be at present confirmed. S>1/2 systems when the excited EPR transitions do not

V. CONCLUSIONS
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@) ) for two- and three-pulse ESE decay to the casg>1/2 and
relatively large ZFS terms. We will prove that for excited
EPR transitions not sharing an electronic energy level the
problem is reduced to that of a two-level system and the ESE
decay is reproduced by the Mims equations.

Our task is to solve the dynamical E@) for the Hamil-
tonians given in Eqgs(4) and (8). For this purpose we will
transform the operators, Hy,, and#(t) in these equations
with the canonical transformations given by the so-called
“interaction representation.” Note that this is a different ap-
4 : : : proach to that used in conventional ESEEM theories where
1.8 2 22 24 26 . . . .

transformation to the rotating frame is used instead. In the
R RA interaction representation the transformed operators are de-
fined by

120 14

a (MHz)
b (MHz)

(©) @

12

p* (t)=e'Tolp(t)e ™Mot (A1)

HE (1) =e'MolH, (1) e Mot (A2)

a (MHz)
b (MHz)

The HamiltoniansH, and Hgpenye are invariable under
this transformation when thgj, representatiofkm) defined
in Sec. lll is adopted. The equation of motion that describes
the evolution of the system during the nutation period is in
this representation

24 26 28 3 32
R &)

FIG. 6. (a) and(c) are the isotropic shf contributions for the NN
and NNN fluoride nuclei, respectively, arid) and (d) the corre-
sponding anisotropic shf contributions calculated by the LCAO dp* (t
method as a function of the €r-F~ distance. Only the values for
the terms coming from the cubfﬁ'zg are represente(D, Ag; ¢, dt
B,g: and®, Bs,). The experimentad andb values with their errors
are shown by dotted lines.

) :i[P*(t)aHshf+nuc+Hi(t)]- (A3)

Now let us translate into this problem the arguments de-

veloped by Abragam when studying the broadening of EPR
share a common electronic spin energy level. Electron spitines by dipole-dipole interactiorfs.
echoes in thg+1)«<|—1) transition of Cf* in SrF, were When the perturbative Hamiltoniab(sps; n,ct H3 (t) is
observed at temperatures below 20 K. By means of orientaabsentdp* (t)/dt=0, i.e., the density matriy*(t) is inde-
tionally resolved ESEEM spectroscopy we have identifiedpendent with time. Then, if the perturbing Hamiltonian
the fundamental nuclear frequencies associated with the sh{ .+ H3 () is small(the microwave fields generated in
interaction of an Orthorhombica”y distorted 2¢rW|th its the pu|se Spectrometer are less than 1),m]ﬁ'e time evolu-
three neighboring fluoride shells. The analysis of these fretion of p*(t) is expected to be slow. Using as a state basis
guencies and of their angular dependence allowed us to dgnat of My, the matrix elements of EGA3) are
termine the shf tensors and from them, the geometrical
model for this non-Kramer§=2 ion. Since the defect is not
associated with any other impurities, the origin of the distor-
tion is the Jahn-Teller effect. i<km‘ dp* (1)

dt

In> =(km[[p* (t), Hsptrnud|IN)
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Those matrix elements aflp* (t)/dt that vary rapidly

with time are neglected. A%, c dOES NOt present any
time dependence, the only term to be discussed is that in-

In this appendix, we will extend the conventional theoryvolving H7 (t). We can develop the corresponding commu-
for the nuclear modulation of a8=1/2,1=1/2 spin system tator in Eq.(A4) and use the definitiofA2) to obtain

APPENDIX
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(kmi[p* (1), 15 (D][Iny=(km| p* ()5 (1)]In) = (km] 3 (1) p* (D) 1)
=2 (kmlp* ®lip)ip[H (O]In) =2 (ki (D]jp)(ple* (D]In)
=2 (kmlp* (t]jp)(jpleeHye M In)(e !+ e~ 3 (e e

x(km|e'"o'H e~ 1! jp)(jp|p* (1)[In). (A5)

As |km) are eigenstates @, with eigenenergie&, we can write

<km|[p*(t),H’{(t)]||n>=% (' et (kmlp* (1)[jp)(ip|HylIn)e!Ei~F"

=2 (e e BB kmiHyljp)(jplp* (D)]In). (A6)
p

It follows that the only relevant terms that do not present i S — i N —
any strong time dependence fdp*(t)/dt are those for p* (') =e Mt T (1) @l ontinuct T t)A7
which eitherE;—Ej~*w or E,—E;~*w. The other terms (A7)
with fast varying time exponentials should be small and they pye to the simple form ot the problem can be reduced
can be neglected when compared with those involved in thg, the subspace generated|lyn) and|gn). The analysis is
EPR transition. ThIS. holds when some of the state Pairgimplified assuming{sn:nuc<H, , i.€., the microwave field
{lip)lIn)} or {|km),|jp)} used to calculate thel; matrix  ;ypjitude is larger than the superhyperfist) splittings

element are in resonance with the microwave field. .. _,and the pulse excites all the branching of transitions between
If there are only two such resonant states or better if ad[am) and|An). Therefore during the nutation period
jacent transitions in the sense defined by Cofnal° are

not simultaneously excited, the problem |s_reduced to th{:\t of p*(t’)=e*”"1<"*‘>p*(t)e”‘,l("*‘) (A8)
a two-electron level system. For our experimental conditions
only transitions within up to 6 mT are in resonance andand during the free precession time the equation of motion

contribute to the ESEEM. (A3) with H7 (t)=0 is solved to give
In this study these are just the 1p) and|—1m) stateso . / _ ,
and B in the Mims notation. The only elements of p* (1) =e Hsnrenudt =8 p* (1) @ Hsnrenud" =8 (AQ)

(km|[p* (t),H5 (t)]]In) different from zero are those in

which [km) and/or|In) coincide with @ and/or 8. Then the The echo signal is given b(t) < Tr{p* (t) 13 (1)}. In the
matrix elementskmi[ p* (), (t)]/In) can be written as detection we only observe those terms which are time inde-

/ r s I dent in the interaction representation. Terms oscillating at
(km|[p*(t),H1]|In), where H; is a time-independent pen . | X .
Hamiltonian whose unigue elements different from zero arér_equenmesm and Zo*can b,e 'gﬁore‘?" Thus the echo signal is
(a|H1|By=M{(a|H4|B) with M the unitary matrix that re- given by E()<Tr{p* () H1}. p* (1) is calculated _by apply-
lates the nuclear eigenstates of thand 8 manifolds. In the ing Eqs.(A8) and(A9) to account for the successive nutation
notation adopted here the elemawit, .= (am|gn) in this and free rotation periods, starting from the thermal equilib-

n .

way we have obtained an effective Hamiltoni&ty,s nyc fium value
+H; over the two electronic manifolds involved in the EPR e Hip/kT
transition. pozm. (A10)

Equation(A3) can now be integrated because of the time
independence ofHgpeinuct+H; Obtaining as a solution for Applying at this point the formalism developed by Mims
p*(t) to the 2» and 3 sequences we straightforwardly obtain

E(7)=sin®(1—coM,)(|v|*+|u|*+|v|?|u|’[2 cosw,7+ 2 cosvB7— COSw , 7— COSW _ 7)), (A11)

E(7,T)=sin®;5in® ,sin® 5{|v|*+ [u|*+|v|?|u|*[ cosw,, 7+ COSW 7+ (1 — COSW 4 7) COSW . ( T+ T)

+(1—cosw,7)coswg(7+T)]}, (A12)
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with v andu the M elements as defined by Mims, allowed on the orientation considered the matrix element will be dif-
and forbidden transition amplitudes,the time interval be- ferent, making it necessary to modify the microwave pulse
tween the first and the second puls@sthe time interval power to maximize the ESE amplitude. The method we have
between the second and the third pulseg, and w; the  followed is of general applicability to any case where elec-
ENDOR splittings, o,=w,+wp, w_=|w,~wg and tronic transitions excited by the width pulse do not share an
0,=2(alH4B)It,i, tpyi being thei pulse width. Depending electronic level.
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