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EPR study of Ni+ centers in SrF2

1 MARCH 1983

P. J. Alonso
Departamento de Fs'sica Fundamental, Universidad de Zaragoza, Zaragoza, Spain

and Consejo Superior de Investigaciones 0entif'icas, Facultad Ciencias,
Universidad de Zaragoza, Zaragoza, Spain

J. Casas Gonzalez
Departamento de Optica, Facultad Ciencias, Universidad de Zaragoza,

Zaragoza, Spain

H. %. den Hartog
Solid State Physics Laboratory, 1, Melkmeg, Groningen, The Netherlands

R. Alcala
Departamento de Optica, Facultad Ciencias, Universidad de Zaragoza,

Zaragoza, Spain
(Received 22 July 1982)

The EPR spectra of two kinds of Ni+ centers created by room-temperature x irradiation
of SrF2.Ni single crystals are reported. One of them labeled as Ni+-I shows a pure tetrago-
nal symmetry with a g tensor given by the values g ~~

=2.597+0.005 and g ~ ——2.092+0.005.
The superhyperfine (SHF) structure is interpreted as due to the interaction with four
equivalent fluorines. The interaction with each of these fluorines is given by an axial tensor
with A~~=235+5 MHz and A& ——105+5 MHz. The other type of Ni+ centers labeled as
Ni+-II shows a slight orthorhombic distortion with respect to the tetragonal symmetry.
The principal values of their g tensor are g„=2.093+0.005, g~=2.087+0.005, and

g, =2.589+0.005 and the orientation of the principal axes is given by the Euler angles
/=45', 8=2', and 4=0' with respect to the cube axes. The observed SHF structure is in-

terpreted in the same way as for Ni+-I centers but with A
~~
=250+5 MHz and A &

——100+5
MHz. The basic model for both defects is a Ni+ ion displaced along one of the (100)
directions from the center of the cube of fluorines toward one of its faces, forming a kind

of NiF4 molecular ion. The slight orthorhombic distortion of Ni+-II centers is likely to
be due to the presence of an extra defect in the neighborhood of Ni+ ions. The production
and stability of both kinds of defects under different treatments is also reported. From
these results and by comparison with optical absorption data we have concluded that Ni+-I
centers are responsible for an absorption band at 270 nm and that Ni+-II centers produce
an absorption band at 285 nm.

I. INTRODUCTION

From the beginning of the last decade consider-
able effort has been devoted to the study of the
spectroscopic properties of 3d ions in fluorite-type
crystals (CaF2, SrF2, BaF2, CdF2, and SrC12). A re-

view paper about the results obtained in these kinds
of studies has been recently published. '

Some changes in these spectroscopic properties
can be produced by exposing the crystals to ionizing
radiations. These changes are due either to the for-
mation of complex centers consisting of a lattice de-

fect close to an impurity ion or to modifications in
the valence state of the impurity. Similar effects
were observed a few years ago in fluorite-type crys-
tals doped with rare-earth-metal impurities.

In the last few years we have been performing a

systematic study of impurity-related centers created

by x irradiation of 3d ion-doped fluorite-type crys-

tals. In all of the studied systems we have found

that substitutional divalent 3d ions are reduced by x
irradiation to the monovalent state, so, the reduc-

tion of Co~+ to Co+ and the x-ray-induced

transformation of Mn + to Mn+ have been ob-

served in CaF2 and SrF2.
In a recent paper" we have presented the optical

properties of x-irradiated CaF2.Ni and SrF2.Ni. In
that work it was reported that an absorption band

of complex structure peaking at about 275 nm ap-
pears after room-temperature (RT) x irradiation of
SrF2.Ni, and it was proposed that the center respon-
sible for this band should be a Ni+ ion. From the
complex structure of this absorption band and from
its bleaching behavior it was concluded that at least
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two different kinds of Ni+ centers were present. By
comparison with the results in CaF2.Ni and taking
into account that in this material Ni+ centers have
been characterized by EPR techniques, ' it was sug-
gested that the basic configuration of this defect in
SrF2 should be a Ni+ ion situated in an off-center
position displaced along one of the (100) directions
of the crystal.

In order to check this model we have undertaken
an EPR study of RT x-irradiated SrF2.Ni, and we
have found that x irradiation produces different
kinds of Ni+ centers. One of them with tetragonal
symmetry has the basic configuration described
above. This center will be labeled as Ni+-I. The
other main center has basically the same structure,
but its symmetry is lower showing a slightly
orthorhombic distortion. It will be labeled as Ni+-
II. We have also performed a comparison of the
EPR data with the optical-absorption results, and
we have associated an absorption band peaking at
270 nm with the tetragonal Ni+ centers and another
one with its maximum at 285 nm with the
orthorhombic defects.

II. EXPERIMENTAL PROCEDURE

Single crystals of SrF2.Ni were prepared by
means of the Bridgman technique using a 25-kW
high-frequency generator. The crucible material
chosen was high-purity carbon. Ni impurities were

added to the starting material as NiF2. The Ni con-
centration in the raw material was about 0.4 at. %
but, as it has been said elsewhere, " the final concen-
tration is believed to be smaller than that.

All the irradiations were performed using a
normal-focus Cu-target x-ray tube working at 40
kV and 20 mA. Optical bleachings have been done

using a 100-W high-pressure Hg lamp or a 250-W
high-pressure Xe lamp. To obtain polarized light a
Gian- Thompson quartz prism was used. The
optical-absorption measurements were taken with a
Cary 17 spectrophotometer.

EPR spectra were measured at 77 K using an im-

mersion quartz Dewar in an E-112 Varian spec-
trometer working in the x band. The field-

modulation frequency was 100 kHz. In order to ob-

tain accurate values of the microwave frequency
and the magnetic field, the diphenylpicrylhydrazyl

(g=2.0037) and the Cr + and MgO (g =1.9799)
lines were used as standards, and the correction of
the magnetic field was assumed to be linear in all

the range.

III. EXPERIMENTAL RESULTS

A. Production and bleaching characteristics

I I I I I
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FIG. 1. Typical EPR spectrum of Ni+ centers ob-

served in a RT x-irradiated SrF2.Ni sample. Measure-

rnent temperature was 80 K. Different lines are

grouped in several sets corresponding to different kinds

of Ni+ centers (see text).

Before irradiation Ni+ EPR signals were not
detected either at RT or at liquid-nitrogen tempera-
ture (LNT). After RT x irradiation the EPR spec-
trum of a SrF2.Ni sample shows new signals, which
will be identified as due to different types of Ni+
centers. We show in Fig. 1 a typical spectrum of a
RT x-irradiated SrF2.Ni sample, measured at LNT
with the magnetic field oriented along a (100)
direction.

It can be seen that this EPR spectrum shows two
sets of lines. One of these sets is centered at about'

g =2.1 (high-field spectrum) and consists of five
lines. Actually they are not single lines, as can be
seen in the one at the highest field. We will show
later that in this region of the EPR spectrum, the
signals corresponding to at least two kinds of slight-

ly different Ni+ centers are strongly overlapping.
The other set of lines is placed at about g=2.6
(low-field spectrum) and shows a complex structure.
It is composed of at least three groups of five lines.
The lines of the two more prominent groups in this
region of the spectrum have been labeled as Ni+-I
and Ni+-II (see Fig. 1) because, as will be discussed
in the following sections, these signals correspond
to two different kinds of Ni+ centers. The third
group of five lines in this low-field spectrum, which

has been labeled as U, has always been found to be
very small with respect to the other two. In spite of
this, it is believed, by comparison with the Ni -I
and Ni+-II signals, that the U lines are due to a
third type of Ni+ center. We cannot prove this be-
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cause the U signal is too weak, and we have not
been able to find any treatment to prepare samples
containing predominantly this type of center.

The intensities of the Ni+-I and Ni+-II EPR sig-
nals, normalized to their saturation values, are given
in Fig. 2 as a function of the irradiation time. It is
noticeable that the saturation of the Ni+-I signal
takes place at lower dose than the saturation of the
Ni+-II one. In fact, after a short enough x irradia-
tion the Ni+-I signal is strongly dominant in the
EPR spectrum. The saturation of the Ni+-II signal
is not shown in Fig. 2, and it takes place for 10
times longer irradiations.

The behavior of Ni+-I and Ni+-II centers is dif-
ferent under optical bleaching. In Fig. 3 the inten-
sities of both signals, normalized to their initial
values, are plotted as a function of the bleaching
time. The bleaching was performed at RT with the
white light from a Xe lamp. We observed that the
bleaching is more efficient for Ni+-I than for Ni+-
II centers. When optical bleaching is performed at
LNT we observed a total destruction of the Ni+-I
signal and a limited increase of the Ni+-II one.

A complementary effect is observed by thermal
annealing at 400 K. We show in Fig. 4 the low-
field part of the EPR spectrum measured at LNT
with the magnetic field along a (100) direction be-
fore and after thermal annealing at 400 K for 15
min. It is noticeable that this treatment transforms
almost all the type-II Ni+ centers to type-I centers.

B. EPR of type-I Ni+ centers

From the preceding section it is clear that after
an appropriate treatment we can get a sample with

0 Ni+-I

0 Nj'-ll

00

30 45

BLEACHING TI ME ( min)

FIG. 3. Intensities, normalized to their initial values,
of the Ni+-I and Ni+-II EPR signals as a function of
bleaching time performed with white light at RT.

a dominant type-I Ni+ signal in its EPR spectrum.
Under these conditions we have undertaken a study
of the evolution of the EPR lines with the orienta-
tion of the magnetic field. The observed positions
of the Ni+-I EPR lines for different orientations of
of the magnetic field in the (001) plane are given by
circles in Fig. 5. In the spectrum taken with the
magnetic field parallel to the [100] direction, both
the low- and the high-field patterns consist of five
lines with relative intensities following approxi-
mately the sequence 1:4:6:4:1.If the magnetic field
is along the [110]direction, the EPR spectrum con-
sists of two sets of nine lines each, with relative in-
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FIG. 2. Intensities, normalized to their saturation
value, of Ni+-I and Ni+-II EPR signals as a function of
irradiation time.

FIG. 4. Low-field EPR spectrum, taken at LNT with
the magnetic field along a (100) direction in a RT x-

irradiated SrF2.Ni sample (a) before and (b) after a sub-

sequent annealing at 400 K for 15 min.
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FIG. 5. Circles represent the positions of the ob-
served Ni+-I EPR lines as a function of the orientation
of the magnetic field in the (001) plane. Microwave fre-
quency was 9.08 0Hz. Calculated evolution of the EPR
lines using the spin Hamiltonian given by (1) with the
parameters shown in Table I is represented by broken
curves. Central line of each group has been emphasized
showing the tetragonal symmetry of the center. Angle 0
is measured from the [100] direction.

30

tensities following approximately the sequence
1:2:2:1:4:1:2:2:1.When the magnetic field is along
an arbitrary direction, the EPR spectrum consists
of three groups of nine lines each.

The behavior of the central line of each of the
three groups as a function of rotation of the crystal
can be explained if the center responsible for this
EPR spectrum has tetragonal symmetry with its C4
axis along the (100) crystal directions. The evolu-
tion of these central lines has been marked in Fig. 5.

The observed hyperfine structure suggests that it
is due to the interaction with four nuclei with a nu-
clear spin I= —,, which are equivalent for an orien-

tation of the magnetic field along a (100) direc-
tion. We assume that the nuclei responsible for the
hyperfine structure are fluorines because their
100% natural abundance isotope has a nuclear spin

1I=—2'
In order to analyze the hyperfine structure,

several hypotheses have been made: (i) The interac-
tion with each of the four fluorines is described in-
dependently (independent bonding model' ). (ii)
The hyperfine interaction with each fiuorine has ax-
ial symmetry along the bonding direction, Ni+-F
line, ' and consequently this hyperfine interaction
can be described by the principal values A

ii
and Ai

C. EPR of type-II Ni+ centers

As we have already said, after RT x irradiation
and subsequent optical bleaching at LNT we can
get a sample whose Ni+ EPR spectrum is mainly
due to type-II centers. In a sample prepared in such
a way, we have measured the evolution of the EPR
spectrum with the orientation of the magnetic field.
We show in Fig. 6 the rotational diagram corre-
sponding with rotation of the magnetic field in the
(001) plane. When the magnetic field is along the
[100] direction the EPR spectrum is very similar to
the one corresponding with the Ni+-I centers and
consists of two sets of five lines with relative inten-
sities following approximately the sequence
1:4:6:4:1. When the magnetic field is rotated the
spectrum becomes more complicated. It can be seen

TABLE I. Spin-Hamiltonian parameters for the Ni+-I
and Ni+-II centers in SrF2. The hyperfine constants are
given in MHz.

gx

Ry

gz

Aii
Ai
a

Ni+-I

2.092+0.005

2.597+0.005

235 +5
105 +5

10

Ni+-II

2.093+0.005
2.087+0.005
2.589+0.005

20

250 +5
100 a5

10'

of the hyperfine tensor and the angle a between the
bonding direction and the plane of the fluorine iona.

With these hypotheses the following spin Hamil-
tonian has been used in order to describe the ob-
served EPR spectra:

~=Ps[gi|H, S, +gi(S„H„+g~H~)]
4

+ g [Ai(S,I','+S,I', ')+AiiS, I', '] (1)
j=l

1

with S= —, and I'1'= —,, and where the (xyz) coordi-
nate system has been chosen with the z direction
along the tetragonal axis of the center. The
(xj'yj zj ) coordinate system is chosen relative to the
j ligand with the zj axis along the Ni+-F bonding
direction.

Using this spin Hamiltonian we can obtain the
best values of its parameters by fitting the calculat-
ed positions of the lines to the observed ones. The
values obtained in this way are given in Table I.
The predicted EPR line positions are shown by
dashed lines in Fig. 5.
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FIG. 6. CirCircles represent the positions of the ob-
served Ni+-II EPR lines as a function of the orientation
of the magnetic field in the (001) l M'p ane. icrowave fre-
quency was 9.14 GHz. Calculated evolution of the EPR
lines using the spin Hamiltonian given by (2) with the
parameters shown in Table I is represented b the b

es. Central line of each group has been em-

p asize (see text). Angle 0 is measured from the ~100'
direction.

that each group of lines is composed of two sets of
nine lines strongly overlapped. For the sake of clar-
ity we have marked the evolution of the central line
of each set. According to this pattern it follows
that the point symmetry of the Ni+-II centers is
lower than tetragonal, although the deviation from
this symmetry is small. From the analysis of the
evolution of these central lines we can get the orien-
tation of the principal axes of the g tensor. They
are shown in Fig. 7. One of these principal axes is
along the [110]direction (xg axis) and the other two
are in the (110) plane, such that the yg axis makes
an angle e with the [110]direction and the zg axis
makes the angle e with the [001] direction. The ro-
tational diagram shown in Fig. 6 does not provide
an unambiguous assignment of the g„and gz values,
but it can be obtained by analyzing the splitting of
the central lines during rotation of the magnetic
field in a (110) plane in the neighborhood of the
[110]direction.

The analysis of the hyperfine structure has been
performed assuming that it is due to the interaction

potheses as in the Ni+-I case. Consequently, we as-
sume that the hyperfine interactions with the four

uorine nuclei are equivalent in spite of the
orthorhombic symmetry of the center. This hy-

0 F-

FIG. 7. Ori~ rientation of the principal axi (xgyg, z of

ci stal co
the g tensor corresponding to the Ni+-IIe i - center. Chosen
crysta coordinate system (x,y, z) is also sh Fso s own. or the
a e o c arity a cube of the fluorine subl tsu a tice is also

[1103

pothesis is supported by the observed hyperfine
structure: five lines with relative intensities follow-

ing the sequence 1:4:6:4:1when the magnetic field is
a ong a (100) direction and nine lines when the
magnetic field is along an arbitrary direction in the
001 plane.

With these assumptions we have used the follow-

ing spin Hamiltonian to describe the experimental
results:

D. Comomparison with the optical-absorption
measurements

In an a recent paper we have reported the changes11

in t e optical-absorption spectrum of x-irradiated
SrF2.Ni, and we have found th t RTa x irradiation

gi =ps(g„S„H„+g~S„H» +g,S, H, )

4

+ g [A (iS,I', ' +S,I', ') +A S,I', ']
y! yl ll zl z'

(2)

w ere t e xspgzg
coordinate system corresponds t tho e principal
directions of the g tensor (see Fig. 7). The (xj J'zJ

y as or t e spinaxes are defined in the same way a f th
Hamiltonian given by Eq. (1).

By fitting the spin Hamiltonian (2) to our experi-
mental results, we have obtained the best set of
values for the parameters that is given in Table I.
n Fig. 6 we have represented by dashed lines

the calculated line positions using the spin Hamil-
tonian given by Eq. (2) with the parameters given in

Table I.
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induces the formation of a complex absorption band

peaked at about 275 nm. The shape of this band in-

dicates that it is composed of at least two strongly
overlapped bands in the (270—285)-nm region

which were attributed to different kinds of Ni+
centers. A sample with this complex absorption
spectrum (Fig. 8) shows an EPR spectrum as that

given in Fig. 1.
As we have already said, a SrF2.Ni sample whose

EPR spectrum shows mainly one of the signals,
corresponding either to Ni+-I or to Ni+-II centers,
can be obtained by appropriate treatments. We
show in Fig. 8 the absorption spectrum, in the uv

region, corresponding to a crystal in each of these
two situtations. When the crystal shows an EPR
spectrum due mainly to Ni+-I centers, the absorp-
tion band has its maximum at 270 nm, while in a
crystal treated in such a way that its EPR spectrum
consists predominantly of Ni+-II signals the ab-
sorption band is centered at about 285 nm.

Recently, we have reported" that the absorption
spectrum of a RT x-irradiated SrF2.Ni sample be-
comes dichroic by optical bleaching at LNT with
polarized light in the 275-nm band. Two reorienta-
tion stages at about 80 and 170 K have been ob-
served. We have now measured the EPR spectrum
of samples containing dominantly either Ni+-I or
Ni+-II centers before and after LNT optical bleach-
ing in the corresponding absorption band with po-
larized light having its electric field parallel to the
[001] direction, and we have observed an induced
dichroism in the EPR spectrum. The thermal
reorientations also have been observed following the

I—
EL
O

WAVE LENGTH ( nm j

FIG. 8. Optical-absorption spectra of a RT x-

irradiated SrF2.Ni sample ( ) without any addition-

al treatment, ( ———) after thermal annealing at 400 K,
and (—-) after optical bleaching at LNT. Measurements

have been performed at LNT.

EPR signals. The reorientation takes place for both
kinds of centers at about 170 K. We have not ob-
served any dichroic EPR signal whose reorientation
occurs in the 80-K temperature region.

IV. DISCUSSION

From the correlation we have found between op-
tical and EPR measurements it can be concluded
that the absorption band at 270 nm and the tetrago-
nal EPR spectrum are due to one type of center and
also that the orthorhombic EPR signal and the
285-nm absorption band are due to another one. As
these optical-absorption and EPR signals only ap-
pear in Ni-doped Sr' after RT x irradiation and
not in SrF2, either pure or doped with other 3d ions,
we conclude that they are associated with defects
related with Ni.

We have proposed elsewhere" that the complex
absorption band in the 275-nm region is due to the
presence of several kinds of Ni+ centers created by
RT x irradiation. We shall show now that this as-
signation is reinforced by the present results. A
basic model for the centers responsible for the EPR
and optical-absorption spectrum mentioned above
also will be given.

The EPR signals due to both kinds of Ni+
centers have tetragonal symmetry, except for the
slight orthorhombic contribution shown by type-II
centers. As we have said, the hyperfine structure is
due to the interaction of an electronic spin S = —,

with four equivalent nuclei having a nuclear spin
I= —,. Using the same arguments as those em-

ployed in the case of tetragonal Ni+ centers in CaF2
(Ref. 12) we propose the following basic model: A
Ni+ ion displaced along one of the (100) directions
from the center of the cube of the fluorine ions to-
ward one of its faces forming a kind of NiF43

molecular ion (see Fig. 9). The value obtained for
the angle a (see Table I) indicates that the NiF43

molecule has a pyramidal structure very close to the
square planar one. Similar off-center ions in
fluorite-structure crystals have also been reported
by Moreno' in SrC12.Ag + and by Bill' in
SrC12.Cu +. It is noticeable that Cu + is isoelec-
tronic with Ni+ (3d ) and the outermost electronic
configuration of the Ag + ions is 4d .

The abave-described model is a center with C4„
point symmetry and is actually the model for a
Ni+-I defect. The structure of the orthorhombic
center Ni+-II is basically the same, but from the
pattern of Fig. 6 we conclude that its point symme-
try is C, . From our present results we cannot give a
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tion' yields the following expressions for the g
values:

8A, A,

gal =2 4A,

(3)

OF- ~ Ni' + Sr2 site

FIG. 9. Basic model for the Ni+ centers in SrF2.

d x2-y2

hy &X Dz

dxy

t dxz
I. dy.

cs

FIG. 10. Energy-level diagram for d electrons in a
C4„and in a C, symmetry.

conclusive answer to the question concerning the
reason for the lower symmetry of the Ni+-II
centers; it could, however, be due to the presence of
an extra defect in the vicinity of the Ni+ ion. The
lack of any observable hyperfine interaction with
this perturbation prevents us from elucidating its
nature.

We will comment now on the spectroscopic prop-
erties of our centers. I.et us begin with type-I Ni+
centers. The scheme of energy levels associated
with the ground configuration of a complex with

C4„symmetry containing a 3d central ion such as
the one given in Fig. 9 is reproduced in Fig. 10.'

We have chosen the z direction along the tetragonal
axis of the defect, and the x and y directions along
the diagonal of the ligand square. We want to point
out that the x and y axes have been rotated 45' with
respect to those given in Ref. 12. The deviations of
the g values from the free-electron one are due to
the mixing of the ground state with higher excited
states. A calculation up to second-order perturba-

where A, is the spin-orbit coupling parameter and
the meaning of the energy differences b,

ii
and b,i is

given in Fig. 10. Using these expressions we can get
information about the relative positions of the ener-

gy levels. From the numbers given in Table I and
taking a value of A, = —450 cm ' (Refs. 12 and 17),
we obtain the values of h~

~

——5770 cm ' and

hz ——7900 cm
The observed Ni+-I absorption band at 270 nm

(approximately 37000 cm ') clearly does not corre-
spond with these energy differences. We have not
observed any absorption band corresponding with
the b,

ii
and bi energy differences. This can be due

to the fact that the associated transitions are in-
traconfigurational and probably strongly forbidden.
The 270-nm absorption band should correspond
with an interconfigurational transition. These kinds
of transitions can have a large oscillator strength,
and consequently the associated absorption bands
are very intense. Interconfigurational transitions
have been observed for several 3d iona in different
matrices.

The o or ncharacte. r of the electric dipole transi-
tion associated with the 270-nm absorption band
can be obtained from the changes induced in the
EPR signal by optical bleaching with 270-nm polar-
ized light. Since we observe a decrease in the inten-
sity of the signal corresponding to Ni+-I defects
with the tetragonal axis parallel to the direction of
the electric field of the bleaching light, we conclude
that the 270-nm absorption band corresponds to a
transition having a predominantly o. character.

In the case of the Ni+-II centers we will assume
that the orthorhombic distortion only produces a
small splitting of the (d~,d~) level, which is two-
fold degenerated in the C4„symmetry (see Fig. 10).
We will neglect the mixing induced in the d func-
tions. With these hypotheses we can make a calcu-
lation of the g values as a function of the energy
differences b,„,b», and 6, given in Fig. 10 and the
spin-orbit coupling parameter A,. In order to take
into account the second-order corrections, and since
g„and g„values are very close, we have assumed
that the second-order correction is the same as the
one corresponding to the tetragonal case taking for
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hi an average of h„and b,„, and for b,
ii

the b„
value. With these approximations we get

g„=2— —4
2k

X z
L

2k
gy

——2 — —4
g

(4)

8A,

b„(b,,+by)

Using these expressions with the values of g„, gs,
and g, given in Table I, we obtain 6„=7700cm

5z ——8100 cm ', and 6,=5850 cm

As in the tetragonal case, the transitions associat-

ed with these energy differences are intraconfigura-

tional and have not been observed due to their
weakness. The uv absorption band at 285 nm will

correspond to an interconfigurational transition,
and from the dichroism experiments it is also con-

cluded that it has a predominant 0 character.

From the previous treatment the position of the

d & level cannot be checked, but it is clear that this

level is not the highest one because in such a case

the g values would be very different, ' so the un-

paired electron is in a d 2 „2 orbital, which has a

strong overlapping with the fluorine ligands, and

this can be the reason for the observed structure of
the defect in which only the hyperfine interaction

with four fluorines is observed It. is also clear from

this model that the electronic spin of the defect is
S=—,, which corresponds to that used in the spin

Hamiltonian, which explains the experimental re-

sults.
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