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Abstract. Chromium-doped SrCl2 and BaF2 have been studied by both EPR and ENDOR
spectroscopy. Cr2+ ions enter the fluorite structure in distorted substitution cation sites. In
both matrices the distortion observed is tetragonal. X- and Q-band EPR measurements at
temperatures between 4 and 300 K allowed us to determine the ion symmetry and the following
spin-Hamiltonian parameters:g‖ = 1.974(3), g⊥ = 1.997(3), D − a = −2.114(5) cm−1, |a| =
0.018(3) cm−1 and A⊥(53Cr) = 35 ± 2 MHz for BaF2; and g‖ = 1.974(3), g⊥ =
1.996(4), D − a = −1.979(2) cm−1, |a| = 0.021(3) cm−1, A‖(53Cr) = 31.2 ± 1.5 MHz and
A⊥(53Cr) = 43.5 ± 1.5 MHz for SrCl2. For BaF2, the weak superhyperfine interaction of
Cr2+ with the surrounding F− ions has been studied by both EPR and ENDOR techniques for
B ‖ [100]. No ENDOR signals were detected for SrCl2:Cr. The results are tentatively explained
in terms of a Jahn–Teller effect corresponding to T2g⊗ eg coupling strongly stabilized by lattice
stresses, although other possible origins for the distortion cannot be completely ruled out.

1. Introduction

Continuous-wave (cw) and pulsed EPR studies of divalent chromium in CdF2 [1], SrF2 [2]
and CaF2 [3] have been recently reported. Alkaline-earth halides have matrices which can be
used to study ions in eightfold cubic coordination. In all cases the cw-EPR spectra reflected
the orthorhombic symmetry of the Cr2+ ion. The observed superhyperfine (shf) structures
were explained by considering a shf interaction of the Cr2+ 3d electrons with the four
nearest-neighbouring fluoride ions in a (110) crystal plane. Furthermore, the electron spin-
echo envelope modulation (ESEEM) studies performed on CaF2 [3] and SrF2 [4] allowed us
to determine the shf interaction parameters and fluoride positions up to the third-neighbour
shell in the case of SrF2.

For all of these matrices the origin of the orthorhombic distortion has been associated
with a Jahn–Teller (J–T) effect. In fact, it is believed that a quadratic coupling of the5T2g

electronic ground state for this d4 ion to the eg and t2g cubic cluster modes leads to an
orthorhombic distortion of the fluoride cube compatible with the EPR results [5].

In the present work we have continued the EPR study of divalent chromium in the
alkaline-earth halide series. In contrast to the case of CdF2, SrF2 and CaF2 we have found
a pure tetragonal distortion for Cr2+ in both matrices studied, SrCl2 and BaF2. From
the EPR results we have obtained theg- and zero-field-splitting (ZFS) tensors as well as
some components of the53Cr2+ hyperfine (hf) tensor. The resolved hf interaction let us
unambiguously assign the anisotropic spectra to chromium.

The question now is whether the distortion is associated with a true J–T effect or
whether it has a different origin—for example, a perturbing nearest foreign atom or lattice
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point defect. It is well known that a linear coupling of the electronic state with the cubic eg

modes following the linear J–T theory [6, 7] produces a tetragonal distorted environment as
has been proposed by Vallin and Watkins [8] to explain the pure tetragonal symmetry site
for Cr2+ ions in II–VI compounds. But, in the case of BaF2 and SrCl2 matrices, besides the
absence of any observable dynamical effect, as is the case for Cr2+ in CdF2, SrF2 and CaF2,
there are two facts that throw some doubt on the assignment of the observed distortion to
a J–T effect. These are the unusual narrowness of the EPR lines and the absence of the
severe thermal broadening that makes resonance unobservable at high temperatures in the
other reported J–T cases. In fact, we have observed a similar behaviour for an oxygen-
perturbed Cr2+ defect in CaF2 [3], although we have tried, in the present work, to avoid
any controllable source of oxygen sample contamination.

We have studied the superhyperfine interaction of Cr2+ ions with their surrounding
fluoride ions in BaF2 by both cw-EPR and ENDOR techniques. However, experimental
difficulties prevented us from establishing a definitive model for this system.

To gain more insight into the nature of the tetragonal distortion we have tried another
strategy. It is well known that, in chromium-doped alkaline-earth halides, Cr+ ions can
be produced by ionizing radiations. In fact, we have detected cubic Cr+ ions in liquid-
nitrogen-temperature (LNT) x-irradiated SrCl2:Cr [9]. Since the conversion process is purely
electronic at this temperature, the evidence is used to support the J–T model. Unfortunately,
in the case of BaF2, cubic Cr+ was not produced by this procedure. Preliminary results of
this work had been communicated at the Eurodim-94 Conference at Lyon [10].

2. Experimental details

The single crystals used in this study were grown in our laboratory using a standard
Bridgman method in an argon atmosphere and carbon crucibles. The CrF3 content in the
starting materials ranged from 0.1 to 1%. SrCl2:Cr samples were colourless while strongly
doped BaF2:Cr samples presented a bluish colour corresponding to a broad absorption
spectrum whose first maximum appeared at≈17 000 cm−1.

The EPR measurements were performed using a Varian E-112 spectrometer working
in the X-band and a Bruker ESP-380 for measurements in the Q-band. Liquid-nitrogen-
temperature measurements were taken using an immersion quartz Dewar and measurements
at lower temperatures were made using an Oxford CF 100 continuous-flow cryostat. A
Varian E-257 continuous-flow cryostat was used for the measurements between LNT and
300 K. The magnetic field values were determined with a NMR gaussmeter and the
diphenylpicrylhydrazyl (DPPH) signal (g = 2.0037± 0.0002) was used to measure the
microwave frequency.

ENDOR measurements in the 0.5–32 MHz range were performed at 10 K in a Varian
E-112 spectrometer working in the X-band. The radio-frequency radiation from a PTS 160
frequency synthesizer fed the microwave cavity through a 3100LA RF power amplifier.

3. Experimental results and interpretation

We have measured the EPR spectra of SrCl2:Cr and BaF2:Cr crystals at 9.3 GHz (X-band)
and 34.0 GHz (Q-band) as functions of the angle between the crystallographic axes and
the external magnetic fieldB. In contrast to the case for the semiconductors CdF2, SrF2

and CaF2, where the unperturbed Cr2+ EPR signals decrease below detection limits at
temperatures above 40 K [1–4, 8], measurements could be performed on BaF2 up to 200 K
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and on SrCl2 up to 300 K.
In each case we obtained an anisotropic spectrum corresponding to an ion with an

electronic spin of 2 in a pure tetragonal symmetry. The observation of hyperfine structure
due to the 9.5% natural abundance of the53Cr isotope led us to associate the spectra with
Cr2+ ions. The angular dependence of the positions and intensities of the resonance lines
can be explained by the following general spin Hamiltonian (SH):

H0 = β(g⊥(SxBx + SyBy) + g‖SzBz) + DS2
z + 1

6a(S4
x + S4

y + S4
z ) + F

180
(35S4

z − 155S2
z )

(1)

with S = 2 and the defectx-, y- andz-axes being the fourfold axes of the cube.
In equation (1) the SH parameters have their usual meaning. The dominant fine-structure

term for both cases studied isD, which produces a splitting of the fivefold spin-degenerate
state into a singlet (Ms = 0) and two doublets (Ms = ±1 andMs = ±2) at distances at
zero field of≈D and 4D respectively. The transitions between these levels will be labelled
by their high-fieldMs-values, although the actual states are combinations of|Ms〉-values.

Depending on the size ofD relative to the microwave energyhν0, different transitions
can be detected. For the X-band(|D| � hν0) only the ‘forbidden’ transitions between the
|±1〉 and |±2〉 doublets are observed whereas for the Q-band(|D| ≈ hν0) we can also
detect the ‘allowed’|0〉 ↔ |±1〉 transition.

The sign ofD was obtained in both cases through the temperature dependence at low
temperatures (4–15 K) of the relative intensities of the|+2〉 ↔ |−2〉 and |+1〉 ↔ |−1〉
transitions. From the position of the|0〉 ↔ |±1〉 transition we can determine the value of
D − a − (2/3)F [8]. The F -term in equation (1) was expected to be small, and since the
spectra are rather insensitive to this parameter we have assumedF to be zero throughout the
analyses. The|a|-value was obtained from the|+2〉 ↔ |−2〉 to |+1〉 ↔ |−1〉 line intensity
ratio, approximately proportional toa2, in the [110] direction at 77 K.

3.1. SrCl2:Cr2+

X-band EPR measurements were performed on SrCl2:Cr crystals from 4 to 300 K in the
crystallographic (110) and (001) planes and in the Q-band at 85 K for the magnetic field
rotating in the (001) plane. The line-width increases with the temperature (0.6 mT at LNT
and 7.8 mT at RT for the high-field line in the X-band), and above 300 K the lines are so
broad that they cannot be measured.

Figure 1 shows the angular dependence for the (001) plane of the Q-band spectrum
measured at 85 K. This dependence clearly corresponds to a spin system with tetragonal
symmetry. The resonances detected in this plane, labelled in the figure by their defect
z-axes (the axes of the tetragonal distortion), correspond to the|+1〉 ↔ |−1〉 transition.
The EPR line observed at≈0.9 T for B ‖ [100] direction corresponds to the|0〉 ↔ |+1〉
transition for thez ‖ [100] defect. Measurements at X-band frequencies when the magnetic
field is contained in the (110) plane allowed us to observe a new resonance at about 0.12
T for directions around the [1̄10] direction. These lines are assigned to the|+2〉 ↔ |−2〉
transition for defects withz-axis‖ [100] and [010]. At 77 K the intensity of these resonances
is much lower than for the|+1〉 ↔ |−1〉 lines. However, for temperatures below 5 K
the |+2〉 ↔ |−2〉 transition becomes more intense than the corresponding|+1〉 ↔ |−1〉
transition, showing thatD < 0.

The experimental resonance positions of the rotational diagram (crosses in figure 1)
have been explained using the SH of equation (1). The dashed lines show the transition
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Figure 1. The angular dependence of the EPR line positions for the magnetic field rotating in a
(001) plane measured at 85 K in the Q-band.•: BaF2; ×: SrCl2. Solid and dashed curves give
the calculated line positions obtained using equation (1) and the parameters given in table 1.

Table 1. SH parameters.D, E anda are given in cm−1, and the hf parameters in MHz.

SrCl2 BaF2 BaF2 CaF2(I) CaF2(II) SrF2

gx 1.996(4) 1.997(3) 1.99(1) 1.995(3) 1.99 1.96(1)
gy 1.996(4) 1.997(3) 1.99(1) 1.995(3) 1.99 1.98(1)
gz 1.974(2) 1.974(3) 1.942(5) 1.965(7) 1.95 1.94(1)
D −1.979(2)† −2.114(5)† −2.111(3)† −2.237(5) −2.8 −2.791(3)
E − a/6 — — — 0.0476(1) 0.057 0.0283(2)
|a| 0.021(3) 0.018(3) — — 0.073 0.037
A‖(53Cr) 31.2 ± 1.5 — ≈ 45 36± 4 — —
A⊥(53Cr) 43.5 ± 1.5 35± 2 ≈ 45 33.3 ± 3 — —
z-axis [100] [100] [100] [110] [110] [110]
Reference This work This work Reference [11] Reference [3] Reference [3] Reference [2]

† For the tetragonal cases theD-values given in table 1 correspond actually to the values ofD − a.

magnetic field values calculated via an exact diagonalization of this SH and the parameters
given in table 1. The agreement with the experimental work is excellent. The parameter
values are independent of the temperature throughout the measured range.

In agreement with line intensity calculations using the eigenstate set which diagonalize
equation (1), the|+1〉 ↔ |−1〉 transition intensity decreases from high field (perpendicular
centre) to low field, vanishing when the magnetic field is parallel to the defectz-axis. The
rotational diagrams in the (001) and (110) planes for the X-band and the line intensities
are also in perfect agreement with the proposed defect symmetry and SH parameters given
above.
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Figure 2. The X-band spectrum of SrCl2:Cr2+ corresponding to the|+1〉 ↔ |−1〉 transition
measured at 77 K with the magnetic field along a [100] direction perpendicular to the defect
z-axis. The spectra on either side of the central line are amplified by 40 for presentation purposes.

3.1.1. hf structure. Figure 2 shows the spectrum corresponding to the high-field|+1〉 ↔
|−1〉 transition for 9.3 GHz in the [100] direction at 77 K. It consists of a central line with
two replicas about 40 times weaker on either side. These structures are explained by the
hyperfine interaction with the 9.5% naturally abundant53Cr isotope(I = 3/2). From four
expected replicas only the two outer lines are observed, the two inner ones falling below
the intense central spectrum. The measured splitting between lines is 49.34 MHz. The
same structure is observed in the Q-band but with a different splitting (67.21 MHz). This
hf splitting is isotropic for the perpendicular defect in the (001) plane.

In order to explain the hf spectrum the following axial SH has been added to that given
in equation (1):

Hhf = A‖(53Cr)SzIz + A⊥(53Cr)(SxIx + SyIy). (2)

The parallel axis of the hf axial tensor is chosen to be the defectz-axis (see below).
The hyperfine parameters are obtained by applying perturbation methods up to first order
as follows.

For B ‖ [100] and perpendicular to the defectz-axis, the expected values of the spin
operators are〈Sy〉 = 〈Sz〉 = 0 for the two electronic eigenstates involved in the transition,
which we will name 1 and 2, and the effective hf splitting (the measured splitting) is

Aeff = |〈Sx〉1 − 〈Sx〉2|A⊥. (3)

Thus, Aeff depends on the microwave frequency as do the electronic eigenstates. Using
the eigenstates of the SH given in equation (1) we have calculated〈Sx〉1 and〈Sx〉2 for both
X- and Q-band frequencies and thus obtainedA⊥ = 43.5 MHz.

For B ‖ [110] and thez ‖ [001] defect, only the mean value〈Sz〉 remains zero. The
effective splitting observed in the spectrum is now given by

Aeff = A⊥

[√
〈Sx〉2

1 + 〈Sy〉2
1 +

√
〈Sx〉2

2 + 〈Sy〉2
2

]
. (4)

We have calculated〈Sx〉j and 〈Sy〉j . Using equation (4) and the experimental splitting we
obtain the same perpendicular hf parameter for this configuration. This implies that the
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choice of hf axes is correct. In order to obtain the parallel hf parameter we have analysed
the hf spectrum associated with the|0〉 ↔ |+1〉 transition, when the magnetic field is applied
parallel to the defectz-axis. As for this case〈Sx〉 = 〈Sy〉 = 0 and〈Sz〉 = 0 or +1 depending
on the electronic level considered, we can directly obtain

A‖ = Aeff = 31.2 MHz.

The shf interaction with the chloride ions could not be resolved in the EPR spectra, since
its structure is included in the resonance line-width. ENDOR signals were not observed for
these samples.

3.2. BaF2:Cr2+

The EPR of BaF2:Cr was measured at the X- and Q-band frequencies at temperatures
between 4 and 200 K. The Q-band EPR angular evolution in the (001) plane at 85 K is
shown in figure 1. The anisotropic spectrum corresponds to the|+1〉 ↔ |−1〉 transitions
of a Cr2+ ion in a tetragonal environment. The|0〉 ↔ |+1〉 transition is also observed for
the parallel defect at about 1.06 T when the magnetic field is along the [100] direction.
The angular evolution of the resonance positions and the line intensities can be explained
using the SH of equation (1), with the best-fitting parameter set given in table 1. The
line positions calculated with these parameters and an exact diagonalization of the SH are
compared in figure 1 with those which were observed, and the agreement is excellent. The
angular dependences of the X-band spectrum when the magnetic field rotates in the (001)
and (110) crystal planes also fit within these parameters. The SH parameters are temperature
independent. For measurements in the X-band and the magnetic field contained in the (110)
plane, a resonance assigned to the|+2〉 ↔ |−2〉 transition is observed at about 0.12 T in
the [1̄10] direction. The intensity of these lines, associated with the defects with thez-
axis‖ [100] andz-axis‖ [010], is much lower than that of the corresponding|+1〉 ↔ |−1〉
signals at 77 K. The different temperature evolutions for the two resonances in the range
4–15 K allow us to determine thatD < 0.

3.2.1. hf structure. The 53Cr hf interaction is resolved for the perpendicular defect as
shown in figure 3. On either side of the central structure, some replicas are seen whose
intensity is approximately 40 times lower than that of the central one. As in the case of SrCl2

this splitting is isotropic for the defect perpendicular to the magnetic field. Following the
previous procedure we obtainedA⊥ = 35 MHz. Out of this orientation the lines broaden
and the hf structure cannot be resolved. As the magnetic field approaches the parallel
situation the lines narrow again but their intensities are so low that the hf spectrum is not
observed. In this case the|0〉 ↔ |+1〉 line presents a shf structure that prevents us from
resolving the parallel hf spectrum, which is at variance with the case for SrCl2.

3.2.2. shf structure. Besides the hf structure, the perpendicular signal consists of five
equally spaced lines whose intensities are about 4 and 45 times lower than the central one
(see figure 3). The splitting between these lines is isotropic for the perpendicular defect in
the (100) plane and close to the fluorine nuclear Zeeman value (21.3 MHz for the X-band).
In the X-band, this structure is soon lost as we move away from the perpendicular direction.
In contrast, a similar structure is observed in the Q-band in the parallel|0〉 ↔ |+1〉 and
perpendicular|+1〉 ↔ |−1〉 transitions, but with only three lines and different relative
intensities. In this case the splitting is also close to the fluorine nuclear Zeeman value
(42.8 MHz for the parallel field and 47 MHz for the perpendicular field for the Q-band).
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Figure 3. The X-band spectrum of BaF2:Cr2+ corresponding to the high-field|+1〉 ↔ |−1〉
transition measured at 77 K with the magnetic field along a [100] direction. The spectra on
either side of the central resonance are amplified by 40 for presentation purposes.

Away from the perpendicular and parallel directions the bands broaden and the structure is
not resolved.

ENDOR measurements were made in the X-band at 10 K. Figure 4 shows the ENDOR
spectrum obtained when the magnetic field is applied along the [100] direction and
perpendicular to thez-axis of the defect. The signal-to-noise ratio is very low and, apart
from an intense peak corresponding to the fluorine Larmor frequency (21.3 MHz at the
actual magnetic field), only two well defined peaks at 18.8 and 22.3 MHz are observed.
For small deviations from this orientation the lines split into several components. Up to
four lines can be distinguished from the high-frequency line. Unfortunately, away from the
[100] neighbourhood the peaks become confused with the background noise which prevents
us from following their angular dependence.

Although the structure is certainly due to interaction with the surrounding fluoride
nuclei, there is insufficient experimental information to determine the position of the fluoride
ions. The EPR structure and ENDOR spectrum can be explained by the combined effect
of superhyperfine and nuclear Zeeman interactions as follows. The absence of any line
splitting on rotation in the perpendicular plane, in addition to the number of lines and their
intensity ratios, indicate that the transitions are ‘nuclear’ ones with effective shf constants
smaller than the nuclear Zeeman contribution but with an anisotropy large enough to make
these transitions partially allowed. Assuming that the nearest-neighbour shell of chromium
consists of a tetragonally distorted cube of equidistant fluoride ions, the shf structure seen
in the EPR and the ENDOR lines can be explained by adding the following Hamiltonian to
equation (1):

Hshf +nz =
∑

i

(−gnβnI
i · B + SAiI i ) (5)

wherei ranges from 1 to 8 and the shf tensorsAi are assumed to be axial along the Cr2+–
F− bonding directions.gn and βn are the fluorine nuclear Landé factor and nuclear Bohr
magneton respectively.

When the magnetic field is parallel to the defectx-axis (perpendicular defect) the eight



7186 P B Oliete et al

Figure 4. The X-band ENDOR spectrum of BaF2:Cr2+ measured in the [100] direction forB
perpendicular to the defectz-axis at 10 K. The intense line at 21.3 MHz corresponds to the
fluorine Larmor frequency at the EPR resonance field.

fluoride ions are equivalent and〈Sy〉 = 〈Sz〉 = 0. Using perturbation calculations up to first
order, the Hamiltonian of equation (5) is reduced to

(Hshf +nz)j =
∑

i

{−gnβnI
i
x |B| + (AxxI

i
x + AyxI

i
y + AzxI

i
z )〈Sx〉j } (6)

with x, y, and z being the defect axes andj = 1, 2 standing for the electronic state
considered. From the eigenvalues of equation (6),cj , the splittings between the nuclear
states are easily calculated to be

1j = 2cj =
√

〈Sx〉2
j (A2

xx + A2
yx + A2

zx) + (gnβn|B|)2 − 2〈Sx〉jAxxgnβn|B|. (7)

We realize that if

〈Sx〉2
j (A2

xx + A2
yx + A2

zx) − 2〈Sx〉jAxxgnβn|B| ≈ 0

the transitions would be equally spaced with a splitting near to the nuclear Zeeman one, as
observed. In addition, the effective shf splitting depends on the electronic state and it can be
smaller than the shf constant. In particular for the X-band〈Sx〉 ≈ 0.15 and〈Sx〉 ≈ 0.9 for
the |±1〉 levels considered here. This explains the observation of two ENDOR peaks non-
symmetrically placed with respect to the fluorine Larmor line (21.3 MHz) whenB ‖ [100].

The mixing coefficients for the nuclear eigenstates in the|±1/2〉x basis are

uj = bj√|bj |2 + (cj − aj )2
and vj = (cj − aj )√|bj |2 + (cj − aj )2

(8)

with

aj = 〈Sx〉j
2

Axx − gnβn|B|
2

(9)
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and

bj = 〈Sx〉j
2

(Azx + iAyx). (10)

In order to have a non-zero intensity for the ‘forbidden transitions’ it is necessary thatbj 6= 0
andu1 6= u2, v1 6= v2. The first condition requires an anisotropic superhyperfine interaction,
whereas〈Sx〉1 6= 〈Sx〉2 satisfies the second condition. The〈Sx〉j are different for the Q- and
X-bands, and therefore the nuclear eigenstate mixing is also different. Thus, the relative
intensities of allowed and forbidden transitions depend on the microwave frequency, as is
observed experimentally.

Next we can use the ENDOR results to gain some insight into the shf constant values. In
order to estimate the value of the shf interaction parameters we propose a Cr2+ environment
consisting of eight fluoride ions out of their undistorted lattice sites but in the (110) crystal
planes. We have two data values and three unknowns (Axx, Ayx, Azx) that can be written
as a function of the isotropic and anisotropic shf constantsa andb and the angleθ between
the [110] cubic axis and the Cr2+–F− bonding directions, with

Axx = a + b

2
(1 − 3 sin2 θ)

Ayx = 3

2
b cos2 θ

Azx = b√
2

3 cosθ sinθ.

Taking a reasonable value forθ , 25◦ < θ < 50◦, we obtaina = −6 ± 4 MHz and
|b| = 8 ± 1 MHz. As can be seen,|b| is rather insensitive to the bonding angle whereas
the a-value has a large uncertainty. The intensity ratio between the forbidden and allowed
nuclear transitions increases with the anisotropy, and is close to the experimental value
for |b| ≈ 8.5 MHz and θ = 45◦. Also, the predicted shf splittings are low enough to
remain within the halfwidth of the EPR lines over all of the measured range. Thus a model
consisting of a tetragonally elongated fluoride cube is in agreement with the experimental
data obtained.

After we completed this work, a publication on Cr2+ in BaF2 appeared [11]. The
symmetry of the defect and the similarity of some of the SH parameters given by the
authors led us to realize that it is the same centre as we have studied. Using a simplified
crystal-field analysis, these authors propose a defect model consisting of an off-centre Cr2+

ion for BaF2. In our opinion this model is not sufficiently supported by their experimental
results. In fact, there is a discrepancy ing|| (1.942 versus 1.974) and in the53Cr2+ hyperfine
parameters(A|| ≈ A⊥ ≈ 45 MHz versus 35 MHz) that could be due to some possible
experimental difficulties in the EPR rotational diagrams.g|| is mainly determined from the
low-field signal appearing close to the [100] direction (forB ‖ [100] its intensity is zero).
By measuring the angular dependence of the EPR lines in the (001) plane we were able to
detect the ‘parallel’ signal down to 10◦ from the [100] direction thus giving a good value
for g||. In reference [11] it seems that by measuring in the (011) plane they could only
detect this signal above 25◦ off the [100] direction, and therefore their determination ofg||
is less accurate. This is very important if crystal-field theory is used to determine the defect
model, as is done in reference [11]. Besides the strong approximations needed when using
this theory, the results are very sensitive to theg-shifts, and small deviations can give large
changes in the energy level diagram.
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4. Discussion

As we have established in the preceding section, Cr2+ ions are in non-cubic environments
in BaF2 and SrCl2. The first point that we want to discuss is the origin of these distortions.

The EPR line-shapes are gaussian-like and the spectra do not show any behaviour typical
of weak or moderate J–T coupling as described, for example, by Bill [12]. We therefore
have to consider a static J–T distortion where the effect of some random stresses of the
appropriate symmetry stabilizes the system in one of the possible J–T distortions, leading
to the ‘conventional’ low-symmetry EPR spectra observed. This is usually the case for 3d
ions in fluorites [13].

From our EPR experiments it is difficult to distinguish between a static J–T effect and
a low-symmetry crystal-field perturbation due, for example, to an unwanted impurity or
lattice defect or an off-centre system. Since the solubility of Cr2+ in those crystals is rather
low, it could, in principle, be related to any unidentified impurity or intrinsic defect. In
favour of an unperturbed Cr2+ ion is the fact, already mentioned in the introduction, that
cubic Cr+ ions can be produced by 77 K x-irradiation in SrCl2 [9]. At this temperature
the intrinsic defects and the impurities are not mobile and we can safely assume that the
valence change is a consequence of a pure electronic process. It is interesting to note that
trigonal Cr+ is obtained in SrCl2 when the irradiation is performed at RT, at which both
chloride vacancies and interstitial anions are mobile.

We have x-irradiated SrCl2 samples at LNT. We observed that the Cr+-ion concentration
increases when the Cr2+-ion concentration decreases. This experiment can be used to
associate the Cr2+ ion with an intrinsic defect, not stabilized by a foreign atom. However,
the possibility of an off-centre Cr2+ ion still cannot be ruled out.

Off-centre ions in ionic systems usually occur when either the ion is small or it has
a large polarizability [14]. From these steric considerations there is no reason for having
off-centre Cr2+ and cubic Cr+ in the same matrix, not least since the latter is smaller than
the former.

In crystals with the fluorite structure, off-centre displacements along the fourfold axis
have been observed in d9 ions such as Ag2+, Cu2+ and Ni+ [15–17]. Although the reason
for this behaviour is not yet fully understood, it is clear that it is not related to the ion size
but is probably due to the configuration interaction with p orbitals favouring the coupling
to t1u modes (the pseudo-J–T effect) [12]. Against a similar situation for d4 ions we can
argue that it does not occur in CaF2, and CdF2, and that in other matrices Cr2+ coupling to
eg modes is usually strong enough to produce static J–T effects.

In fact, the pure tetragonal distortion observed is indeed compatible with the J–T effect.
If a strong linear coupling of the electronic ground state T2g to the cubic cluster eg mode
is considered, three minima in theQ-space corresponding to the tetragonal distortion are
obtained [7]. Stabilization of the J–T distortion by lattice strains of E symmetry would
explain the observation of static spectra as well as the narrowness of the resonance lines.

The situation is not so clear for BaF2:Cr. We have not found evidence of cubic Cr+

production by LNT x-irradiation in this system. The study of the shf structure, both by EPR
and ENDOR techniques, has only provided some incomplete information about the fluoride
coordination shell. We can safely state that Cr2+ interacts with at least four fluoride ions,
presumably equivalent forB ‖ [100], but we cannot determine their positions.

Although we have avoided sample contamination during the crystal growth process, we
cannot, in principle, rule out the possible presence of small amounts of unwanted impurities,
which may produce the stabilization of the tetragonal distortion for Cr2+ in BaF2. However,
the fact that our results are compatible with a pure tetragonal distortion of the fluoride cube
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leads us to propose, with some reservations, a J–T effect for this ion.
Thus—and adding the results of previous studies on CdF2 [1], SrF2 [2] and CaF2 [3]

to the present ones—we can almost establish a complete picture for divalent chromium in
fluorite-type crystals. When the Cr2+ ion (ionic radius 0.89Å) enters the fluorite lattice
with a small lattice constant as in CdF2 (5.46 Å), SrF2 (5.79 Å) and CaF2 (5.38 Å), it
occupies orthorhombic symmetry sites. However, when the lattice constant increases, as in
BaF2 (6.2 Å) and SrCl2 (6.97 Å), the symmetry of the Cr2+-ion site is tetragonal.

A possible explanation for this situation has been already advanced in a previous paper
[3] and deals with the ion displacements corresponding to the ML8 eg and t2g vibration
modes. In fact, it is expected that electron–phonon coupling to the radial t2g mode causing
the orthorhombic distortion will be stronger for the tighter CdF2, SrF2 and CaF2 lattices,
whereas coupling to the transverse eg mode is dominant in the SrCl2 and BaF2 crystals.

We will now comment on the SH that we have used to interpret the EPR data and on
the parameters obtained.

A detailed dynamic J–T model has been developed by Abhvaniet al [18] for the
tetragonal GaAs:Cr2+ system. The J–T model involves the derivation of an effective
Hamiltonian for the vibronic ground states of the system as well as the calculation of
the reduction factors. If appropriate random strains are included, the motion is confined to
a potential well: this has been studied in detail for the T2⊗e coupling [18]. In this case the
lowest states are orbital singlets with a small degree of mixing caused by the dynamic J–T
effect with the states coming from the orbital triplet, and the use of the conventional SH to
study the EPR of ground states is fully justified [19].

We will now analyse the values of the SH parameters corresponding to Cr2+ ions. In the
case of Cr2+ in CaF2, two different defects are obtained [3], depending on the chromium
salt used in the growth procedure. For samples grown with Cr2O3, Cr2+(I) is obtained,
with an orthorhombic distortion associated with an oxygen impurity, whereas for samples
grown with CrF3, the centre detected is Cr2+(II), a purely J–T orthorhombically distorted
ion. Firstly it is interesting to note that the parameters given in table 1 are very similar to
those of Cr2+ in other J–T systems, although they present smaller deviations from the free-
electrong-value and a larger homogeneity through the series than in II–VI compounds [8].
We can thus discuss our results using the theoretical models developed for these compounds.

Assuming a point-ion model for the tetragonal cluster, the following expressions for
g-factors and the zero-field splitting as a function of the spin–orbit coupling constantλ and
the excited-electronic-state energiesE2 (approximately equal to the cubic-field splitting) and
E1 = 3EJ−T were proposed:

g‖ = 2.0023− 8λ/E2 (11)

g⊥ = 2.0023− 2λ/E1 (12)

and

D = λ2(1/E1 − 4/E2) − 3ρ (13)

whereρ stands for the spin–spin interaction [8]. Taking the free-ion values forλ (57 cm−1)
andρ (0.42 cm−1), from g‖ we obtainE2 ≈ 16 200 cm−1 which is very close to the optical
absorption band energy of Cr2+ in BaF2. On the other hand it is impossible to fitg⊥ and
D to equations (12) and (13).

The same problem has also been observed for II–VI compounds. To avoid it, Vallin and
Watkins [8] introduced the ligand orbital admixtures to the ground state, thus accounting
for the D- andg‖-values. In any case,g⊥-values were not well predicted.
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Later on, Abhvaniet al [18] reviewed that work and concluded that a dynamic model
could be necessary to explain the SH parameters. In fact, in a J–T system, there are several
excited states below the electronic Eg doublet which can be admixed with the ground state
by the spin–orbit interaction. The SH parameters can be then fitted to this dynamical model
although the number of parameters is increased.

In our case, ligand contributions are expected to be smaller than in II–VI compounds
since the ionicity of fluorites is much larger. So we believe that a dynamical model would
also explain the Cr2+ SH parameters of alkaline-earth halides.
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