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Three types of Ni+ centers produced by x-ray irradiation in RbCaF3 have been studied by EPR
spectroscopy. All of them have tetragonal symmetry in the crystal cubic phase and their electronic
ground state is the d» orbital. They have been found to be similar to those recently reported in

x —y

KMgF3 and K&MgF4. One of them (Ni+-I) is placed in the center of an elongated octahedron of six
fluorine ions. The other two (Ni+-II and Ni+-III) are associated with neighboring fluorine vacan-
cies. The use of these centers as probes to study the structural phase transitions in RbCaF3 has also
been investigated. From the tilting of the gyromagnetic tensor of Ni+-II centers, the temperature
dependence of the order parameter for the 195-K phase transition has been measured and a value of
the critical exponent P=0.26 has been obtained. It has not been possible to get any information
about this phase transition from the other Ni+ centers. The 50-K phase transition has no detectable
e8'ect on the EPR spectra of any of the Ni+ centers. The spin-Hamiltonian parameters for the three
Ni+ centers have been obtained and an estimation of the Ni+ —F distances has been made using
the isotropic part of the superhyper6ne interaction parameters.

INTRODUCTION

Although nickel ions are chemically unstable in the
monovalent state, Ni+ can be easily produced in ionic
crystals by x-ray irradiation of nickel-doped samples.
Several Ni+ centers of tetragonal or near tetragonal sym-
metry have been reported in different ionic crystals. '

In these centers Ni+ ions are either in a distorted octahe-
dral envirohment or associated with nearby intrinsic de-
fects, and both d 2 and 1» orbitals have been found as

ground states.
Recently, we reported on an EPR study of tetragonal

Ni centers formed by x-ray irradiation in KMgF3 (Ref.
6) and K2MgF~ (Ref. 7). In each of these crystals three
different types of Ni+ centers have been found, all of
them with the d ~ 2 ground state. The models proposed
for these defects, which are the same in both compounds,
consist of a Ni+ ion in an elongated octahedron of
fluorines for one of the types (Ni+-I), while the other two
(Ni+ -II and Ni+ -III) involve one and two nearest-
neighbor fluorine vacancies, respectively. Some informa-
tion about the relaxation of Ni+ environments in these
centers has been derived by using a slightly modified
overlap model proposed by Barriuso and Moreno to ac-
count for the values of Ni+ fluorine superhyperfine (SHF)
interaction parameters.

In this paper we present the extension of these studies
to x-ray irradiated RbCaF3:Ni crystals. Three types of
Ni+ centers similar to those found in KMgF3 and

K2MgF4 have been observed by EPR. The Ni+ —F dis-
tances have been obtained from the analysis of the shf
constants and compared with those derived in Refs. 6 and
7. The resu1ts are in agreement with the increase of the

divalent cation-fiuorine distance going from KMgF3 and

KzMgF4 to RbCaF3 ~

Besides this, we have used the Ni+ defects as a probe
to investigate the RbCaF3 structural phase transition. It
is well known that RbCaF3 undergoes at least two phase
transformations at about 195 and 50 K. The high-
symmetry crystal structure is the cubic perovskite. The
195-K transition consists of a rotation of the anion oc-
tahedra around one of the cubic (100) directions and an
elongation of the cubic unit cell along the rotation axis.
In the 50-K transition the rotation takes place around the
(110) cubic axes. These transitions have already been
studied by several techniques, such as neutron ' and x-
ray diffraction, ' "Raman scattering, ' ' calorimetry, '

Mossbauer, ' ' etc. , as well as NMR (Ref. 17) and EPR
techniques. In particular, the 195-K phase transition has
been followed by EPR using different paramagnetic
probes. ' In one of these papers20 the use of Ni+ ions
to investigate the phase transitions has been proposed.
Although the values of the rotation angle, which is the
order parameter of the transition, are different for the
different paramagnetic probes, the critical exponent ob-
tained in all the cases for temperatures close to the phase
transition seems to be the same for all of them. In our
case, only Ni+-II has proved to be sensitive enough to
study the 195-K phase transition, while no effects on the
EPR spectra of any of the Ni+ centers have been ob-
served when the crystals were cooled below 50 K. The
tilting angles calculated from the orientation of the prin-
cipal axis of the g tensor have been found to be smaller
than the intrinsic ones, but the critical exponent obtained
from the temperature dependence of the order parameter
between T, and T, —20 K is in good agreement with
those previously reported in the literature.
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EXPERIMENTAL TECHNIQUES

Single crystals of RbCaF3 nominally doped with 0.5
mol% of NiFz were grown at the University of Pader-
born by the Bridgman technique using vitreous carbon
crucibles. When the samples are cooled down below 195
K, polydomains are usually otained with the domain axes
along the three (100) cubic directions. Nearly mono-
domain samples can be achieved by introducing a
cylinder-shaped crystal with a (100) direction along the
cylinder axis into a Teflon coat, the domain orientation
then being parallel to that of the cylinder. X-ray irradia-
tion was performed using a normal focus Cu-target tube
working at 45 kV and 30 mA. EPR spectra were record-
ed on a Varian E-112 spectrometer working in the X
band. Measurements at 77 K were performed using a
quartz immersion Dewar, while a variable-temperature
accesory Varian E-257 and a continuous-flox helium cry-
ostat (ESR-900 from Oxford Instruments) were used for
temperatures between 10 and 300 K (with a stability of
+2 K). Magnetic-field values were determined with a
Brucker NMR ER035M gaussmeter and the microwave
frequency was determined using the diphenylpicrylhydra-
zyl (DPPH) EPR signal.

EXPERIMENTAL RESULTS

Room-temperature (RT) x-ray irradiation induces new
signals at g=2.6 and 2.1 in the EPR spectra of these
crystals. %'e show in Fig. 1 the spectrum measured at
230 K (above T, ) with the magnetic field parallel to a
(100) direction, of a RT x-ray irradiated sample. The
radiation-induced signals are very similar to those associ-
ated with Ni+-II and Ni+-III centers in x-ray irradiated
KMgF3. Ni, and we will label them in the same way. The
lines corresponding to each of these two centers can only
be partially resolved in the low-field part of the spectrum
(see Fig. 1). The signal corresponding to Ni+-II centers
shows a well-resolved five-line shf pattern that indicates a
shf interaction with four fluorine nuclei, equivalent for
this magnetic field orientation. The weaker signal, la-
beled Ni+-III, is strongly overlapped with the Ni+-II sig-
nal; but from the splitting between the lines that can be
observed and the comparison with the results in Ref. 6
we propose that it also consists of five shf lines.

The angular evolution of the Ni+-II signal when the
magnetic field is rotated in a (100) plane shows that the
symmetry of the Ni+-II center is tetragonal with the C4
axis parallel to a (100) direction. The four fluorine nu-

g=2.6 g= 2.1

FIG. 1. Ni+-II and Ni+-III EPR signals created by RT x-ray
irradiation in a RbCaF3.Ni crystal measured at 230 K with the
magnetic field parallel to a ( 100) direction.

clei responsible for the shf interaction are placed in the
corners of a square perpendicular to the tetragonal axis.
Unfortunately, the Ni+-III signal is too weak to follow
its angular evolution.

In order to describe these EPR signals, the following
spin Hamiltonian has been used:

H =ptt(g„S„B„+gS B +g,S,B, )

4

+ ~ Ai(S I +S I )+AIIS I
k=1

where pz is the Bohr magneton, S = —,', I =—,', and the zk

axes are parallel to the Ni+ —F bonding line, the sum-
mation being extended to the four fluorines in the plane
perpendicular to the tetragonal axis. The spin-
Hamiltonian parameters which give the best fit between
calculated and experimental line positions are given in
Table I. For the Ni+-III center only the values of Ai
and gt ( =g, ) can be determined from our data.

When the RT irradiated samples are measured at tem-
peratures below 65 K a new EPR signal, due to a
different type of Ni+ center, is observed. On the other
hand, this type of Ni+ center is the only one detected in
liquid-nitrogen-temperature (LNT) irradiated samples.
The EPR spectrum of this center measured at 30 K in a
polydomain sample (see the following) with the magnetic
field parallel to one of the cubic ( 100) directions is given
in Fig. 2. Similar behavior has also been found in
KMgF3. The superhyperfine structure indicates an in-

TABLE I. Values for the spin-Hamiltonian parameters of the different Ni+ centers in RbCaF3. The
superhyperfine constants are given in MHz. Primed values correspond to the two axial fluorines.

Center

Ni+-I
Ni+-II
Ni+-II
(tetra g.)
Ni+-II
(orth. )

Ni+-III

Temp. (K)

30
230

77

77

230

gx

2.111

2.133
2.115
2.114

2.121

gz

2.778
2.688
2.663

2.672

2.651

All

203
221
233

232

88
90
94

93

Aii Ai
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lQ mT

g=2$
g= 2.1

g=26

FIG. 2. Ni+-I EPR signal created by LNT x-ray irradiation

in a RbCaF3. Ni crystal measured at 30 K in a polydomain sam-

ple with the magnetic field parallel to a pseudocubic (100)
direction. The boxed inset shows a detailed view of the g=2.6
region.

teraction with four equivalent fluorine nuclei, but now in
each shf line a further splitting is resolved that can be un-

derstood as due to a weaker shf interaction with two oth-
er equivalent fluorine nuclei. From the angular evolution
of this signal we conclude that the Ni+ ion is located in a
tetragonal environment with four equivalent fluorine ions
placed in the plane perpendicular to the tetragonal axis
while the two remaining fluorines are symmetrically lo-
cated along the tetragonal axis. To describe the EPR sig-
nal of this new center the following term has been added
to the former spin Hamiltonian [Eq. (1)]:

2

g A 'j (S„I„'+SKI@}+A ('(SzIz,

where the z axis is parallel to the tetragonal axis. Again
the values of the spin-Hamiltonian parameters are given
in Table I.

We will now describe the effects of the phase transi-
tions on the Ni+ EPR signals. As mentioned above
RbCaF3 undergoes two structural phase transitions at
about 195 and 50 K. However, we have not been able to
observe any change in the EPR signals of Ni+ ions that
can be associated with the 50 K transition and so we re-
strict our comments, from now on, to the 195 K transi-
tion.

If the EPR spectrum is measured at 77 K (below T, ) in
a polydomain sample, some changes occur in the Ni+-II
EPR signal which are more readily seen in the low-field
part of the spectrum [Figs. 3(a} and 3(b)]. Each line of
the superhyperfine pattern undergoes a further splitting.
This splitting can be understood as follows. As we have
already said, the 195-K phase transition is accompanied
by an elongation of the crystal unit cell one of the ( 100)
cubic axes and a rotation of the fluorine octahedra along
these axes. In a polydomain sample the centers with the
tetragonal axis parallel to the domain direction will
remain tetragonal, while for those whose tetragonal axis
is perpendicular to the domain axis, the local symmetry
will be reduced to orthorhombic (see Fig. 4). The split-

FIG. 3. Low-field group of the Ni+-II EPR signal with the

magnetic field parallel to a ( 100) direction (a) measured at 230
K; (b) measured at 77 K in a polydomain sample; (c) measured

at 77 K in a monodomain sample with the magnetic field paral-

lel ( ———) and perpendicular ( ) to the domain orienta-

tion.

ting observed in the low-field part of the spectrum is due
to different g, values (the z axis of the center has been
taken in the direction of the.tetragonal or pseudotetrago-
nal axis} for these two types of centers (the effect of the
small rotation of the g tensor on the spectrum of the or-
thorhombic center appears to be negligible because for
this orientation of the magnetic field we are close to a
turning point). This fact is confirmed when the EPR
spectra measured in a monodomain sample are con-
sidered. Figure 3(c) shows the low-field part of the Ni+-
II EPR signal in a monodomain sample measured at 77 K
with the magnetic field parallel and perpendicular to the
domain axis. The signals corresponding to both centers
can be separately observed. The spin-Hamiltonian pa-
rameters corresponding to the tetragonal and orthorhom-
bic Ni+-II centers can be measured in the following way:
The g, values can be determined in a monodomain sam-

ple in the low-field part of the spectrum when the mag-
netic field is parallel (for the tetragonal centers) and per-
pendicular (for the orthorhombic centers) to the domain
orientation. In this last case the small tilting angle has
been taken into account. In the high-field region the pa-
rameters g for both centers can be measured simultane-

ously when the magnetic field is perpendicular to the
domain axis; with B parallel to the domain orientation
the g„value for the orthorhombic center can be mea-
sured from the high-field part of the spectrum. The cor-
responding results are given in Table I.
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nals due to both orthorhombic and tetragonal Ni+-II
centers, and therefore the effect of the phase transition is
much more diScult to observe.

The angle of tilting can be more accurately estimated
by considering the EPR spectrum with the magnetic field
parallel to a cubic (110) direction and also perpendicu-
lar to the domain axis. In this direction the signal corre-
sponding to the orthorhombic Ni+-II centers whose z
axes lie at nearly 45 from the magnetic field is observed
in the low-field part of the spectrum. This is the situation
at which the line positions are most sensitive to the orien-
tation of the g tensor with respect to the magnetic field,
and it has been used to study the evolution of the angle of
tilting with temperature. In the cubic phase the centers
whose z axes lie at 45' of the magnetic field are magneti-
cally equivalent. Below T„due to the tilting of the
fluorine octahedra, the angle between the z axis of these
centers and the magnetic field becomes larger or smaller
depending on the direction of the rotation [Fig. 6(a)].
Thus, the signals corresponding to these centers split
when cooling the sample below T„as is shown in Fig.
6(c). Measuring this splitting, the rotation angle can be
easily calculated, with an estimated accuracy of about

Z Z

(a)

pseudocubic (100&

1.3

0.7 —
~

Q5

Tc

195 191

I I

187 183

TEMPERATURE ( K)

I

179
I

175

FIG. 7. Dots represent the temperature evolution of the tilt-

ing angle of the g tensor of the Ni+-II orthorhombic centers.

The continuous line corresponds to the expression

P=Pp
~

T Tp
~

w—ith P=0.26, Tp ——203 K.

0.1'. Figure 7 shows the values obtained in this way as a
function of temperature. A discontinuity of 0.7' is ob-
served at T„corresponding to the first-order component
of the phase transition. Between T, and T, —20 K the
evolution of the angle of tilting can be fitted to the power
law /=|I)o

~

T —To
~

~, with To=202 K and P=0.26.
We have also measured the temperature evolution of

the spin-Hamiltonian parameters for both the tetragonal
and orthorhombic Ni+-II centers between T, and 30 K.
The superhyperfine parameters show no evolution within
experimental accuracy in this temperature range. With
respect to the gyromagnetic tensor, the most significant
variation is observed in the g, parameter for both tetrag-
onal and orthorhombic centers. This evolution is
represented in Fig. 8. As a comparison, the data corre-
sponding to Ni+-II centers in KMgF3 are also included.
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FIG. 6. (a) Relative orientations of the magnetic field and the
tilted z axes of the Ni+-II orthorhombic centers that have been
used to measure the tilting angle P below T, The domain.
orientation is perpendicular to the paper plane, (b), and (c)
Ni -II EPR signal corresponding to the above-mentioned situa-
tion measured (b) above T, and (c) at just below T, . The split-
ting of the central line is indicated by dashed lines.

215 195 175 155 135 115 95 75

TEMPERATURE ( K)

FIG. 8. Temprature evolution of the g, values for the tetrag-
onal (+ ) and orthorhombic (~ ) Ni+-II centers. The values for
the Ni+-II centers in KMgF3 ( + ) are also shown for compar-
ison.
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(a)

1Q mT

(b)

FIG. 9. Ni+-I EPR signals in RbCaF3. Ni measured at 30 K
in a rnonodomain sample with the magnetic field along a pseu-
docubic & 100) direction and (a) parallel and (b) perpendicular
to the domain orientation.

With respect to the Ni -I centers in RbCaF3, it is
noteworthy that only those with their z axis parallel to
the domain direction are present below T, . This can be
seen in Fig. 9, where we show the EPR spectrum of a
monodomain sample x-ray irradiated at LNT and mea-
sured at 30 K with the magnetic field perpendicular [Fig.
9(a)] and parallel [Fig. 9(b)] to the domain orientation. It
is clearly seen that most of the centers have the tetrago-
nal axis in the domain direction. Centers whose tetrago-
nal axis is apparently perpendicular to the domain direc-
tion can also be seen. This is because the sample is never
l00% monodomain.

DISCUSSION

We have essentially described three types of Ni+
centers created by x-ray irradiation in RbCaF3. Their
EPR signals are very similar to those found in KMgF3.
The values of the g factors (g„yg„„,g pg, ) for all the
centers indicate that the unpaired electron is located in a
d 2 2 orbital. This orbital has its four lobes pointing to-

wards four fluorine nuclei located in a plane perpendicu-
lar to the tetragonal axis. This explains the main
superhyperfine structure observed in all the Ni+ signals.
The extra superhyperfine structure observed in the Ni+-I
signal is due to two fluorine nuclei located along the
tetragonal axis. The lack of this structure in the Ni+-II
and Ni+-III centers can be explained assuming that some
vacancies are associated with these centers. In KMgF3
this assumption was supported by bleaching experiments
in which a correlation between the growth of the Ni+-II
EPR signal and the destruction of the F-center absorp-
tion band was found. To our knowledge, the optical ab-
sorption bands of the different intrinsic defects have not
been yet identified in RbCaF3, and a similar correlation
cannot be carried out in a straightforward way. Howev-
er, because of the similarity between the results obtained
in RbCaF3 and KMgF3 we assign Ni+-II and Ni+-III
centers to a Ni+ ion with one (Ni+-II) and two (Ni+-III)
nearest-neighbor fluorine vacancies placed along the
tetragonal axis.

The Ni+-I center in KMgF3 has been associated with
Ni+ ions in a Jahn-Teller elongated fluorine octahedron.

In RbCaF3 the Ni+-I signal has only been observed
below 65 K and so an additional distortion due to the
phase transition wi11 also be present. For Cu + in
RbCdC13, which undergoes a phase transition at 385 K
similar to the one at 195 K in RbCaF3, it has been
shown that the tetragonal distortion is mainly due to a
static Jahn-Teller effect. We tentatively propose that the
same happens in our case. On the other hand, the fact
that only centers with the tetragonal axis parallel to the
domain orientation are observed in the monodomain

sample can be associated with the additional tetragonal
distortion due to the 195-K phase transition.

With respect to the values of the shf interaction param-
eters corresponding to the four fluorines that cause the
main shf structure in the Ni+-I and Ni+-II signals, we
can analyze them using the same procedure given in Ref.
7 in order to obtain some information about the distor-
tions caused by the Ni+ ions in the surrounding fluorine
octahedra. Since this method has already been described
in a more detailed way elsewhere, only the main ideas
are quoted here. In a molecular orbital calculation the
NiF4 cluster wave function can be written as

y2 (4~2 y2 ~lsXis ~2sX2s ~2pX2p ) & (3)

e eg,p, givpiv ~
—,
' 3c&2s

~

d )$(0)
~

where a value of c=1.1 has been used for Ni+ in KMgF3
and K2MgF3. The overlap integral can be evaluated us-

ing Clementti and Roetti atomic wave functions and
then expression (5) gives a relation between the isotropic
superhyperfine constant and the Ni+ —F distance. Us-
ing this procedure the values we have obtained for this
distance in RbCaF3 are 2.21 A for Ni+-I and 2.17 A for
Ni+-II centers. These distances are slightly larger than
those found in KMgF3 and KzMgF3. This can be under-
stood because of the larger distance between the divalent
cation and the fluorine in RbCaF3 as compared with the
two magnesium compounds.

We will now discuss the information that can be ob-
tained on the 195-K phase transition of RbCaF3 using the
changes observed in the Ni+ EPR signals. No changes
have been detected in the superhyperfine parameters of
Ni+-II when the crystal is cooled down below T, . On the
other hand, it can be easily estimated that a rotation of a
few degrees around the domain axis will have no effect on
the shf structure within experimental accuracy because of
the small anisotropy of the shf tensor for both Ni+-I and
Ni+ -II centers.

where X„, X2„X2p are suitable linear combinations of
ligand orbitals. In a purely ionic bonding approximation
the mixing coefficients are given by

A, „=v'3& ls
~

d

A.z,
——v'3&2s

~

d

A,„=v'3&2@
~
d, ) .

As shown in Ref. 7, when covalency effects are intro-
duced in an approximate way the isotropic part of the
superhyperfine interaction can be written as
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%e are then left with the orientation of the g tensor.
Since Ni+-I centers are tetragonal with the fourfold axis

along the domain orientation, it is clear that the tilting
around this axis, which appears below 195 K, does not

produce any change in the orientation of the g tensor.
Consequently, these centers are not useful for measuring
the tilting angle. The same thing happens with the Ni+-
II ions having the tetragonal axis parallel to the domain
orientation.

In the case of Ni+-II ions which become orthorhombic
below T„ the tilting of the fluorine ions around the
domain axis (which corresponds to either the x or y axis
of the center) induces a rotation of the g tensor and, as we

have previously explained, the tilting angle that corre-
sponds to the order parameter of the transition can be ob-
tained from our EPR measurements.

The angles of tilting obtained with this method are
much smaller than the intrinsic ones measured by neu-

tron diffraction or even those measured with other EPR
probes [for example, the intrinsic value at LNT is about
7', ' compared with 2.4' reported in this paper, and the
first-order contribution given in Ref. 10 amounts to about
2.7' while our EPR measurements yield only 0.7']. There
are several reasons that can contribute to this fact. It is

known that because of the distortion induced by the
paramagnetic probes the angles of tilting obtained by
EPR are usually smaller than the intrinsic ones. Besides
this, in the case of the orthorhombic Ni+-II centers, one
of the four fluorines that normally rotates is missing (see

Fig. 4), and this can influence the rotation angle. Finally,
we should mention that we are measuring the orientation

of the g tensor and its principal directions are determined
not only by the rotating fluorines, but also by the Rb+
ions that do not rotate.

Although the absolute values of the rotation angles are
smaller than the intrinsic ones, the critical exponent we

have obtained (P=0.26) agrees quite well with the ones
measured by other techniques. For example, neutron
diffraction studies yield P=0.25, which agrees with
Mossbauer experiments' ' and single crystal x-ray
diffraction, " NMR spectroscopy ' yields P=0.27, while

optical birefringence' and Raman scattering' yield
somewhat higher values: P=0.29 and P=0.33, respec-
tively.

Finally, with respect to the temperature dependence of
the g factors, previous neutron diffraction experiments
have found a minimum of the Ca—F bond length at
T = T„for both equatorial and axial fluorines. This evo-

lution should be reflected somehow in the value of the g
parameters since they are affected by the energy
difference between the d» ground state and excited

states, which is governed by the crystal field strength and
consequently by the Ni+ —F distances. However, none
of this kind is experimentally observed. This shows again
that Ni+ ions are not very sensitive to the 195-K phase
transition in RbCaF3.
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