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Chromium-doped Cs2NaAlF6 and Cs2NaGaF6 crystals have been investigated by using the techniques of
electron paramagnetic resonance(EPR) and electron nuclear double resonance(ENDOR) at X-bands9.5 GHzd
and Q-band s34 GHzd frequencies. In both crystals, which have the hexagonal elpasolite structure, two in-
equivalent Cr3+ centers are detected. From the angular dependence of the ENDOR spectra for the central53Cr
nucleus and the nearest shells of19F and23Na nuclei, the crystallographic sites at which the paramagnetic Cr3+

ions are incorporated in these crystals have been unambiguously determined for each type of center. The results
of the EPR and ENDOR investigation are discussed in the context of their correlation with optical and
crystallographic data for these crystals and give considerable information about local distortions around the
paramagnetic impurity ions.
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INTRODUCTION

In the past few years there has been considerable progress
in developing various semiconductor diode lasers covering
the spectral range from infrared to ultraviolet. Such lasers
gradually replace other laser sources, in particular optically
pumped solid-state lasers, in different fields of applications.
However, at present semiconductor lasers are not able to
compete with optically pumped solid-state lasers in the fields
where laser sources with a high pulse repetition rate, ul-
trashort pulse duration and high peak intensity are required.1

In this context, there is a certain success in developing com-
pact diode-pumped femtosecond solid-state lasers based on
fluoride crystals, having the colquiriite structure, doped with
Cr3+, in particular Cr3+:LiSrAlF6.

2,3 This stimulates develop-
ing new Cr3+ laser materials based on glasses, oxide and
fluoride crystals having broader wavelength coverage,
greater storage capacity, better quantum yield, higher stimu-
lated cross section, and less excited-state absorption than
Cr3+:LiSrAlF6.

4–6 Moreover, due to its specific energetic
structure, Cr3+ is a very effective spectroscopic probe which
allows determining dynamic and static properties of crystal-
lographic sites for active ions in different hosts.7–9

From the viewpoint of basic research and prospects for
applications, hexagonal elpasolites doped with Cr3+ are more
attractive objects than some well studied cubic elpasolites,
e.g., Cr3+:K2NaScF6 (Ref. 10) and Cr3+:Cs2NaScCl6.

8 Con-
siderable experimental efforts have recently been paid for
investigating hexagonal Cr3+-doped Cs2NaAlF6 and
Cs2NaGaF6 crystals with optical absorption and fluorescence
spectroscopy,11–13 x-ray and neutron diffraction,14,15 Raman
spectroscopy,14,15 luminescent quantum efficiency meas-
urements,16 and electron paramagnetic resonance(EPR).17,18

In the hexagonal elpasolite lattice there are two inequiva-
lent crystallographic sites for trivalent ionsM3+,19 as indi-
cated in Fig. 1. Both sites have a sixfold nearly regular oc-

tahedral fluorine coordination, slightly distorted toD3d
symmetry along thec axis of the crystal, but differ consid-
erably with respect to their nearest cation environment. For
one of the sites, which is labeled asM1,19 the MF6 octahe-
dron is connected to six NaF6 octahedra via common cor-
ners, whereas the other,M2, is connected to only two NaF6
polyhedra along thec axis through common faces. The po-
sition also has a sixfold fluorine coordination, but has local
C3v symmetry. The two inequivalent Cs+ positions are
twelvefold coordinated and also have localC3v symmetry.

Using optical11,12 and EPR spectroscopy,17,18 it has been
established that there are two inequivalent Cr3+ centers in
Cr3+:Cs2NaAlF6 and Cr3+:Cs2NaGaF6 crystals, which has
been attributed to Cr3+ ions substituting at the two inequiva-
lent M3+ sites. Following the EPR results, each of these axi-
ally symmetric Cr3+ centers has been assigned to a particular
crystallographic site considering the magnitude of its zero
field splitting sS=3/2d.17,18 Indeed, one can expect from the
crystallographic data14,15 that the axial component of the
crystal field at siteM1 is smaller than at siteM2. In both
hosts the EPR zero field splitting for one of the Cr3+ centers,
denoted asC1, is considerably smaller than that for the other,
C2, so it seemed reasonable to identify the former as Cr3+ at
site M1 and the latter as Cr3+ at siteM2.17,18 Furthermore,
53Cr electron nuclear double resonance(ENDOR) measure-
ments on Cr3+:Cs2NaGaF6 powders have revealed that the
zero field splitting parameterssDd for the two centers have
opposite signs.18 However, the EPR results do not exclude
the possibility of Cr3+ substitution on the monovalent cation
sites, which would also give rise to centers with axial
symmetry. Except for cases where superhyperfinesshfd struc-
ture is resolved, EPR fails to make the distinction between
centrosymmetric(M3+ positions with D3d symmetry) and
noncentrosymmetric complexes(Cs+ and Na+ positions with
C3v symmetry).20,21 Moreover, if local lattice distortions due
to the substitution need to be considered, it is nota priori
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obvious that the EPR argument for the Cr3+ center assigna-
tions still holds.

The Cr3+ center assignations from optical spectroscopy
are primarily based on measurements of the fluorescence
lifetime, which is expected to decrease if the deviation from
cubic symmetry becomes larger. Therefore, in both crystals
the center with the longer lifetime has been identified as
Cr3+ at site M1 where the octahedral symmetry is
less distorted.11,12 The splitting of the zero phonon line
in the low-temperature Cr3+ luminescence spectrum
(2E→4A2 transition) in Cr3+:Cs2NaGaF6 only observed for
the center with the shortest fluorescence lifetime, has been
considered as an additional argument to identify this center
as Cr3+ at M2, the site with the larger axial distortion.12

However, it should be noted that group theory does not pre-
dict anE level splitting when symmetry changes fromOh to
D3d or C3v. Of course, the observed splitting may result from
spin orbit coupling and/or Jahn-Teller effects, but then there
are no arguments why it would be observed for only one of
the Cr3+ centers. Indeed, in Cr3+:Cs2NaAlF6 both centers
exhibit a nearly identical splitting of the zero phonon lines,11

while their D parameters are significantly larger, but still
comparable in magnitude to those of the corresponding cen-
ters in Cr3+:Cs2NaGaF6.

18 An identification solely based on
fluorescence lifetime also ignores possible lattice distortions
due to the Cr3+ incorporation.

In this work, a direct site identification of the Cr3+ centers
in Cr3+:Cs2NaAlF6 and Cr3+:Cs2NaGaF6 is achieved by ob-
serving the interactions of neighboring nuclei(all nuclei in
the crystals have nuclear spin) with the paramagnetic elec-
trons of Cr3+ using ENDOR. The analysis of the interactions
with the first 19F and nearest23Na shells provide sufficient
information for an unambiguous site identification. The re-
sults confirm the earlier assignations from EPR
measurements.17,18 The (super)hyperfine and quadrupole pa-
rameters determined for the aforementioned nuclei, and for
the central53Cr nucleus, are correlated with the crystallo-
graphic data14,15 for the twoM3+ sites in the hexagonal elpa-
solite lattices. A tentative correlation between the EPR and
optical spectroscopy data is given as well.

EXPERIMENTAL DETAILS

The Cs2NaAlF6 and Cs2NaGaF6 crystals investigated in
this study were hydrothermally grown11,12 and doped with
approximately 0.1 at. % Cr3+. EPR and ENDOR spectra were
recorded atX bands9.56 GHzd on a Bruker ESP300E spec-
trometer with a ESP353 ENDOR-Triple extension, equipped
with an Oxford ESR910 flow cryostats2–300 Kd and atQ
band s34.0 GHzd on a Bruker Elexsys E500 spectrometer
equipped with an Oxford CF935 cryostats4.2–300 Kd.

Crystals of about 33331 mm3 with natural faces were
selected forX-band experiments. The crystals were oriented
in the cavity by inspection of their EPR spectra. TheX-band
setup allows rotation of the crystal around one axis and tilt-
ing of this axis over a limited angular range. In this way, the
crystals can be oriented to theirc axis with an accuracy
estimated at 0.25°. For recording the angular dependences of
the X-band spectra, the samples were oriented with theirc
axis along the static magnetic fieldsa=0°d, and then rotated
with 5° intervals to an arbitrary direction in theab plane
sa=90°d. The samples used forQ-band measurements
s13133 mm3d were cut from orientedX-band samples.
The Q-band setup does not allow any tilting of the rotation
axis. As a result the crystals cannot be accurately oriented to
their c axis. Angular dependences of the spectra were taken
starting from the orientation closest to thec axis, and rotating
the crystal with 5° intervals over 90°(arbitrary direction in
the ab plane) or 180° (magnetic field approximately parallel
with the −c axis).

EPR spectra were recorded, modulating the static mag-
netic field at 12.5 kHz(X band) and 87.5 kHz(Q band) with
an amplitude of 0.05–0.10 mT. The ENDOR spectra were
recorded modulating the rf frequency at 12.5 kHz with a
depth of 20–100 kHz. Some spectra were recorded modulat-
ing the amplitude of the rf field, resulting in nonderivative
spectra.

EXPERIMENTAL RESULTS

EPR results

For the two crystals, EPR spectra were taken atX- and
Q-band microwave frequencies at room temperature
s<300 Kd and 20 K. In Fig. 2, theX-band spectra at 20 K
for the Cs2NaGaF6 crystal with the magnetic field parallel

FIG. 1. Unit cell of the hexagonal elpasolite crystals Cs2NaMF6.
The two inequivalent Cs+ (Cs1, Cs2), the Na+ (Na) and the two
inequivalentM3+ (M1, M2) positions in the lattice are indicated.
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and perpendicular to thec axis are shown and the transitions
assigned to the centersC1 andC2 are indicated. Apart from
these, a large number of lines centered aroundg<2 appear,
which can be clearly distinguished from the Cr3+ transitions
due to their smaller linewidth. These are attributed to an Fe3+

contamination of the crystals and will not be further analyzed
here. The parametersgi, g', andD for the centersC1 andC2
were determined by least squares fitting the resonance mag-
netic field positions calculated by diagonalization of the axial
spin Hamiltonian22

ĤS= mBsgiBzŜz + g'BxŜxd +
D

3
s3Ŝz

2-Ŝ2d s1d

sS=3/2d to the transition fields observed in theseX-band
spectra. In Eq.(1), mB represents the Bohr magneton. The
resulting values for the two crystals at the mentioned tem-
peratures are collected in Table I. As an example for the
quality of the fit, the angular variations of theX- andQ-band
spectra for Cr3+:Cs2NaAlF6 at room temperature are pre-
sented in Fig. 3, along with simulations using the best fit
parameters.

Inspection of the results in Table I shows that for all cen-
ters theg tensors are nearly isotropic and nearly independent
of temperature. The principal values are chosen to be posi-
tive, in accordance with the perturbation theory results for
these ions.22 As previously reported for Cr3+:Cs2NaGaF6
powders,18 the temperature dependence of the zero field
splitting parameter is significant. For the centers in
Cs2NaAlF6, it is less pronounced than in the other crystal,
though. The choice for the signs will be substantiated below.

It should further be noted that our EPR results agree within
experimental accuracy with those earlier reported.17,18

For both centers in both crystals, the zero field splitting of
the ground-state multiplets2Dd is slightly larger than the
X-band microwave quantum. As a result, for arbitrary mag-
netic field orientations, only a limited number of EPR tran-
sitions can be observed, whose transition probabilities are
strongly angular dependent. AtQ-band frequencies, 2D is
appreciably smaller than the microwave quantum. For all
magnetic field orientations, three “allowed”sDMS=1d tran-
sitions with high intensity can be detected, although their
transition field may be situated above the limits of the ex-
perimental setup[Fig. 3(b)]. In addition, several “forbidden”
transitions sDMS=2,3d are observed in the low magnetic
field range with lower intensity(transition probability).
Moreover, the signal to noise ratio of the Cr3+ spectra is
much higher atQ than atX band. It further turns out that the
intensity of the ENDOR spectra is also much higher atQ
band. As a result, except for the first shell19F interaction for
C2 where the ENDOR transitions could be followed
throughout the complete angular range atX band, angular
variations of the ENDOR spectra could only be recorded at
Q band. In view of the higher accuracy in orienting the crys-
tals, where possible the spin Hamiltonian parameters have
been extracted fromX-band ENDOR spectra.

ENDOR results

All X- and Q-band ENDOR spectra were recorded at
20 K. In Fig. 4 the Q-band ENDOR spectra of
Cr3+:Cs2NaGaF6, recorded with the magnetic field perpen-
dicular to thec axis at the central “allowed” EPR transition
of the centersC1 andC2 are shown. As indicated, for each
center transitions due to the central53Cr (I =3/2, 9.5% natu-

FIG. 2. Single crystalX-band (9.56 GHz) EPR spectrum of
Cr3+-doped Cs2NaGaF6, recorded at 20 K with the magnetic field
parallel (upper trace) and perpendicular(lower trace) to thec axis.
Transitions due to the two Cr3+ centers in these crystals are marked
C1 or C2, the transitions due to the Fe3+ impurity in the crystals are
indicated as well.

TABLE I. EPR spin Hamiltonian parameters for Cr3+ centers in
Cs2NaAlF6 and Cs2NaGaF6. Experimental errors are indicated as a
subscript.D values are given in MHz. Signs between brackets in-
dicate that only absolute values were determined. The temperatures
(in K), to which the parameters refer, are stated between brackets.

Cs2NaAlF6 Cs2NaGaF6
C1 C2 C1 C2

gis20d 1.97355 1.97305
1.97405 1.97285
1.9733

b 1.9733
b

g's20d 1.97385 1.97485
1.97365 1.97515
1.9733

b 1.9733
b

gis300d
1.97315 1.97435 1.97225 1.97195
1.97a 1.97a 1.9733

b 1.9733
b

g's300d
1.97375 1.97445 1.97285 1.97475
1.97a 1.97a 1.9733

b 1.9733
b

Ds20d −765310 1172610
−626712 1068312

−627060
b 1068060

b

Ds300d
−776610 1178610 −647212 1087112

s−d7650a s+d11760a −649560
b 1089060

b

aFarginet al., Ref. 17.
bVrielinck et al., Ref. 18.
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ral abundance) nucleus and several neighboring shells of19F
sI =1/2d, 23Na sI =3/2d, and 133Cs sI =7/2d nuclei, are ob-
served. The assignations to various types of nuclei were
made using the magnetic field shift method.23 The spin
Hamiltonian parameters for one particular nucleus were de-
termined by least squares fitting the transition frequencies
calculated by diagonalization of the spin Hamiltonian

ĤS= mBsgiBzŜz + g'BxŜxd +
D

3
s3Ŝz

2 − Ŝ2d + SŴ ·AJ · IŴ

− gNmNBW · IŴ + IŴ ·QJ · IŴ s2d

to the experimental frequencies, using the EPR data in Table
I and the knowngN value for each nucleus.24 In addition to
the terms in Eq.(1), spin Hamiltonian(2) includes the(su-
per)hyperfine[(s)hf] interaction, the nuclear Zeeman interac-
tion (mN: nuclear magneton) and the quadrupole interaction,
which only has a nonzero contribution ifI .1/2. The best fit
interaction parameters are shown in Table II.

As will be substantiated below, the analysis of the inter-
action with the first19F shell and with the nearest23Na shell
allows to identify the position of the Cr3+ ion for the two
centers in an unambiguous way. The53Cr hf interaction, on
the other hand, enabled us to determine the sign of the zero
field splitting parameter and the shf interaction parameters.
The interactions with the133Cs nuclei do not supply addi-
tional information necessary for the site assignations. As
these spectra were only poorly resolved, they have not been
further analyzed.

53Cr hyperfine interaction

53Cr has nuclear spin 3/2. At each EPR transition, two
triplets of lines, corresponding to the ENDOR transitions
within the two MS multiplets should thus be observed, as
shown in Fig. 4. Due to the low natural abundance of this
isotope(9.5%), which is also partly responsible for the low
intensity of the ENDOR transitions, and to the relatively
large width of individual EPR lines, this interaction is not
resolved in the EPR spectra.

FIG. 3. Angular dependence of(a) the X-band(9.56 GHz) and
(b) the Q-band(34.00 GHz) EPR spectrum of Cs2NaAlF6:Cr3+, re-
corded at room temperature. Filled circles represent experimental
data points. The simulated angular dependences, using the data in
Table I, are represented by the full(C1) and dashed(C2) lines. 0°
refers to thec axis and 90° to an arbitrary direction in theab plane.
The experimental magnetic field limit of the setup is indicated with
a dotted line. In theQ-band angular dependence(hnMW.2D) the

“allowed” (corresponding toDMS=1 atBW ic) and “forbidden” tran-
sitions are markeda and f, respectively.

FIG. 4. Q-bands34.00 GHzd ENDOR spectra, recorded at 20 K withBW 'c at (a) B=1182 mT(C1) and(b) 1107 mT(C2). Transitions
assigned to the nearest133Cs,23Na shells and the second(and further) 19F shells are close to the Larmor frequencies of the respective nuclei,
indicated with straight arrows. Transitions due to the interaction with the central53Cr nucleus and to the first19F shell are also indicated
(dotted lines).
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In Fig. 5 the angular dependence of the53Cr ENDOR
transitions, recorded atQ band by saturating the EPR transi-
tion corresponding toMS:1 /2↔−1/2 for BW ic, is shown for
the two centers in the two crystals. The best fit hf and quad-
rupole parameters for this interaction, determined from the
X-band spectra withBW ic andBW 'c, are listed in Table II. The
agreement of the calculated angular dependence with the ex-
perimental results atQ band demonstrates the consistency of
the analysis.

Considering the spin Hamiltonian parameters in Table II,
for both centers in both crystals, the hf tensor is nearly iso-
tropic, although the ENDOR transition frequencies strongly
depend on the magnetic field orientation. This is primarily
due to the large zero field splitting, as a result of which the

variousMS states are strongly mixed forBW i\c and the satu-
rated EPR transition shows a pronounced angular depen-
dence[see Fig. 3(b)]. In various environments, the hf tensor
for Cr3+ centers has been found to be dominated by the core
polarization contribution, leading to principal values of ap-
proximately +50 MHz(Refs. 25–27) sgN=−0.3147d. In view
of these results, it may safely be assumed that the hf values
in Table I are positive. The signs of the quadrupole values
have been determined relative to that of the second order hf
contributions,Aiso

2 /hnMWd to the triplet splitting of the53Cr
transitions corresponding to eachMS multiplet27 and have

been checked by ENDOR-induced EPR measurements.
The knowledge of the sign for the hf interaction allows us

to determine the signs of the zero field splitting parameters,
by recording the spectra at different EPR transitions.
Previously,18 we have already used this procedure to deter-
mine the signs ofD for the two centers in Cs2NaGaF6 from
Q-band powder ENDOR spectra. Figure 6 shows the high
frequency part of theQ-band spectra with the magnetic field
approximately parallel to thec axis for C1 and C2 in
Cs2NaAlF6 recorded at theuMSu=3/2↔ uMS8u=1/2 transition
at low field. The first order perturbation expression for the
transition field at which these spectra are recorded, is given
by23

B =
hnMW − DsMS+ MS8d/2

gimB
, s3d

whereas the first order expression for the ENDOR frequency
of the allowedMI ↔MI8 transition (DMI =1) within the MS
multiplet is given by

hn = uAiMS− gNmNB + 3QisMI + MI8du

=
3

2
Ai 7 gNmNB ± 3QisMI + MI8d s4d

as the high frequency resonances correspond to transitions
within the MS= ±3/2 multiplet. Because the hf values are
positive, thegN factor is negative and 3Q,gNmNB, for a
positiveD the transition frequencies all lie above3

2Ai, as is
observed forC2 [Fig. 6(c)], and they all lie below this value
for a negativeD, as forC1 [Fig. 6(b)]. The sign of all shf
interaction parameters can be determined in a similar way,
now knowing the sign ofD for each center.

19F interaction
19F has nuclear spin 1/2, so two ENDOR transitions are

expected for each set of equivalent nuclei(one transition
within each of theMS multiplets between which the EPR
transition is saturated). The angular dependences of the spec-
tra were recorded by saturating the EPR transition corre-

sponding toMS:1 /2↔−1/2 forBW ic. In theQ-band ENDOR
spectra, a large number of transitions are observed, which
remain close to the19F larmor frequency(indicated in Fig. 4)
for all magnetic field orientations. These are due to interac-
tions of the unpaired electrons with remote19F nuclei (sec-
ond and further shells). As these transitions were only poorly
resolved, no attempt was made to analyze them.

Apart from these, in theQ-band ENDOR spectra for an
arbitrary magnetic field orientation, six transitions occur at
frequencies more deviant from the Larmor frequency, and
show a pronounced angular dependence. These are assigned
to the interaction with the nearest19F nuclei, which appar-
ently belong to three magnetically inequivalent sets. Their
complete angular dependence(180° interval) for theC1 cen-
ters in both crystals are shown in Figs. 7(a) and 7(c), along
with simulations using the spin Hamiltonian values in Table
II, assuming that the three inequivalent sets of nuclei belong
to the same shell. This implies that these sets(and their shf
tensors) are transformed into one another by rotations over

TABLE II. shf and quadrupole principal values(in MHz) and
declination angles(in degrees) for the interactions of the unpaired
electrons with the central53Cr and the nearest19F and23Na neigh-
boring shells of nuclei for theC1 andC2 centers in Cs2NaAlF6 and
Cs2NaGaF6. The principal directions corresponding toAx or Qx are
perpendicular to the center’s symmetry plane containing the inter-
acting nucleus and the central Cr3+ ion anduA/Q is the angle be-
tween the principalAz/Qz direction and thec axis. Signs between
brackets could not be experimentally determined. All parameters
are determined at 20 K. Errors are indicated as a subscript.

Cs2NaAlF6 Cs2NaGaF6
C1 C2 C1 C2

53Cr

A' 53.534 51.854 53.564 51.992
Ai 52.814 53.154 52.994 53.134
Q' 0.07515 −0.13515 0.06015 −0.1155
Qi −0.153 0.273 −0.123 0.231

19F

Ax 7.3540 12.066 6.5640 12.054
Ay 8.0020 10.8211 7.9420 11.038
Az −28.5340 −27.727 −27.9640 −27.754
uA 56.15 51.13 55.85 50.92

23Na

Ax −0.53 −0.801 −0.50 −0.871
Ay −0.53 −0.801 −0.50 −0.871
Az 0.20 1.441 0.00 1.421
uA 60 0 52 0

Qx s−d0.03 s−d0.0195 s−d0.0062
Qy s−d0.03 s−d0.0195 s−d0.0062
Qz s+d0.06 s+d0.0387 s+d0.0123
uQ 20 0 0
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±120° around thec axis. For BW ic all nuclei in this shell
become magnetically equivalent and the transitions for the
three sets should coincide. As theQ-band samples could not
be accurately oriented to theirc axis, this coincidence does
not actually occur in Figs. 7(a) and 7(c). From the angular
dependence of the EPR transitions, the mistilt of thec axis
could be determined and was taken into account in the simu-
lation and fitting procedures.

For the C2 centers in both crystals, the angular depen-
dence of the spectra corresponding to this interaction could
also be recorded at theX band. The saturated EPR transition

also corresponds toMS:1 /2↔−1/2 for BW ic, but for arbi-
trary magnetic field orientations only three ENDOR transi-
tions, corresponding to the lowerMS multiplet (21/2 for

BW ic), are observed. Recording the angular dependence in a
90° interval atX andQ band proved sufficient to determine
the corresponding shf tensors with high accuracy. In Figs.
7(b) and 7(d) the experimental and simulated(shf parameters
in Table II) X-band angular variations for the two crystals are
shown. The angular pattern can again be perfectly repro-
duced assuming that the three sets belong to the same shell

of neighboring nuclei, and at 0°(BW ic) the three
ENDOR transitions practically coincide, showing that the
crystals could be oriented to theirc axis very accurately.

Figure 8 shows the local environment for the five in-
equivalent cation positions in hexagonal elpasolite crystals.
For the two Cs+ positions, the nearest F− ions belong to three
shells, one containing six and two containing three magneti-
cally inequivalent nuclei, for the Na+ postion, the nearest
fluorine ions belong to two inequivalent shells of three ions,

and for the twoM3+ positions all six nearby anions belong to
the same shell and are pairwise magnetically equivalent, due
to the inversion symmetry of these sites. The fact that only
one nearby anion shell is observed, already seems to prove
the Cr3+ substitution on the tervalent cation sites. Nonethe-
less, the19F ENDOR results are in principle consistent with
substitution on the monovalent cation sites as well, because
for each of these sites, the nearest F− shell consists of three
(magnetically inequivalent) ions. Providing unambiguous
proof for the substitution at theM3+ sites thus implies deter-
mining the total number of interacting nuclei in the first
shell, which cannot be done from the ENDOR data alone.
However, by simulating the shf structure in the EPR spectra,
observed for some magnetic field orientations(see Fig. 9),
this missing information can be inferred.

In Fig. 7(a), one observes that for theC1 center in the
30° –60° angular range the interaction with one of the19F
sets is much larger than that with the other two, and one may
expect it to be resolved in theQ-band EPR spectra. This shf
structure, shown in Fig. 9(a), is clearly seen to exhibit a 1:2:1
intensity ratio, indicative of an interaction with two equiva-
lent nuclei. This means the first shell consists of six rather
than three ions, so theC1 center has localD3d symmetry and
Cr3+ is substituted on an M3+ position. The shf structure
simulation including all six nuclei in the first shell, shown in
the lower trace of Fig. 9(a) reproduces the experimental EPR
spectrum fairly well. For theC2 center, theX-band EPR

spectrum withBW 'c exhibits a partially resolved, more com-
plex shf structure, which can again be fairly well reproduced
assuming an interaction with six pairwise equivalent nuclei,
as can be seen in Fig. 9(b). So also forC2, the Cr3+ ion is

FIG. 5. Angular variation of theQ-band53Cr ENDOR spectra, recorded at 20 K, for(a) C1 and(b) C2 in Cs2NaAlF6 and for(c) C1 and
(d) C2 in Cs2NaGaF6. Filled circles represent experimental data points and the full lines are calculated angular dependences using theA and
Q values in Table III. At 0°, the magnetic field is approximately parallel to thec axis and 90° corresponds to an arbitrary direction in theab
plane.
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incorporated at a site withD3d symmetry, thus anM3+ site.
The shf EPR results are only shown for the Cs2NaAlF6 crys-
tal, but are very similar for the other crystal.

23Na interaction
23Na hasI =3/2, and foreach set of magnetically equiva-

lent nuclei a six line pattern(similar to that observed for
53Cr) is expected. Figure 10 shows the angular variation of
the 23Na ENDOR transitions, recorded atQ band by saturat-
ing the EPR transition corresponding toMS:1 /2↔−1/2 for

BW ic, for the two centers in the two crystals.
For theC2 center[Figs. 10(b) and 10(d)], the complete

angular pattern is recorded in the 0° –90° interval and can be
reproduced assuming an interaction with a single23Na
nucleus located on thec axis, using the shf and quadrupole
data in Table II, which were extracted from theX-band

ENDOR spectra recorded withBW ic and BW 'c. In these
X-band spectra, the quadrupole splitting of the ENDOR tran-
sitions for C2 in Cs2NaGaF6, not resolved atQ band [see
Fig. 10(d)], was also observed. Knowing this center hasD3d

symmetry from the analysis of the first shell19F interaction,
it is clear that the nearest23Na shell consists of two magneti-
cally equivalent ions on thec axis. This unambiguously iden-
tifies theC2 center as Cr3+ incorporated at positionM2.

For C1, the 23Na ENDOR spectra are weak and show
rather poor resolution. In Cs2NaGaF6 [Fig. 10(c)], for most
magnetic field orientations, only two broad and asymmetri-
cally shaped transitions can be observed in the frequency
modulated spectra. By recording with amplitude modulation,
it was checked for some magnetic field orientations that the
nonderivative spectra are the result of a superposition of non-
resolved transitions, of which only the extreme positions can
be observed in the frequency modulated first derivative spec-
tra. In Cs2NaAlF6 an additional splitting of the ENDOR tran-
sitions occurs, which we attribute to the quadrupole interac-
tion. At X band, for no magnetic field orientation the23Na
interaction could be detected for this center.

Having only a limited set of poorly resolved ENDOR
lines, it was impossible to obtain a unique set of spin Hamil-
tonian parameters for this interaction. Nonetheless, it could
unambiguously be determined from the angular variation that
the interacting nuclei are not located on thec axis, and
hence, the shell should consist of six ions. Therefore,C1 can
unambiguously be identified as Cr3+ incorporated at position
M1. Assuming an interaction with six pairwise equivalent
23Na nuclei at the same azimuthal angles as the first shell19F
nuclei, a reasonably good agreement between experimental
and calculated angular variations for this interaction is ob-
tained using the spin Hamiltonian parameters in Table II. The
considerably smaller shf tensor anisotropy as compared to
the 23Na interaction forC2, gives additional support to the
assignation, because in the former center the interacting nu-
clei are at a much larger distance than in the latter.

DISCUSSION

As mentioned in the Introduction, the assignations of the
optical absorption and emission spectra to the two centers
critically depend on the assumption that the Cr3+ ions do not
too much disturb the symmetry at the site where they are
incorporated. Having identified the Cr3+ lattice position for
each center, we may try to evaluate this assumption by com-
paring the spin Hamiltonian parameters obtained in this
study with those expected for the unrelaxed lattice. For both

TABLE III. Interionic distancessRd and declination anglessud
calculated for the first F− and Na+ shells around theM3+ ions in
Cs2NaAlF6 and Cs2NaGaF6, based on crystallographic data in Refs.
14 and 15, respectively. Distances are given in nm and angles in
degrees. The errors are estimated at one unit in the last digit.

Cs2NaAlF6 Cs2NaGaF6
M1 M2 M1 M2

RM-F 0.182 0.181 0.190 0.190

usc,M-Fd 55.0 53.3 55.2 53.2

RM-Na 0.412 0.293 0.417 0.296

usc,M-Nad 60.3 0 60.0 0

FIG. 6. (a) Q-band EPR spectrum of Cr3+:Cs2NaAlF6 with the
magnetic field approximately parallel to thec axis and high fre-
quency part of the53Cr ENDOR spectrum recorded at the positions
marked (b) C1 and (c) C2 in (a). As explained in the text,
the occurrence of transitions centered at 3Ai /2+gNmNB for C1
demonstrates thatD is negative in this case, whereas the transitions
for C2 are centered at 3Ai /2−gNmNB as expected for a center with
positiveD.
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M3+ positions in both crystals, the positions of the nearest
19F and23Na ions, calculated from the single crystalx-ray or
neutron diffraction data,14,15 are listed in Table III. Direct
ways of connecting the optical and structural data for the two
centers would require optically detected magnetic resonance

(ODMR) experiments or quantum chemical calculations, nei-
ther of which have been performed in this study.

McGarvey25 and Manoogian and Lecle26 have related
the signs of the zero field splitting, the anisotropic
hf fAa=sAi−A'd /3g and quadrupolesq=−Q'=Qi /2d pa-
rameters for the53Cr nucleus to the trigonal distortion of the
first anion (O2−, in their case) shell. In a strong octahedral
crystal field, whereon a small trigonal distortion is superim-
posed, it has been found that a trigonal compression leads to
negativeD and Aa and to a positiveq, whereas opposite
signs for all these parameters should be found for trigonally
elongated sites. From the data in Table III, we may conclude
that at the undistorted positionM1 the first shell octahedron
is slightly compressed(u.54.7°, as for the regular octahe-
dron) in both crystals, whereas at siteM2 it is slightly elon-
gated. In agreement with findings of McGarvey,D and Aa
are negative for theC1 centers and positive for theC2 cen-
ters. Forq, however, a discrepancy with the results of Ma-
noogian and Leclerc is found. Probably, in the present case,
the quadrupole values exhibit non-negligible influences from
more distant shells of nuclei.

The distortion of the first anion shell may also be evalu-
ated through the shf tensors of the nearest19F nuclei. In view
of the large negative anisotropic part of these tensors(in
spite of the positivegN for 19F), it is reasonable to assume
that they are dominated by overlap and covalency contribu-
tions. An analysis in terms of a simple point dipole interac-
tion between the unpaired electrons and the19F nucleus is
therefore useless. We may, however, still expect that the prin-

FIG. 7. Angular dependence of the first shell19F ENDOR spectra for(a) C1 and(b) C2 in Cs2NaAlF6 and for (c) C1 and(d) C2 in
Cs2NaGaF6. All ENDOR spectra were recorded at 20 K, atQ band for theC1 center and atX band for C2. Filled circles represent
experimental data points and the full lines are calculated angular variations using the data in Table II. At 0° and 180° the magnetic field is
approximately parallel to thec axis and 90° corresponds to an arbitrary orientation in theab plane.

FIG. 8. Lattice surroundings of the five inequivalent cation po-
sitions in the Cs2NaMF6 crystals. The labeling of the sites is defined
in Fig. 1. The two Cs+ positions have three nearby19F shells con-
sisting of 3(closest), 6 and 3(most distant) magnetically inequiva-
lent nuclei. The Na+ position has two nearby19F shells, each con-
sisting of three magnetically inequivalent nuclei. BothM3+

positions have six pairwise magnetically equivalent19F nuclei in
the first shell.
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cipal direction corresponding to the largest principal value
(absolute value) is approximately parallel to the Cr3+-F−

bond axis. The declination angles for the shf tensors again
indicate that the Cr3+ ion in theC1 center has a compressed
octahedral environment, whereas that forC2 is elongated.
The deviations fromu =54.7° are larger for the shf tensors
than for the ionic positions of the unrelaxed first shell. This
might be a result of a relaxation of this shell but may even
well be accounted for by covalency effects. Furthermore, it
should be noted that the crystallographic data refer to room
temperature, whereas the ENDOR spectra were recorded at
20 K.

All parameters related to the trigonal distortion of the first
coordination shell(uDu, uAas53Crdu, uqs53Crdu, uuAs19Fd−54.7°u)
are larger forC2 than forC1, thus strongly indicating that
the deviation from cubic symmetry is larger forC2 than for
C1. Also for the undistorted lattice sites, the deviation from
octahedral coordinationsuusF−d−54,7°ud is larger for M2
than forM1.

For the nearest23Na nuclei, which are located farther
away from the unpaired electrons than the first19F shell, a
point dipole analysis might be useful. In theC2 center, as-
suming the anisotropic shf interaction is completely ac-
counted for by the point dipole contribution, the Cr3+-Na+

distance is calculated to be 0.302 nm for Cs2NaAlF6 and
0.300 nm for Cs2NaGaF6. These values correspond well with

the crystallographic data(see Table III), taking into account
the difference in temperature at which the two sets of data
were determined and the fact that there is probably also a
small (negative) contribution due to overlap or covalency
effects, judging from the small negative isotropic shf con-
stant. For theC1 center the Cr3+-Na+ distances calculated for
the two crystals within the point dipole approximation
(0.439 nm and 0.498 nm, for Cs2NaAlF6 and Cs2NaGaF6,
respectively) do not present an equally satisfactory agree-
ment with the crystallographic data(see Table III). For the
center in Cs2NaGaF6, the declination angleuA does not cor-
respond to the angle between the Cr3+-Na+ interconnection
line and thec axis. Apparently, the point dipole interaction
does not account for the complete anisotropic part of the shf
tensor in this case. It should be born in mind, though, that we
did not find a unique fitting of the data, and therefore choose
not to put error margins for these values. In addition, the
larger negative isotropic shf value(as compared with that for
the 23Na interaction forC2) may also result from a larger
influence of overlap and covalency effects. This may find its
origin in direct overlap with thes andp orbitals of the near-
est F− anions. For Rh and Ir chlorocyanide complexes in
alkali halides similar effects have given rise to a so-called
super-superhyperfine structure in the EPR spectra.28

So far, the comparison between crystallographic and
ENDOR data indicate that the symmetry of theM3+ sites is
not significantly disturbed by the Cr3+ substitution. In this
sense, ENDOR appears to support the assignations of the
optical transitions based on luminescence lifetime measure-
ments. They should, however, preferably be directly checked
experimentally or through calculations.

Aramburuet al.29 and Barriusoet al.30 have theoretically
explored the influence of the transition-metal–fluoride dis-
tance on spectroscopic properties, e.g., the crystal-field split-
ting 10 Dq and the isotropic shf constant, and found pro-
nounced dependences. For the dependence of 10 Dq on the
M3+-F- distance it has been pointed out in a previous study18

that, when comparing the data for the same center, larger
values for this optical parameter are found in Cs2NaAlF6
than in Cs2NaGaF6. Comparing the19F shf data for the cor-
responding centers in the two crystals, hardly any difference
is seen, in spite of the appreciable difference between the
Al3+-F− and the Ga3+-F− distances. This might either mean
that the shf tensors are not very sensitive to this distance, as
already suggested for their isotropic part by Barriusoet al.,30

or that the first F- shell may undergo an appreciable distor-
tion without significantly changing the degree of trigonal
compression or elongation of the octahedron. We are tempted
to believe the second possibility, supported by the fact that
the quadrupole interaction parameters for both the53Cr and
the nearest23Na nuclei are larger in the Cs2NaAlF6 crystal
than in the other. These larger quadrupole values suggest
larger lattice relaxations around the Cr3+ ion (leading to
larger electric field gradients), which are indeed expected, as
the difference in ionic radius between the Al3+ ion and Cr3+

is much larger than between Ga3+ and Cr3+.
Apparently, the ENDOR data bear very detailed quantita-

tive information on the geometry of the CrF6
3− complexes

under study, but this information is not directly accessible.
Quantum chemical calculations of geometries, optical and

FIG. 9. Experimental(upper traces, recorded at 20 K) and simu-
lated (lower traces) EPR spectra of Cr3+:Cs2NaAlF6 exhibiting a
partially resolved shf structure due to the interaction with the first
19F shell. (a) Q-band s34.00 GHzd spectrum ata=52° [see Fig.
7(a)] for C1, (b) X-bands9.56 GHzd spectrum ata=90° [see Fig.
7(b)] for C2 andC1. TheC1 spectra show a partially resolved 1:2:1
shf pattern, indicative of a dominant interaction with two magneti-
cally equivalent19F nuclei. TheC2 shf pattern is more complex. All
simulations include the interactions with three magnetically in-
equivalent pairs of equivalent19F nuclei and with the central53Cr
nucleus (I =3/2,9.5% natural abundance) using the shf data in
Table II. The simulations were performed by calculating the split-
tings due to the53Cr ion and to each pair of equivalent19F nuclei
separately, superimposing the patterns afterwards.
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paramagnetic parameters for these centers should provide a
deeper insight into various aspects pointed out above.

CONCLUSIONS

Analysis of the interaction of the unpaired electrons of
two Cr3+ centers in Cs2NaAlF6 and Cs2NaGaF6 crystals with
the first 19F coordination shell and with the nearest23Na
shell, as observed using ENDOR, allowed an unambiguous
identification of the lattice sites at which Cr3+ is incorpo-
rated: in the centerC1, with a negative zero field splitting,
Cr3+ is located at the positionM1, i.e., theM3+ position for
which theMF6 octahedron is connected to six NaF6 octahe-
dra through corners, and in the centerC2, with a larger posi-
tive zero field splitting, Cr3+ is at positionM2, the MF6
octahedron being connected to two NaF6 octahedra through
faces. The signs of the zero field splitting and shf parameters

have all been determined relative to that of the positive53Cr
hyperfine values. Inspection of the spin Hamiltonian param-
eters for the53Cr nucleus and the nearest19F and23Na neigh-
boring nuclei suggest that the Cr3+ incorporation induces lat-
tice distortions, which, however, do not significantly change
the degree of trigonal elongation or compression of theMF6
octahedra in the undistorted lattice. The present ENDOR
study thus supports earlier assignations of optical transitions
to the two Cr3+ centers, based on fluorescence lifetime mea-
surements, which should nonetheless preferably be further
checked, experimentally or through calculations.
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