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Electron spin echoes have been obtained by two-pulse~p/2-t-p! and three-pulse~p/2-t-p/2-T-p/2! experi-
ments in theu11&↔u21& EPR resonance transitions of the Jahn-Teller orthorhombically distorted Cr21 in
SrF2:Cr. Particular emphasis is placed on the stimulated electron spin envelope modulation~ESEEM!. Since
this system has a spinS52 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 forS51/2 to more complex systems. Applying it to our results we have deter-
mined the superhyperfine~shf! interaction tensors of Cr21 with the nearest-neighboring~NN!, next-nearest-
neighboring~NNN!, and third-shell-neighboring fluoride ions, estimating the Cr21-F2 distances with the or-
thogonalized envelope function method. The defect model consists of four fluoride ions in theyz ~110! defect
plane which relax inwards to touch the Cr21 ion. The remaining four fluoride ions relax outwards to fit into the
next Sr21 ions cage.@S0163-1829~96!00441-9#

I. INTRODUCTION

Electron-spin-echo envelope modulation~ESEEM! spec-
troscopy is a powerful technique to determine the structure
of paramagnetic systems. It is a time-domain spectroscopy
that can supply information on the nature and spatial ar-
rangement of ligands providing they include some nuclei
with nuclear magnetic momenta. The interaction of the elec-
tron paramagnetic system with the surrounding nuclei, the
so-called superhyperfine~shf! interaction, can produce a time
modulation on the electron-spin-echo~ESE! decay envelope.
The frequency spectrum of this modulation can be associated
with the small shf splitting of the resonance lines.1–4

Seen from this aspect, ESEEM spectroscopy gives infor-
mation similar to that of electron-nuclear double resonance
~ENDOR!. However, in addition to being a time-domain
spectroscopy which provides a direct measure of the relevant
relaxation times, the intensity of the ESEEM does not de-
pend on any magnetic relaxation rate as ENDOR, thus mak-
ing it easier to detect in some cases. Furthermore ESEEM, at
difference with ENDOR, is sensitive to very small splittings
so that frequencies well below 1 MHz, the limit for conven-
tional ENDOR, can be easily measured by ESEEM. High
resolution in the frequency domain can also be achieved by
ESEEM when the decay is analyzed by backwards linear
prediction~BLP! methods.5

In the last few years, the technique has been extensively
applied to the study of the structure of molecules in orienta-
tionally disordered solids but less often to that of ions or
defects in ionic crystals.6 The lack of research into single
crystals can be explained by the difficulty in getting suitable
systems. In fact, the most interesting systems to study are
crystals having constituent ions with nonzero nuclear mo-
menta. Unfortunately dipolar magnetic interactions between
the paramagnetic electron and the matrix nuclear momenta
shorten the spin-relaxation times. Due to the dead time of the

ESE spectrometer in practice only systems with relaxation
times larger than.200 ns can be measured.1 Thus there is an
experimental limitation which does not allow the study of
many interesting systems by this technique.

Echoes in inhomogeneously broadened EPR lines can be
generated by the well-known two-pulse (2p) and three-pulse
(3p) sequences. The 2p decay is governed by the phase
memory relaxation timeTM whereas the spin-lattice relax-
ation timeT1 is the relevant time for 3p experiments. Since
for crystals the latter is usually 1 order of magnitude longer
than the former, 3p experiments are preferable in order to
study ESEEM of ions and defects in single crystals. More-
over the frequency spectrum of the 3p echo decay is simpler
than that of the 2p one.1

The fundamentals of the ESEEM phenomenon are well
known for the simplestS51/2, I51/2 system.1–7 ESEEM
has also been used to studyS51,8 S53/2 and 5/2~Refs. 9
and 10! systems with small zero-field splittings. In these
cases the problem has been reduced to that of a spin-doublet
leading to expressions for the echo intensity similar to these
of theS51/2 case. Less attention has been paid to the study
of S52 systems where recently only a few ENDOR or ES-
EEM studies have been made available.11 However, the ES-
EEM theoretical treatment has only been developed in the
case of very large zero-field-splitting~ZFS! terms and for the
EPR transitions within theu62& non-Kramers’ doublet.
Again within this approximation the problem is straightfor-
wardly reduced to that of a spin doublet that can be described
in terms of a simple fictitious spinS851/2 with a Hamil-
tonian

H54gibBzSz81DSx8 , ~1!

whereD is the doublet splitting atBz50 andz is determined
by the ZFS axial term. Unfortunately, if the ZFS terms are
not very large, strong mixing between the states takes place
and the treatment is, as we will see, more complex.
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Recently some cw-EPR studies on thed4 Cr21 ion in
fluorite crystals have been reported.12–15 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 Cr21 defect in
CaF2.

12 Using this technique we were able to determine the
defect model and the tensor of the shf interaction with the
two F2 surrounding nuclei for this defect.

Besides this perturbed Cr21 defect the published results
suggest that Cr21 ion when isolated enters the fluorite struc-
ture in a Jahn-Teller~JT! distorted orthorhombic site in
CaF2,

12 SrF2,
13 and CdF2,

14 and in a tetragonally distorted
site in BaF2 and SrCl2.

15 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 Eq.~1! to be
applicable. Strong state mixing complicates the theoretical
treatment of the spectra and computer diagonalization of the
spin Hamiltonians describing the spin system is necessary in
all these cases.

From cw-EPR measurements it is clear that Cr21 distorts
the fluoride coordination cube along aC2 symmetry axis to
produce the observed orthorhombic symmetry in CaF2, SrF2,
and CdF2. As discussed by Olieteet al.

12 such a distortion is
compatible with the JT effect. In fact coupling of the5T2g
electronic ground state of the metal ion to botheg and t2g
modes of theML8 ~Oh symmetry! cubic cluster can produce
orthorhombic distortions under certain conditions of qua-
dratic coupling16,17 and the minima correspond to environ-
ments with four equidistant fluoride ions in the~110! planes.

The study of the Cr21 conventional EPR spectra gave
valuable information aboutg and zero-field tensors and also
the defect symmetry but it has not been able to throw any
light on the positions of the distorted ligands. This informa-
tion is very important in understanding the nature of the
quite unusual orthorhombic JT systems. The reason for this
failure is that the shf structure with the surrounding fluoride
ions observed in some EPR resonance lines has not yet been
well interpreted. Although the shf structure of Cr21 in SrF2
and CdF2 has been eventually associated to a nearly isotropic
shf interaction with the four nearest-neighboring~NN! crys-
tallographycally equivalent fluoride ions,13,14 the interpreta-
tion does not seem very clear as fluoridep orbitals should
always give some anisotropic contribution to the shf interac-
tion.

To elucidate this important point we have measured and
interpreted the orientationally resolved ESEEM of Cr21 in
SrF2. The results reported in this work are an illustrative
example of a JT distorted ion studied by this technique. We
have measured the ESE decay for transitions within theu61&
doublet which are the most intense in this case. The theoreti-
cal treatment for the ESEEM departs from the one previously
used for otherS.1/2 ions. shf interaction up to the third-
neighbor shell has been resolved from the ESEEM experi-
ments. The shf tensor principal values were analyzed by a
linear combination of atomic orbitals~LCAO! method18 to
obtain the Cr21-F2 distances which has led us to propose a
sensible yet somewhat unexpected defect model.

II. EXPERIMENTAL DETAILS

Single crystals of SrF2:Cr used in the present work were
grown in our laboratory using a standard Bridgman method
in an argon atmosphere and carbon crucibles. The CrF3 con-
tent in the starting material was 0.5%. Samples were color-
less.

cw-EPR in both theX- andQ-band andX-band ESE ex-
periments were performed in a Bruker ESP380E spectrom-
eter. Low-temperature measurements were taken using an
Oxford CF 935 continuous-flow cryostat refrigerated with
liquid He. A TWT tube was used as microwave amplifier in
the ESE measurements. The width of thep/2 pulses was
adjusted to 16 ns and the echo decay was sampled with a
minimum time interval of 8 ns over 1024 point data. As
stated in the text different experimental parameters were
used in some cases. The intensity and phase of the micro-
wave pulses were optimized by maximizing the ESE ampli-
tude. Suitable phase cycling was performed to eliminate un-
wanted echoes.

The magnetic field values were determined with a NMR
gaussmeter and the diphenylpicrylhydrazyl~DPPH! signal
~g52.003760.0002! for theQ band and a Hewlett-Packard
microwave frequency counter 5350B for theX band was
used to measure the microwave frequency.

III. EXPERIMENTAL RESULTS AND INTERPRETATION

A. cw-EPR

X- andQ-band EPR measurements on SrF2:Cr crystals
were performed as a function of the angle between the crys-
tallographic axes and the external magnetic fieldB lying in
the ~110! and ~111! planes at temperatures in the 4–40 K
range. Figure 1 shows the orientational diagram for rotations
in the ~111! plane for 10 K at 9.7 GHz.

The angular dependence of the resonance line positions
and intensities can be described by the following approxi-
mate spin Hamiltonian~SH! corresponding to an ion with an
electronic spinS52 in an orthorhombic symmetry that we
ascribed to Cr21

FIG. 1. The angular dependence of the EPR line positions of
SrF2:Cr

21 for a ~111! plane measured at 10 K in theX band. The
experimental points correspond tos, u12&↔u22& and d,
u11&↔u21& transitions. Solid lines are the calculated line positions
using Eq.~2! and the parameter values given in Table I.
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with x5@1̄10#, y5@001#, andz5@110#.
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 dominant fine-structure term isD, which produces a
splitting of the fivefold degenerated state into a singletu0&
and two doubletsu61& and u62&. The transitions observed in
our experiments are theu12&↔u22& andu11&↔u21& for both
X andQ bands. Theu0&↔u61& transitions were not detected
because of experimental limitations in the magnetic field in-
tensity. The states are named with their high field label.

The parameters obtained from the fitting of the calculated
line positions using an exact diagonalization of the SH of Eq.
~2! ~given by solid lines in Fig. 1! to the experimental ones
both forX andQ band are given in Table I.

With this set of parameters an excellent agreement be-
tween the observed and calculated line positions and inten-
sities was obtained. The sign ofD was determined using the
temperature dependence of the line intensities, corresponding
to the u62& doublet as ground state. The intensity ratio be-
tween theu12&↔u22& and theu11&↔u21& transitions was
used to obtain theuau value. TheE value was determined
with much uncertainty because it could not be obtained in-
dependently of thea value. So depending on thea sign two
different E values that fit the experimental data were ob-
tained. The SH parameters that we have obtained are very
close to those recently given by Zaripovet al.13 for Jahn-
Teller distorted chromium ions in SrF2 ~see Table I!, so we
may assert that we are studying the same Cr21 defect.

In our case, the shf spectrum corresponding to the
u11&↔u21& transition is only clearly resolved in some direc-
tions, the resonance lines being in general broad and struc-
tureless. Instead, for theu12&↔u22& transition, the EPR lines
present a shf-resolved structure consisting of five lines with
an intensity ratio of 1:4:6:4:1 and an effective splitting of
about 131 MHz for all the magnetic field orientations where
they can be observed. A possible explanation is that a distri-
bution in ZFS parameters,D andE, has little influence on
the u62& electronic energy splitting. Consequently for an
S52 spin system theu12&↔u22& resonances are usually nar-
rower than others and the shf structure can be better resolved
in this case. The apparent isotropy of the shf structure leads
to Zaripovet al.13 to propose a shf interaction predominantly
isotropic with four equivalent fluoride nuclei. In the follow-
ing we will see if this interpretation is correct.

The shf structure caused by a shf interaction of the
3d Cr21 electrons with four fluoride nuclei can be explained
adding to the SH of Eq.~2! the following contribution:

Hshf1nuc5(
i51

4

$2gnbnI
iB1SAi I i%, ~3!

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

Hfp5H01Hshf1nuc. ~4!

The eigenstates and eigenvalues ofHshf1nuc are obtained
by applying perturbation methods up to first order using as
zero-order states the eigenstates ofH0. It comes out that the
experimental data from theu11&↔u21& transition are not
enough to determine the unknowns in Eq.~3!. On the other
hand, a nearly isotropic shf structure in theu12&↔u22& tran-
sition does not necessarily imply an isotropic shf interaction.
In fact, for transitions within theu62& non-Kramers doublet,
the line positions can be predicted in a good degree of ap-
proximation by assuming that^Sx&'^Sy&'0 and^Sz&'62
depending on the spin variety considered. Then Eq.~3! be-
comes

Hshf1nuc5(
i51

4

$2gnbn~BxI x
i 1ByI y

i 1BzI z
i !

1^Sz&~Azx
i I x

i 1Azy
i I y

i 1Azz
i I z

i !%, ~5!

with x, y, and z as the defect axes. The shf interaction is
assumed to be axial, withx8, y8, andz8 being the shf axes
and z8 along the Cr21-F2 bonding direction. For the rela-
tively low magnetic fields where theu12&↔u22& lines are
observed, the nuclear Zeeman contribution is negligible
when compared with the shf term, besides^Sz& is isotropic
for this transition and so the shf structure given by Eq.~5! is
nearly independent of the magnetic field orientation. This
explains the apparent isotropy of the shf interaction observed
for the u12&↔u22& transitions. The relationship between the
observed shf structure and the shf interaction parameters de-
pends on the defect model used. If thez axis is perpendicular
to the four-fluoride~110! plane, we can always choosex8iz
and soAzz5A' , Axz5Ayz50. Then the eigenvalues of Eq.
~5! are12 l56A' .

On the other hand, if thez axis is contained in the NN
fluoride ~110! plane then x8ix and Axz50,
Azz5~sinu!2A'1~cosu!2Ai and Ayz56sinu cosu(Ai2A'),
depending on the fluoride nucleus considered,u being the
angle betweenz8 shf axis and the@110# direction. The eigen-
values in this case are given by

l56$@~sinu!2A'1~cosu!2Ai#
2

1@cosu sinu~Ai2A'!#2%1/2. ~6!

So the defect model is far from being solved by conven-
tional EPR experiments.

TABLE I. Spin Hamiltonian parameters for Cr21 in SrF2. D, E, anda are given in cm21.

gx gy gz D E2
a

6 uau

This work 1.98~1! 1.99~1! 1.95~1! 22.78~3! 0.0255~3! 0.030~7!

Ref. 13 1.96~1! 1.98~1! 1.94~1! 22.791~3! 0.0283~2! 0.037
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B. ESEEM

Two and three pulse experiments were performed in theX
band in SrF2:Cr crystals by rotating the magnetic field in the
~110! and~111! planes at temperatures between 4 and 20 K.
Electron spin echoes were only detected for theu11&↔u21&
transition. Attempts to observe ESE in the in theu12&↔u22&
transition failed presumably because of experimental limita-
tions in the microwave power~see below!. Typical decay
times at 10 K were 0.5 to 1.2ms, depending on the crystal
orientation, forT1 and'150 ns forTM . As expected relax-
ation times shorten at higher temperatures and echoes are
difficult to observe at temperatures above 20 K.

In Fig. 2~a! we present the decay at 10 K of the echo
amplitude for a 3p experiment as a function of the timeT
between the second and the third pulse for the defect whose
z axis is parallel to the@101# direction, withB contained in a
~110! plane. The spin-echo decay is analyzed in the fre-
quency domain using either the usual method of the fast
fourier transform~FFT! or the alternative one of the back-
ward linear prediction.19,20 The frequency spectrum corre-
sponding to this decay is given in Fig. 2~b!.

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 theu62& states
can be approximately treated as a separated non-Kramers
doublet with the SH of Eq.~1!, the u61& states strongly mix
among them and with theu0& state, depending on the
magnetic-field orientation. As a consequence in this repre-
sentation the 535 SH cannot be separated into two 232 and
one 131 boxes. The electronic levels involved in the
u11&↔u21& EPR transition cannot be treated as anS851/2
system and consequently, Mims treatment is not directly ap-
plicable. Therefore we are currently looking for another
strategy.

In a pulse experiment we have to distinguish successive
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
of motion that predicts the evolution of the spin system un-
der the influence of a spin HamiltonianH(t), given in fre-
quency units, in the defect axes frame is21

dr~ t !

dt
5 i @r~ t !,H~ t !#, ~7!

wherer(t) is the density-matrix operator of the system and

H~ t !5Hfp1H1~ t !, ~8!

with Hfp , the Hamiltonian defined in Eq.~4!, and

H1~ t !52H1cosvt5H1~e
ivt1e2 ivt! ~9!

for the interaction with the microwave field.22 This last term
introduces a time dependence on the spin Hamiltonian dur-
ing the nutation periods which complicates the solution of
Eq. ~7!.

Let us first consider the problem of anS52 electron sys-
tem in interaction with anI51/2 nucleus. During the free
precession period, where the microwave field is switched off,
the Hamiltonian that determines the system evolution isHfp .
SinceHfp is time independent in the laboratory frame Eq.~7!
can be solved by an expression as

r~ t8!5e2 iHfp~ t82t !r~ t !eiHfp~ t82t !. ~10!

In the representation ofHfp the matrixe2 iHfp(t82t) is di-
agonal with elementse2 iEkm(t82t), Ekm being the eigenener-
gies ofHfp . SinceHshf1nuc!H0, the eigenstatesukm& in this
representation can be obtained up to a good approximation
degree by a first-order perturbation method over theH0
eigenstates. We defineEk ,Em and uk&,um& as theH0 and
Hshf1nuc eigenvalues and eigenstates, respectively, keeping
in mind that the nuclear eigenvaluesEm and eigenstatesum&
depend on the electronic spin variety labeled byk.

During the nutation period, when the microwave field is
switched on, the Hamiltonian to be considered isH(t). Now
Eq. ~7! cannot be easily integrated becauseH(t) depends
explicitly on time. In the standard ESEEM theory, when the
electronic Zeeman Hamiltonian term is the dominant one, the
solution of the dynamical equation is handled by restating
the problem in a frame of reference rotating at the micro-
wave frequency around the static magnetic field direction

FIG. 2. ~a! The ESE decay in a 3p experiment as a function of
the timeT between the second and the third pulses for thezi@101#
center when the magnetic field is applied 70° away from the@001#
direction in a~110! plane. The time origin has been displaced'300
ns to avoid uncompensated Mims echo contribution to the ESE
signal.~b! The peaks obtained in the frequency domain of the pre-
vious decay using the BLP analysis method.@For labeling see text
~Sec. III B!.#
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~laboratoryz axis!. In this frame the time dependence of the
microwave field is removed and the solution can be easily
found.

If ZFS terms are dominant, passing to the reference frame
of the microwave field places a time dependence onHfp
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
spin level, the problem can be redefined in terms of a spin
doublet leading to expressions for the primary and stimulated
ESEEM which are formally similar to those given by the
standard theory~see the Appendix A!.

For a 3p sequence the time dependence of the stimulated
echo intensity is given by Eq.~A12!. Since the Cr21 elec-
trons are coupled to four fluoride nuclei the expression to be
used is the one given by Dikanov,1

Emod~t,T!5
1

2 F)
i51

4

Eia~t,T!1)
i51

4

Eib~t,T!G , ~11!

where

Eia~t,T!512ki /2@12cos~v ibt!#$12cos@v ia~t1T!#%.
~12!

Eib(t,T) is obtained from Eq.~12! by permutinga andb.
ki54I iaI i f is the modulation depth parameter,I ia and I i f
being the intensities of the allowed and forbidden EPR lines,
respectively.

Herevia andvib stand for the fundamental frequencies
resulting from the interaction with thei nucleus in thea and
b manifolds and among these the EPR transition occurs.
These equations tell us that if there is a shf interaction with
more than one nucleus all the possible combinations between
shf frequencies belonging to the same electronic spin variety
can also contribute to the 3p ESEEM pattern.

Using Eqs.~11! and ~12!, three different sets of frequen-
cies have been identified corresponding to the interaction
with the four nearest-neighboring~NN!, the next-nearest-
neighboring~NNN!, and the third-shell neighboring fluoride
ions. Figure 3 shows the dependence of the ESEEM frequen-
cies on the orientation of the static magnetic fieldB for crys-
tal rotation around a@110# crystallographic direction corre-
sponding to the NN fluoride ions for the defect whosez axis
is perpendicular to the rotation plane. Only two frequencies,
va andvb , are observed for this defect. In some directions,
peaks corresponding to the 2va combination are also de-
tected. When the magnetic field is applied near the@1̄10#
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
defect model depicted in Fig. 4 and the Hamiltonian given in
Eq. ~4!. The shf axes chosen here arex8, y8, andz8 with x8
parallel to thex defect axis andz8 forming an angleu with
the @110# direction. In this model the four fluoride nuclei are
placed in the~1̄10! plane containing the defectz axis. The
model is in contrast to previous ones where the defectz axis

was assumed to be perpendicular to the plane of nearest fluo-
rides. ESEEM results univocally support this model. In fact
if the magnetic field rotates in the~110! plane and for the
defect whosez axis is parallel to@110#, the shf interaction
with the four fluoride nuclei is equivalent for all the direc-
tions contained in this plane. Due to this equivalency only
two frequencies are expected, one for each electronic spin
variety. If other defect configurations are considered, this
equivalency is not kept and more frequencies should be ob-
served. Figure 2~b! shows the ESEEM frequencies for a de-
fect whosez axis is parallel to the@101# direction, when the
magnetic field is applied at 70° from the@001# direction in
the~110! plane. In this case the fluoride nuclei are equivalent
in pairs and thus two different frequencies for each electronic
spin manifold are detected,va1, va2 for the a electronic
level andvb1, vb2 for the b electronic level. It can be also
seen that most of the allowed frequency combinations pre-
dicted by Eq. ~11! are detected too, for example
va65uva26va1u, vb65uvb26vb1u. Those combinations

FIG. 3. The angular dependence of the peaks obtained for a 3p
ESEEM experiment in a~110! plane for the defect whosez axis is
perpendicular to the plane, measured at 9.8 GHz and 10 K.va and
vb correspond to the shf splittings in the up- and down-spin variety.
The points correspond to the experimental frequencies and the lines
to the calculated ones using Eq.~31! and the parameter values given
in Table II.

FIG. 4. The model for Cr21 in SrF2. x,y,z are the defect axes
and x8,y8,z8 the shf interaction axes for the NN fluoride nuclei.
The NNN fluoride are also shown in the figure.
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which should appear at frequenciesvc above the Nyquist
frequency,vN ~62.5 MHz for 8 ns sampling!, are folded into
2vN2vc .

The vanishing echo modulation amplitude in the@1̄10#
direction can be explained in the frame of this model, since
in this case the eigenstates ofHshf1nuc corresponding to the
two electronic levels involved in the transition coincide, the
modulation depth parameterki goes to zero. For a model
with defectz axis perpendicular to the NN fluoride plane this
vanishing should not occur.

Once we have assigned all the peaks of the ESEEM fre-
quency spectra either to an ENDOR frequency or to an al-
lowed frequency combination we can fit the nuclear split-
tings calculated with the method outlined in Sec. III A to the
experimental ones. The best fitting parameters, given by the
principal values of the axial shf tensorAx8x85Ay8y85A' ,
and Az8z85Ai , together with u, the angle between the
Cr212F2 bonding direction and the@110# crystal direction,
are enumerated in Table II for the three studied coordination
shells. The isotropic and anisotropic shf contributions de-
fined asa5(1/3)(Ai12A') andb5(1/3)(Ai2A'), respec-
tively, are also given in Table II.

The solid lines in Fig. 3 correspond to the theoretical shf
splittings calculated with the Hamiltonian in Eq.~3! and the
shf parameter values corresponding to the four first-
neighboring fluoride ions. The relative intensities of the ex-
perimental ESEEM frequency spectrum are also approxi-
mately reproduced by the calculations.

For some orientations, apart from the lines associated to
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
prediction method for rotations in a~110! plane and for the
zi@011# defect. Two peaks can be clearly followed along all
the rotational diagram. One of them corresponds to the fluo-
rine Larmor frequency,vL , the other one at a higher fre-
quency, 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-
longing to the same spin variety are allowed so we can
univocally assign the shf splitting observed in the figure to
the lowest spin electronic level.

The peak frequencies and the angular dependence can be
interpreted as being due to the remaining four fluorides of
the cube placed in the plane perpendicular to thez axis of the
center~Fig. 4!. The dashed lines in Fig. 5 correspond to the
frequencies calculated with the parameters given for the sec-
ond coordination shell in Table II, the two lowest ones being

associated with the up electronic spin variety. In the experi-
mental spectra some peaks with a lower intensity are ob-
served in this region. Calculations predict such a low inten-
sity for these peaks. Although their angular dependence
qualitatively follows the prediction, they appear to be lower
than 0.5 MHz below the calculated lines. We have tried to
adjust both sets of lines to Eq.~3! but failed even using
orthorhombic shf interaction tensors. We do not know at this
stage where the origin for this small discrepancy lies.

Other peaks in the Larmor frequency region correspond to
the third-shell neighbors~the fluoride ions placed in the six
cubes adjacent to the Cr21 fluoride cube!. In fact, if we as-
sume that these nuclei are fixed in their undistorted lattice
sites and that the shf interaction is reduced to the dipolar
anisotropic contribution, we can calculate their shf parameter
values~see Table II!. In the Fig. 5 we have plotted the split-
tings ~solid lines! calculated with these parameter values,
with i ranging from 1 to 24, following as before a perturba-
tion method. Only those lines corresponding to the most in-
tense predicted peaks are represented.

IV. DISCUSSION

The determination of the shf tensors has been done from
the ESEEM detected on theu11&↔u21& transitions. Well-
resolved echoes are obtained when we perform either a well-
optimized 2p or 3p experiment on these transitions. In the
X- andQ-band cw-EPR spectrau12&↔u22& transitions are

TABLE II. Superhyperfine Hamiltonian parameters for the three neighboring fluoride shells for Cr21 in
SrF2, given in MHz.

Ai A' u ~deg! a b

Shell 1 14062 11761 3965 24.761.3 7.761
Shell 2 112.562.5 1260.5 35610 5.560.7 3.560.6
Shell 3 1.35 20.7 65 0 0.67

FIG. 5. The angular dependence of the shf frequencies~solid
circles! near to the Larmor peak~open circles! obtained in a 3p
experiment for thezi@011# defect at 7 K and 9.8 GHz by rotating
the magnetic field in a~110! plane. Dashed lines are the calculated
splittings for the NNN fluoride nuclei and solid lines for the third
shell neighbors with the values given in Table II.

12 104 54P. B. OLIETE, V. M. ORERA, AND P. J. ALONSO



also observed, but attempts to detect ESE on these transitions
failed. We interpret this failure as a consequence of the
poorly optimized magnetization rotation as is explained be-
low.

The fundamentals of the ESEEM phenomenon for an
S.1/2 system with ZFS terms are developed in the Appen-
dix. In particular in Eq.~A8! the effect of the exponential
operators can be understood to produce rotations of the angle

Q52u^auH1ub&utp ~13!

of the laboratoryz component of the magnetization around
the microwave magnetic field axis for an idealized square
pulse of intensityB1 and durationtp . The echo intensity
depends on this rotation angle, which also depends on the
amplitude of the microwave transition between the electronic
levels under consideration.

Using the eigenstates calculated from Eq.~2! we have
estimated the matrix elements in Eq.~13! for both
u11&↔u21& and u12&↔u22& transitions. Thus from opti-
mized 2p and 3p u11&↔u21& experiments we can predict
the best experimental conditions for ESE on theu12&↔u22&
transition. Since the transition amplitude for the latter is
much smaller than for the former by a factor of typically
6.631022 either the microwave power, the pulse width, or
both have to be increased. Limited microwave power from
the generator used makes it necessary to increase the pulse
width but since theu12&↔u22& EPR signal is broad~typi-
cally about 300 MHz! this results in an incomplete excitation
of the band, with the echo intensity decreasing when the
pulse width increases. Thus a compromise between pulse
intensity and width has to be found to obtain intense and
well-defined echoes. Because of these constraints we have
not been able to obtain an echo signal in theu12&↔u22&
transition.

Next we shall discuss the defect model. From cw-EPR
results we know the orthorhombic symmetry of the defect
and also that Cr21 has four crystallographycally equivalent
fluoride ions as nearest neighbors.

In principle, the orthorhombic symmetry is compatible
with a JT distortion of the Cr21 environment as was dis-
cussed in Ref. 12. So coupling of the metal5T2g ground state
with both eg and t2g cluster modes can produce orthorhom-
bic distortions with potential minima for environments with
four equidistant ligand ions in the~110! planes.23 For this
D2h symmetry, two possible defect models can now be pro-
posed. The center consists of a Cr21 ion with four equidistant
fluoride nuclei either in the~110! plane perpendicular to the
defectz axis as it has been proposed for CaF2:Cr ~Ref. 12!
and CdF2:Cr ~Ref. 14! or alternatively in the fluoride~110!
plane containing the defectz axis.

The ESEEM results can only be interpreted when the de-
fect z axis is in the~110! plane of the NN fluoride nuclei as
has been previously established. Of course, with the shf pa-
rameters obtained from the ESEEM for the NN fluoride shell
we predict from Eq.~6! a cw-EPR shf structure with a split-
ting of 4l'131 MHz as observed. At this stage we believe
that this can also be the case for JT distorted Cr21 in CaF2
and CdF2. Unfortunately we did not detect ESE in CaF2
presumably because of the short relaxation times and this
hypothesis cannot be at present confirmed.

Besides the geometrical information from the angular de-
pendence of the ESEEM, we have obtained the complete shf
tensor for the four NN fluoride nuclei. We have analyzed
these values using the orthogonalized envelope function
method.18Within this frame the isotropic shf interaction con-
stant is given by

a5
8p

3
gemBgnmn

1

2S
S i ucs

i u2, ~14!

wherecsi(Ri) is the i wave function of the LCAO involving
the metal terms and thes orbitals of the ligand. The group-
overlap integrals that contribute tocsi were calculated using
the Clementi-Roetti atomic wave functions,24 being depen-
dent on the metal-ligand distanceRi . For the anisotropic
contribution we have

b5gemBgnmn

1

4S
S iE @~3 cos2u21!/r 3#uc2p

i ~r !u2dt

1bdip , ~15!

wherec2pi(r ) is thei wave function of the LCAO involving
the metal terms and thep orbitals of the ligand andbdip
~MHz!514.1549gn/R ~Å!3 being the dipolar contribution. In
our analysis only the three terms coming from the cubic
ground state5T2g were studied. Mixtures with the terms
coming from the cubic5Eg and covalency effects were not
considered here. To obtain the wave function of each term
we followed a perturbative scheme fromOh to D4h and then
to D2h symmetry, the ground states beingAg , B2g, or B3g.

Using the proposed defect model and Eqs.~14! and ~15!
we have calculated thea andb shf values as a function of
the Cr21 to ligand distance,R, for the three orbitalsAg , B2g,
andB3g. Figure 6 shows the results of these calculations for
both NN and NNN fluoride ions and compares them with the
experimental values. The best fitting is obtained for a5Ag
ground term, withRNN'2.24 Å for the nearest neighbors and
RNNN'2.62 Å for the next-nearest neighbors. It is interesting
to note thatRNN coincides with the sum of the Cr21 and F2

ionic radii whereasRNNN coincides with the expected
Cr21-F2 distance if the NNN fluoride ions are displaced
along the@111# direction until contact with the second shell
Sr21 cation. The geometrical configuration of this center tells
us that by the effect of the JT distortion the fluoride cube
distorts in such a way that four fluoride ions lying in a~110!
plane relax inwards until they touch the smaller Cr21 ion.
The effect of the coupling to theeg mode is reflected in their
small departure from the cube@111# direction. The remaining
four fluorides relax outwards from the central Cr21 ion to-
wards the ‘‘cage’’ produced by their nearest three Sr21 ions.
In this case the departure from the@111# direction is minimal
due to the symmetry of the available space.

V. CONCLUSIONS

It has been proven that the formalism developed by Mims
for the ESEEM of anS51/2 system can be extended to any
S.1/2 systems when the excited EPR transitions do not
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share a common electronic spin energy level. Electron spin
echoes in theu11&↔u21& transition of Cr21 in SrF2 were
observed at temperatures below 20 K. By means of orienta-
tionally resolved ESEEM spectroscopy we have identified
the fundamental nuclear frequencies associated with the shf
interaction of an orthorhombically distorted Cr21 with its
three neighboring fluoride shells. The analysis of these fre-
quencies and of their angular dependence allowed us to de-
termine the shf tensors and from them, the geometrical
model for this non-KramersS52 ion. Since the defect is not
associated with any other impurities, the origin of the distor-
tion is the Jahn-Teller effect.
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APPENDIX

In this appendix, we will extend the conventional theory
for the nuclear modulation of anS51/2, I51/2 spin system

for two- and three-pulse ESE decay to the case ofS.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 Eq.~7! for the Hamil-
tonians given in Eqs.~4! and ~8!. For this purpose we will
transform the operatorsr, Hfp , andH(t) in these equations
with the canonical transformations given by the so-called
‘‘interaction representation.’’ Note that this is a different ap-
proach to that used in conventional ESEEM theories where
transformation to the rotating frame is used instead. In the
interaction representation the transformed operators are de-
fined by

r* ~ t !5eiH0tr~ t !e2 iH0t, ~A1!

H1* ~ t !5eiH0tH1~ t !e
2 iH0t. ~A2!

The HamiltoniansH0 andHshf1nuc are invariable under
this transformation when theHfp representationukm& defined
in Sec. III is adopted. The equation of motion that describes
the evolution of the system during the nutation period is in
this representation

dr* ~ t !

dt
5 i @r* ~ t !,Hshf1nuc1H1* ~ t !#. ~A3!

Now let us translate into this problem the arguments de-
veloped by Abragam when studying the broadening of EPR
lines by dipole-dipole interactions.25

When the perturbative HamiltonianHshf1nuc1H1* (t) is
absentdr* (t)/dt50, i.e., the density matrixr* (t) is inde-
pendent with time. Then, if the perturbing Hamiltonian
Hshf1nuc1H1* (t) is small~the microwave fields generated in
the pulse spectrometer are less than 1 mT!, the time evolu-
tion of r* (t) is expected to be slow. Using as a state basis
that ofHfp the matrix elements of Eq.~A3! are

2 i K kmUdr* ~ t !

dt U ln L 5^kmu@r* ~ t !,Hshf1nuc#u ln&

1^kmu@r* ~ t !,H1* ~ t !#u ln&.

~A4!

Those matrix elements ofdr* (t)/dt that vary rapidly
with time are neglected. AsHshf1nuc does not present any
time dependence, the only term to be discussed is that in-
volving H1* (t). We can develop the corresponding commu-
tator in Eq.~A4! and use the definition~A2! to obtain

FIG. 6. ~a! and~c! are the isotropic shf contributions for the NN
and NNN fluoride nuclei, respectively, and~b! and ~d! the corre-
sponding anisotropic shf contributions calculated by the LCAO
method as a function of the Cr21-F2 distance. Only the values for
the terms coming from the cubic5T2g are represented~s, Ag ; l,
B2g; andd, B3g!. The experimentala andb values with their errors
are shown by dotted lines.
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^kmu@r* ~ t !,H1* ~ t !#u ln&5^kmur* ~ t !H1* ~ t !u ln&2^kmuH1* ~ t !r* ~ t !u ln&

5(
jp

^kmur* ~ t !u jp&^ jpuH1* ~ t !u ln&2(
jp

^kmuH1* ~ t !u jp&^ jpur* ~ t !u ln&

5(
jp

^kmur* ~ t !u jp&^ jpueiH0tH1e
2 iH0tu ln&~eivt1e2 ivt!2(

jp
~eivt1e2 ivt!

3^kmueiH0tH1e
2 iH0tu jp&^ jpur* ~ t !u ln&. ~A5!

As ukm& are eigenstates ofH0 with eigenenergiesEk we can write

^kmu@r* ~ t !,H1* ~ t !#u ln&5(
jp

~eivt1e2 ivt!^kmur* ~ t !u jp&^ jpuH1u ln&ei ~Ej2El !t

2(
jp

~eivt1e2 ivt!ei ~Ek2Ej !t^kmuH1u jp&^ jpur* ~ t !u ln&. ~A6!

It follows that the only relevant terms that do not present
any strong time dependence fordr* (t)/dt are those for
which eitherEj2El'6v or Ek2Ej'6v. The other terms
with fast varying time exponentials should be small and they
can be neglected when compared with those involved in the
EPR transition. This holds when some of the state pairs
$u jp&,u ln&% or $ukm&,u jp&% used to calculate theH1 matrix
element are in resonance with the microwave field.

If there are only two such resonant states or better if ad-
jacent transitions in the sense defined by Cofinoet al.10 are
not simultaneously excited, the problem is reduced to that of
a two-electron level system. For our experimental conditions
only transitions within up to 6 mT are in resonance and
contribute to the ESEEM.

In this study these are just theu11p& andu21m& states,a
and b in the Mims notation.7 The only elements of
^kmu@r* (t),H1* (t)#u ln& different from zero are those in
which ukm& and/or uln& coincide witha and/orb. Then the
matrix elementŝ kmu@r* (t),H1* (t)#u ln& can be written as
^kmu@r* (t),H18#u ln&, where H18 is a time-independent
Hamiltonian whose unique elements different from zero are
^auH18ub&5M ^auH1ub& with M the unitary matrix that re-
lates the nuclear eigenstates of thea andb manifolds. In the
notation adopted here the elementMmn5^amubn&. In this
way we have obtained an effective HamiltonianHshf1nuc

1H18 over the two electronic manifolds involved in the EPR
transition.

Equation~A3! can now be integrated because of the time
independence ofHshf1nuc1H18 obtaining as a solution for
r* (t)

r* ~ t8!5e2 i ~Hshf1nuc1H1
8 !~ t82t !r* ~ t !ei ~Hshf1nuc1H1

8 !~ t82t !.
~A7!

Due to the simple form ofH18 the problem can be reduced
to the subspace generated byuam& andubn&. The analysis is
simplified assumingHshf1nuc!H18 , i.e., the microwave field
amplitude is larger than the superhyperfine~shf! splittings
and the pulse excites all the branching of transitions between
uam& and ubn&. Therefore during the nutation period

r* ~ t8!5e2 iH1
8 ~ t82t !r* ~ t !eiH1

8 ~ t82t ! ~A8!

and during the free precession time the equation of motion
~A3! with H1* (t)50 is solved to give

r* ~ t !5e2 iHshf1nuc~ t82t !r* ~ t !eiHshf1nuc~ t82t !. ~A9!

The echo signal is given byE(t)}Tr$r* (t)H1* (t)%. In the
detection we only observe those terms which are time inde-
pendent in the interaction representation. Terms oscillating at
frequenciesv and 2v can be ignored. Thus the echo signal is
given byE(t)}Tr$r* (t)H18%. r* (t) is calculated by apply-
ing Eqs.~A8! and~A9! to account for the successive nutation
and free rotation periods, starting from the thermal equilib-
rium value

r05
e2Hfp /kT

tr$e2Hfp /kT%
. ~A10!

Applying at this point the formalism developed by Mims7

to the 2p and 3p sequences we straightforwardly obtain

E~t!5sinQ1~12cosQ2!~ uvu41uuu41uvu2uuu2@2 cosvat12 cosvbt2cosv1t2cosv2t#!, ~A11!

E~t,T!5sinQ1sinQ2sinQ3$uvu41uuu41uvu2uuu2@cosvat1cosvbt1~12cosvbt!cosva~t1T!

1~12cosvat!cosvb~t1T!#%, ~A12!
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with v andu theM elements as defined by Mims, allowed
and forbidden transition amplitudes,t the time interval be-
tween the first and the second pulses,T the time interval
between the second and the third pulses,va and vb the
ENDOR splittings, v15va1vb , v25uva2vbu and
Qi52u^auH1ub&utpi , tpi being thei pulse width. Depending

on the orientation considered the matrix element will be dif-
ferent, making it necessary to modify the microwave pulse
power to maximize the ESE amplitude. The method we have
followed is of general applicability to any case where elec-
tronic transitions excited by the width pulse do not share an
electronic level.
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