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Structure of transition-metal-oxygen-vacancy pair centers
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The microscopic structure of the Fe'+-Vo and Mn'+-Vo pair centers has been considered using the
Newman superposition model. This model yields the EPR parameter b, as a function of transition-metal-
ion-oxygen distance d and position. It is found, for the oxide perovskites, that the transition-. metal ion
moves by a distance 6 = 0.1 d = 0.2 A towards the vacancy Vo. The four lateral oxygens move against the
metal ion by 4' or 0.08 A. This is in agreement with the reduction of the metal ionic radius due to the five-
fold coordination. The intrinsic two-center parameter b, needed in the Newman model is based on the
uniaxial strain data of MgO and SrTiO„as well as on the measured spin-Hamiltonian parameter b, in the
tetragonal phase of SrTiO, . The b, parameters obtained also provide information on other centers reported in
oxide and fluoride compounds.

I. INTRODUCTION

More than a decade ago, in the cubic perovskite-
type crystal SrTiO„a new kind of defect was dis-
covered by electron paramagnetic resonance. It
consisted of a trivalent iron ion Fe" exposed to a
large axial crystal field. It was postulated to
consist of an Fe'+ ion on an octahedral Ti ' site
next to an oxygen vacancy. ' Such a defect is pos-
sible in perovskite-type ABO3 crystals in which
the 8 ion has a high nominal valency, i.e. , Ti~'
or Nb" for charge-compensating reasons. It is
much less likely to occur in cubic NaCl-type
oxides like MgO, where the Mg ion is twofold
positively charged. In MgO, Cr3' centers with
Mg vacancies (V„,) on nearest-neighbor lattice
sites have been identified with defect axes along
(110)directions'. and on next-nearest-neighbor
lattice sites along (100) directions. '4

Since the discovery of the Fe"-VQ center in
SrTiO„many such pair centers have been ob-
served by EPR with the general formula M-VQ in
perovskite-type crystals, where M stands for
transition-metal ions of valency 2 or 3.' Recently,
one was found with valency 4, i.e. , the Fe '-VQ
center. ' The pair center most thoroughly char-
acterized by EPR is still the Fe"-VQ.' In this
paper, we try to gain an understanding of the
local environment of this center based on the
axial EPR parameter 5, measured and the reduced
octahedral rotation angle y below the cubic-to-
tetragonal phase transition in SrTiO, .' This was
possible due to very recent advances in the field —,

first, the center isoelectric to Fe"-VQ, the
Mn VQ, was observed by EPR and analyzed, '
and second, the superposition model for EPR
spin-Hamiltonian parameters for rare-earth
compounds of Newman' was extended by him,
Urban, '" and Siegel" to transition-metal ions.

The essence of the Newman model is reviewed
in Sec. II. This allows the distortion of the five
oxygens around the Fe" and Mn" isoelectronic
center to be analyzed, if the parameter of the
linear superposition model is known. The latter
is obtained from EPR and crystallographic data, of
Fe" or Mn" ions with octahedral oxygen and
fluorine coordination without a nearby vacancy
(see Sec. III). In Sec. IV, we then use these data
to estimate the local distortion around the Fe"-
VQ and Mn"-VQ centers, and show that the Fe"
and Mn" ions move about 0.2 A towards the
vacancy.

W'ith the linear superposition parameters ob-
tained in Sec. III, it is also possible to verify
the assignment of models for axial EPR centers
reported in oxide and fluorine perovskite com-
pounds, as well as for SrO and MgO. The analy-
sis done in Sec. V on two tetragonal. strongly
axial centers in MgO Fe3' '2 and SrO Mn" '3

points to probable Fe" —V„Mn~ —V, pair centers,
respectively. 'This indicates more frequent occur-
rence of M —V, pair centers than expected previous-
ly. The nature of the axial Fe" centers with five
fluorines around the Fe" ion in KMgF3 KZnF3, "
and RbCdF, (Ref. 16) is undertaken. It is shown
that the sign of b', determines whether the centers
are Fe"-V~ pair centers of if they consist of
distorted FeOF, octahedra with one 0' ion pre-
sent. Finally, a reassignment or the cubic Mn"
spectrum in BaTiO, as being due to octahedrally
coordinated Mn" (see Ref. IV) is carried out in
Appendix A. The tetragonal Mn" center in KTaO,
found by Hannon" is discussed in Appendix B.

II. NEWMAN LINEAR-SUPERPOSlTION MODEL

This model assumes that the spin-Hamiltonian
parameters b„result from a. linear superposition

109 1979 The American Physical Society



110 E. SIEGEL AND K. A. NULLE8,

of single ligand contributions of the form

b (R,) = b, (R )(R /R, .) ', (2)

where the power-lam exponent is of the order 10.
In certain cases, however, a sum of two expo-
nentials had to be taken. " R, is the reference
distance, and R,. the one to the ligand ion i. The
b„are the spin-Hamiltonian parameters for
which the symbols D, F-, a, and F are often used.
They are related to one another by

The summation in Eq. (1) goes over the nea. rest-
neighbor ligands of the paramagnetic ion. The
essential idea behind this model" is the following:
the measured spin-Hamiltonian parameters are,
to a large percentage, given by covalent effects,
i.e. , overlap and exchange with the nearest neigh-
bors, The normal crystal-field contributions,
especially for the lower n = 2 rank constants b, ,
are inherently of longer range. Thus the employ-
ment of the crystal field for calculating EPR spin-
Hamiltonian parameters b, is bound to fail.

For rare-earth impurities, the assumption of
linear superposition as in Eq. (1) has been proven
successful. For the even more covalently bound
transition-metal ions, consistent results were
first accumulated by Newman and Siegel, "and are
corroborated by the results in Sec. III. Nonlinear
three-body interactions appear to be negligible
so far.

The Nc;; man model correlates spin-Hamiltonian
parameters measurable from EPR experiments
with positions of ligands available from crystallo-
graphic data. The b„(R) a.re parameters which
one has to determine from centers whose natures
are known and for which EPR and crystallographic
data are available. With the known function b„(R),
two applications are possible: (i) An analysis of
local arrangements, if the EPR parameters are
known and if the symmetry is sufficiently high.
(ii) Predictions of the sign and magnitude of
spin-Hamiltonian parameters can be made if, for

b„.= g b„(R,)ff„.(S,, q,.). (1)

The K„(g,, (p,.) are spherical harmonic functions
of rank g of the polar angles. For example, K,
=-,'(3cos'8-1) or K', = —,sin'8 cos2((). The b„(R)
are functions of the radial metal-ligand distance
R which are called the intrinsic parameters. They
differ for various paramagnetic ions, i.e. , Fe"
or Mn", as well as for oxygen or fluorine li-
gands. ' ' So far, it has been assumed that the
functional form of b, (R) obeys a single potential
law term

a local configuration, the crystallographic data
are available. Thus the assignment of centers can
be verified or discarded.

The aim of this paper is primarily laid out in
application (i) for the oxygen vacancy centers,
while (ii) may be used to verify certain .models.
To do this, we need the parameters b„(R). ln Sec.
III, we therefore determine these quantities from
single paramagnetic impurity centers of some
perovskite and other compounds, and compare
them with the results obtained earlier in Ref. 11.
Since the pair-vacancy centers to which we refer
are axial, and the spin-Hamiltonian parameter
D =b', is the largest of all, we restrict ourselves
in the following consideration to the m=2 para-
meters. As a model equation we use Eq. (3),
which results from Eqs. (1) and (2):

b=b, (i(,„) Q (
—') lC, (8, , rp,.)
R)

A very important relation can be deduced from
it that gives a rough and quick estimate whether
two different paramagnetic ions such as Fe' and
Mn" are on the same site in a compound. To get
the relation we assume that both the local sur-
rounding and the power-law exponents of both
paramagnetic ions I and II are identical, Then we
get

bo(()/bo((I) b(I)/b((I)
2 2 2 2 (4)

where b,'" and b,""are the intrinsic parameters
for the, two paramagnetic ions, taken at the same
distance R,. Because the paramagnetic ions —for
example, Fe" and Mn"—have different sizes and
charges, the surrounding as well as t, mill be
somewhat different. Therefore, this relation is
only approximately fulfilled but is quite useful.

III. DETERMINATION OF b2

A. b2 for Fe '
and Mn

'
in oxide compounds

Essential for the model calculations of Secs. IV
and V is the knowledge of parameters b, (R,) and

From uni~ial strain data of cubip crystals,
it is possible to determine these two parameters
independently. The result of the analysis on MgO
and CaO of Newman and Siegel" is shown in Table
I, which also includes the values for Fe" in
SrTiO, . In the case of SrTiO, the b, values were
evaluated in two ways. (i) The measured uniaxial
strain parameter G» = 7.26(20) cm ' per unit strain
of %aldkj. rch and Muller" in the cubic phase
allows the dete rmination of the product of b, and
t, using G» ——-'t, b, "One obtain. s b, t, = —5.45(15)
cm '. (ii) On the other hand, b, can be obtained
combining the crystallographic data of Refs. 21-
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TABLE I. Intrinsic parameters b2 for Fe and Mn +

in some oxide perovskite compounds.

Model parameters for Fe +

&0 (A) 52 (cm ~) t2

MgO strain data 2.101 -0.412(25) 8(1)
CaO strain data 2.398 -0.225(20) 5(1)
SrTi03 tetr. phase 1.952 -0.57(38) 8(1) assumed
SrTi03 strain data 1.952 -g.68(10) 8(1) assumed

Model parameter for Mn+

Ro (A) 52 (cm )

MgO
CaO

strain data
strain data

2 ~ 101
2.398

-0.157(5) 7(1)
-0 ~ 050(10) 7(1)

23 with the EPR data of Ref. 24 of the tetragonal
phase. Using model Eq. (3) for the tetragonal
distorted octahedra with distance 2c and 2a' to
the nearest neighbors of Fe", one gets

b, = b, (RO= ~c) x 2[1—(c/a') ']. (5)

Because the ratio c/a'=1+0. 8(4) x 10-' (Ref. 23)
is nea, r one, Eq. (5} can be expanded, resulting in

b,'=-b, (R,)t, x 2(c/a'- 1).
This shows that only the product of b, and t, is
accessible. With bo= V.3(3}x10 ' cm' of Ref. 24
and the value of c/a', one obtains

b, (R,)t, =-4.6+2.5 cm '.
The 8, value of SrTiO, is close to that of MgO;

thus we assume that the power-law exponent t,
is the same as in MgO. With this assumption we
get the values for Fe" in SrTiO, in Table I. Both
b, values of SrTiO, are consistent within the
error limits; they are also in ihe range of b,
extrapolated from MgO for R, of SrTiO, [b,(1.952
A) =-0.74(11}cm ']. From this, we conclude
that the potential law of Eq. (2); with the data of
Mg0 of Table I, is a good basis for model calcula-
tions in an B, distance range of 1.9-2.1 A. The
values of Mn" in oxides of Ref. 11 are also in-
cluded in Table I. These data, mainly based on
uniaxial strain data, build the basis for our model
calculations of Secs. IV and V.

Since we want to interpret the M-Vo centers in
perovskites, it would have been suggestive to
determine b, and t, from other distorted oxide
perovskites, for which intrinsic crystallographic
and Fe" or Mn" EPR data are known. Candidates
for this are ferroelectric tetragonal""" and
orthorhombjc BaTj037 orthorhombjc KNb037
and tetragonal PbTiO, .' " However due to the
large distortions and the inner dipolar electric
fields, there are doubts about the exact position
of the Fe" or Mn" ion because of the different

charge. Since this exact position. is the essential
point for determining the intrinsic parameters,
these compounds had to be omitted

Employing for these compounds the same b, and
t, parameters for Fe" and Mn" as in Table I,
and allowing for an additional shift 4 of the center
of the ions along the polar [100], [110], or [111]
axes in the tetragonal orthorhombic and rhombo-
hedral phases, respectively, the various observed
b,', b', parameters could very recently be explained
self-consistently. The shift ~ thus derived always
has a negative sign such that the Fe" and Mn"
ions are close to the center of inversion of the
octahedron. This means that the Fe" and Mn"
ions participate less in the ferroelectric phase
transition than do the bulk Ti" or Nb" ions. This
is consistent with the earlier observation of
Arend, "who found that Fe" doping always re-
duces the T, of BaTiO, . The detailed results of
our calculations will be published separately.
Note that in SrTiO, or MgO, such a shift ~ cannot
exist at the Ti" or Mg" sites, since both com-
pounds have the symmetry O„at the cation site.
This further adds to the consistency of the use of
b, and t, as derived from these two compounds.

In passing, we note that it is stated in Newman
and Siegel's paper" that b, is positive for the
scheelite compounds CaWO4 and SrW04, but in
both substances the value of b, is negative, as
can be seen from Table II. In this calculation,
we assumed that Mn" is located on the Ca and Sr
sites, respectively, as discussed in Refs. 35
and 36. Apart from this we.can assign this Mn"
center from the hyperfine-structure constant
A= —,'(A+2B), which in CaWO, is -89.3(1)x 10 ~

cm ',"and in SrWO'is -89.V(l)x10 4 cm ','6

respectively; Using the covalency parameter
of Gordy and Thomas" and Eq. (2) of Simanek

.and MGller, " one obtains for the Mn-0 bond
C=0.5. In the scheelite compounds, there
are two cation sites: the W site, which is four-
fold, and the Ca site, which is eightfold coordi-.
nated. Using the A vs c/n curve of Ref. 38, we get
for n=4 ligands A =-79' 10 cm ' and for a=a,
A=-92&& 10 cm '. Therefore, the Mn" ion
occupies the Ca place. Using the b, (R) function
for MgO and CaO (Table I), we obtain for the
distances given in Table II somewhat larger ab-
solute values for b, than those calculated from the
EPR data.

B. b& for Fe '
in fluoride perovskite compounds

There are only a few compounds with fluorine
ligands where the Fe" paramagnetic-ion para-
meters are known. From the tetragonal phase of
TlCdF3, ' RbCdF3, and RbCaF3, ' it is possible
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TABLE II. Intrinsic parameters b2 for Mn ' in the scheelite compounds Ca%04 and SrW04.
Model equation: b2 ——b2(RO) [4~2(6&)(1—t2&/&0) 4K2(02) j.

4K' (()1) 4K2 (Op) n/Ro Ro (g)
Ref. cryst.

data

Ca%04
Sr%04

66.73
68.00

139.88
141.20

-1.0635
-1.1580

+1.5086
+1.6442

0.017
0.012

2.438
2.579

34
34

b2 (10 cm ~)

Te mp. T
(K) Ref. EPR data

b2(&0) (10
assuming t2 = 7

Ca%04
Sr%04

—137.6(3)
—107.V(3)

77
4.2

35
36

-241.3
-184.5

b2(&0) (10 cm )

extr. MgO
b2(&0) (10 cm ~)

extr. CaO

CaW04
SrW04

-560(100)
-370(90)

-440(100)
-300(80)

to determine the product of b, and t, with the use
of the same model equation tEq. (6) j as in tetra-
gonal SrTiO, . To evaluate c/a' we used the rela-
tion of Alefeld, "

c(T)/a'(T) = [1+(&c —n a)/co] cosy .
In this equation, c, is the lattice constant at T,.
The deviations from c, at the temperature T along
the a and c axes are &a and &c, respectively.
JRp was chosen as Ap = 2 c at the temperature T.
All of these values were obtained from a(T) and

c(T) curves given in Table III, column 6. In the
equation, ,y is the tilting angle of the CdF, and
CaF, octahedra around the c axis. This angle
was obtained in the case of RbCdF, from EPR
experiments. For the other two compounds, we
employed the relation c/a —1 = —,y' derived and
verified by Rousseau et al."to determine p. The
b,' values were also obtained from b,'(Tj curves
cited in Table III, column 7. With these EPR and
crystallographic data, b, (R,)t, in Table III was
obtained. If we assume that the power-law expo-
nents E, for fluorine and oxygen ligands. are the
same and equal to t, = 8, we get the last column
of Table III.

The K' vacancy center in KZnF, :Fe"was analy-
zed by electron-nuclear double resonance
(ENDOR). " From these measurements, it is
possible to determine b, . The ENDOR data
showed that the angular distortions at 4.3 K are
y, = 57.5'(3) and y, = 126.4 (3). Together with the
value of b,'=+ 107.9(3) x 10 ' cm ' at 77 K and
assuming that the distances to all fluorines are
equal (R, =2.027 A), we get b, (R,) = -0.089(32)
cm '. In this result no implicit t, dependence is
involved. The error in b, is a result of the
error in the angles of 0.3 . Comparing this value

with those of Table III (last column), we see that
they are the same within the error limits. We
conclude therefore that t, for the fluorine com-
pounds is in the range of t, =8.

From these calculations, for the Fe" as para-
magnetic ion with fluorine as ligand, we get the
result that the intrinsic parameter b, is negative,
its absolute magnitude being two to three times
smaller than that of the oxygen intrinsic parameter
b, , and t, is in the range of eight as for the oxygen
ligands.

IV. LOCAL ENVIRONMENT OF 1V- Vo PAIR CENTERS
IN OXIDE PEROVSKITE COMPOUNDS

With the b, values of Sec. III, it is possible to
gain information about the distortion of the vacancy
pair centers. These centers consist of a para-
magnetic impurity ion placed on the B site of the
ABO, structure surrounded by five oxygens. From
the experimental point of view, these centers are
characterized by the very large value of b,' com-
pared with centers without next-neighbor vacancies
and by the positive sign'of this parameter. To
compare the different compounds, we use the
quantity b, /b, (d). Here bo is the measured spin-
Hamiltonian 'parameter and b2(d) is the intrinsic
parameter for Fe" and Mn", respectively, and
oxygen ligands at the undistorted distance d. This
is the position at which the paramagnetic ion
would be without vacancy. The use of b', /b, (d)
comes from Eq. (3), which correlates b,

' with b,(d)
and the ligand surroundings. In Table IV, the
pertinent parameters for the Fe"-Vp and Mn +

Vp
centers in the perovskite compounds are given.
In the third column, b, is the b, value extrapolated
from the MgO b, (R) function for the specific dis-
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tance d displayed in the fifth column. If we com-
pare the data in Table IV, we note that the Fe"-
Vo and Mn"-Vo centers in the perovskite struc-
ture have a b,'/b, (d) value of about -2 near d = 2A.

To explain these b20/b, (d) values, we use the
following model: (i) We first assume that the
five oxygens are in the same positions as in the
cubic phase. (ii) The Fe" ion can move in the
direction of the C,„axial symmetry axis. (iii)
We assume that the power-law exponent for b, is
t, =8.

From these assumptions, we calculate, in Fig.
1, curve a. In this figure, b,'/b, (d) as a function
of the movement of the Fe" or Mn" from the cubic
site is shown. This movement is given in units of
the undistorted distance d of the paramagnetic
ion to the nearest ligand. From this figure, some
characteristics can be obtained. If ~ =0, i.e.,
the paramagnetic ion is at the same place as in
the cubic center, we get b,'/b, =-1, a result ex-
pected for a missing ligand from Eq. (1). Nega-
tive ~ s correspond to a motion of the paramag-
netic ion in the direction opposite to the vacancy~
Then we still get negative values of b', /b, down to
4 = —0.08, but less negative than at 6 = 0. For 4
& -0.0&, the sign of b,'/b, changes. If & is positive,
the paramagnetic ion moves towards the vacancy
and more negative values than -1 are obtained.
The very broad minimum in this model is at
-1.4. To obtain more negative values it is neces-
sary to introduce a contraction of the four planar
oxygens perpendicular to the M- Vo axis. In Fig.
1, curves for contractions of 1%-5% of the un-
distorted distance d are shown labeled as C„
C„.. . , C,. With such a contraction, it is possible
to explain values b', /b, (d) of about -2. The broad
minimum appears in all cases. For a 4% contrac-
tion (C=0.04) a minimum of -2.1 at 6 „=0.09 is
reached. Here 6=0.09 means a displacement of
0.18 A towards the vacancy for d = &a= 2 A. For
this curve, values of -2 to —2.1 are available in
the range from 6, =0.04 (0.0& A) to 4=0.15 (0.3 A).
From this fact it is understandable that in dif-
ferent compounds where the Fe" and Mn" move-
ments differ, about the same values of b,'/b, (d)
are reached. The contraction of 4% agrees well
with the reduction of the ionic radius of the Fe"
ion by the change of coordination number from 6
to 5 as listed by Megaw. '

From this consideration, we expect that the
paramagnetic ion is displaced towards the vacancy
(b &0). This result has not L~een discussed so far
in the literature. '

In the paper by von Waldkirch,
MGller, and Berlinger' on the Fe" vacancy center,
it was assumed that ~ was negative. A negative
6 was assumed earlier by Zitkovd, Zddnskg, and
Sroubek" for the Ti"-Vo center. These authors
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TABLE IV. M-Vo pair centers in oxide perovskite compounds.

Center b2 (cm ~)

b2(d) (cm )

extr. MgO b2~b2(d)

R.ef. point
d (A)

Ref. for
EI'R data

Fe +-Vo in SrTi03
Fe3 -Vo in KTa03
Fe +-V~ in PbTi03
Mn -Vo in SrTi03

1.35O(15)
1.44(1)
1.187(2)
0.5440{5)

-O.74(11)
-0.63(8)
-0.45(4)
-O.26(3)

-1.82(27)
—2.29(3o)
-2.64(22)
-2.09(24)

1.952
1.994
2.076
1.952

5
45
46

7
47

had proposed an intrinsic vacancy model Ti" Vo
for Ti" in BaTiO& in which the Ti" ion was dis-
placed about 0.4 A in the opposite direction to
the vacancy (& = 0.2). This displacement would
give a value of b,'/b, (d) &0 for Fe", which is in
contradiction to the positive sign of b2 and the
negative values of b, found here. The present
consideration confirms a criticism of the work
of Zitkovl et al."by Muller, Berlinger, and
Rubins, "who pointed out that the Ti" EPR data
result from an ext'rinsic Ti" center and not from
an intrinsic Ti"-Vo- Ti~' center.

The tilt angle of the octahedra in the tetragonal
phase of SrTiO, is an important piece of evidence
that ~&0 is correct. In the paper on the EPR
analysis of the Fe"-V, pair center in the tetra-
gonal phase of SrTiO„ the tilt y of the Fe Vo
center is lower than that of the normal octahedral
rotation angle p ( cp= 1.6 p). ' In a simple model
(see Fig. 2), we assume that the displacement of
oxygen numbered 4 is the same in both the dis-
torted and undistorted cases, and the turning
point is the Fe" ion. With these assumptions we
get

tan p/tan p= 1+&.

If & &0 we get y & y, and with && 0 we obtain y
To account for the experimental fact y& p,

we have to use ~&0. In this simple model, the
value itself is not obtainable. With &=0.1 (see
Fig. 1) one would get y = 1.1 y, which is too low
compared with the measured values. Schirmer,
Berlinger, and MGller found an idential distortion
angle y for the Fe'+-V, as for the Fe"-V, pair
center. Therefore, the geometry must be the
same. This shows that Coulomb interaction does
not play an important role for the center as in one
case where the iron is nominally tetravalent and
in the other trivalent. Thus it follows that the
core repulsion is dominant, forcing the metal
ion towards the vacancy V„ i.e. , ~&0.

From our consideration, the Fe"-Vo and the
Mn" V, centers in oxygen perovskite structure
compounds can be characterized as follows. (i)
The centers have dominantly axial C,„symmetry.
(ii) The sign of b,' is positive, i.e., the E(wi =+~)
energy level is lowest in energy. (iii) The ratio
of b20 and b, (d) of Eq. (3) is about -2. (iv) The
Fe" and ~"ions are displaced by about 0.2 A
towards the vacancy. The planar ion distances
are contracted by about 4%%uz. Together this gives
a deformation angle of about 6' from the Fe"
to the basal four oxygens.

b sk
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FIG. 1. Local environment, coordination of the ions,
and the prediction of b2/b2{d) for an M-Vo center with
different contractions of the four planar oxygen ions.

FIG. 2. Tilt angle for the "cubic" and M-V0 pair cen-
ter in SrTi03.
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V. DISCUSSION OF SOME AXIAL CENTERS

In this section, we use the superposition model
to assign centers to local configurations and to
distinguish between different models.

b0
0 2

A. Axial MgO and SrO centers

In the NaCl-type compounds, axial centers in
MgO:Fe" (Ref. 12) and SrO:Mn" (Ref. 13) we' re
reported by Henderson et al."and Rubio et al. ,"
respectively. The data of these centers are given
in Table V. They are characterized by the positive
sign of b,' and the ratio of b', /b, (d) close to -1.2
for both ions. In the case of MgO, Henderson et
al."assigned this center as a next-nearest-neigh-
bor cation vacancy center VM,. For SrO:Mn",
Rubio et al. did not discuss where the axiality of
this center originated. " A comparison of the
ratio b,'/b, (d) = -1.2 with the calculation for an
M-Vo pair center displayed in Fig. 1, curve a,
shows that the ratio can be explained within this
model. However, it differs from that in the perov-
skites of -2. On the other hand, the packing in
the second shell is different between NaCl and
ABX, perovskite compounds. In the following, we
discuss why we believe that the axial centers
could be I-V, pair centers and that a VM, assign-
ment is not correct.

The arrangement of the ions for a VM, center
is shown in Fig. 3. We assume that the Fe" ion
and the five oxygens are on their cubic sites,
respectively. The sixth oxygen ion sits and moves
on the axis of the paramagnetic ion and Mg va-
cancy. The motion is described by the distance
of the Fe" ion to this oxygen with the use of a
parameter c measured in units of the undistorted
oxygen distance d. This parameter c is zero for
the oxygen at its intrinsic site, greater than zero
for oxygen movements towards the Fe" ion, and
less than zero for movements towards the Mg
vacancy. The superposition model predicts b,'/
b, (d)=(1 —c) ' —1. In Fig. 3, b,'/b, (d) vs the para-
meter c is shown for t, =8. For c&0 the ratio is
always positive, which is in contradiction to the
measured values. For c&0, i.e. , the oxygen
moving towards the vacancy, we get the right
sign of b,'/b, (d), but the values are too low [for
c = 22 /p b /b (d) = —0.8 or c = 33 /o, b', rb, (d)
= -0.9]. If we assume that the Coulomb inter-

0.20
Fe3 {)

0O)

0(3)

0(e

0{5) 0

0{6)

Z

0 0

0 0

0 0

d 0

0

0 -d

0 (&-c)d

FIG. 3. Local environment, coordinates of the ions,
and the prediction of b~/b2(d) for an Mg vacancy center
&Mg.

action is the important. one in MgO, then we ex-
pect that the oxygen ion is near the Fe' ion
repelled by the charge of the vacancy (c &0).

We now show that the simple model for the
cation vacancy centers predicts correctly the
positive sign of the parameter c in the fluoride
perovskites. The V~„center in KZnF, and the
V«centers in KCdF„RbCdF„and CsCdF„all
doped with Fe', have been observed. " The sign
of b', is always negative, resulting in a positive
ratio of b', /bp(d) since bF is negative. In Table
VI the b2 values for the different compounds are
displayed. As a rough estimate, and assuming
that the intrinsic parameter for the fluorine com-
pounds is bp(d) = 0.09(3) cm ' (Sec. IIIB.), we
get the entries of the last column. For the V«
centers, we obtain b,'/b, (d) of about+0. 5, yielding
a contraction c =+ 5/p, and for the V~„center we
get c=+ 7%%.

Another argument against the assignment of a
VM, center in MgO:Fe" is based on the correlation
of the 52 parameters between Fe" and Cr". From
oxide crystals, MQller" found b,'(Fe")= n, b', (Cr")
with ay 0 8'7. Henderson and Hall' reported in
MgO a Cr" center which they assigned as a Cr'-
O' —VM, center with b2 = 819.5 ~ 10 ' cm ', which
was previously found by Wertz and Auzins. ' If we
assume that the above-mentioned Fe" center is
an Fe" O' -VM, center, then we would get b,'(Fe")/
b, (Cr'") = 5.7. This ratio is much too large com-
pared with 0.87. Therefore, the assignment of

TABLE V. Axial centers in NaC1-type compounds.

b2 (cm )

b2 (cm )
extr. MgO b2/bg(d) d (A) Ref. EPR data

MgO:Fe +

SrO:Mn +
+0.470
+0.045 44(8)

-0.412(25)
-O.O35(12)

-1.14(8)
-1.3O(40)

2.101
2.572

12
13
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TABLE UI. Vz„and Vga centers in some fluorine
perovskite compounds doped with Fe + at 300 K.

d (A) b~ (10 cm ) b2 (cm ) boyF

KZnF3 2.027
KCdF3 2.167
HbCdF) 2.197
Cs Cd F3 2.23

-759.0(5)
-400.0{100)
-422.2{5)
-548,8(5)

-0.09(3) +0.84(28)
—0.09(3) +0.44{15)
—0.09(3) +0.47(18)
-0.09(3) +0.61(20)

EPH data from Ref. 51.

both centers to a VM, center is not consistent.
The same conclusion was recently arrived at by
de Biasi and Caldas. " A Cr"-Vo center is not
probable as Meierling" has shown, since Cr" is
always found in sixfold coordination. Therefore,
the axial Cr" center in MgO should be a Cr'-0'-
V„, center. Since the b,' relation for Fe" and Cr"
ions is not fulfilled, the only option we have is to
assume an Fe"-V, pair center. Such a center can
occur, as demonstrated in SrTiO, .

We can also discard a possible off-center posi-
tion of the Fe" and Mn' ions because cubic
spectra in MgO:Fe" and SrO:Mn" were report-
ed."'".The superposition model also predicts
for such a. center b,'/b, (d) &0 as shown in Fig. 4,
which is at variance with the measured signs.

From these considerations, me expect that the
axial centers in MgO:Fe" and SrO:Mn" are Fe"-
V, and Mn"-V, pair centers, respectively. The
Fe '-Vo center mould be three and the Mn"-Vo
center two times positively charged with respect
to the MgO and SrO lattices, respectively. This
seems unlikely. However, in SrTiO„ the Fe '- V,
center with two positive charges with respect to
the lattice has been shown to exist.

B. Strong axial Fe ' centers in some fluorine perovskite

compounds

In recent years, three strongly axial Fe"
centers in KMgF„' KZnF„" and RbCdF„" were
reported. In Table VII, the values of these cen-
ters are presented. The greatest controversy
about the data is the sign of b,' I.n KMgF, it
mas reported to be positive and in KZnF„nega-
tive, but the magnitudes are almost the same.
The ratio ~b,'/b,

~

is about 3 +1, if we assume a
constant intrinsic parameter 52~.

ENDOR data in KMgF, of Stjern, DuVarney, and
Unruh" showed that one of the six fluorine ions
is missing or replaced by a charge-compensating
impurity such as 0' and that the Fe" ion is
moving towards the defect. In the discussion.
they concluded that the center is probably an
FeOF, cluster, because they did not expect the
Fe" ion to move towards the defect without a two-
fold negatively charged impurity. In KZnF3,
Buzard and Fayet" concluded that 52 has to be
negative to get a positive cubic a value. They
called this center an FeOF, cluster.

Since the g value, the superhyperfine para-
meters, and the magnitude of the b,' values
are similar, the origin of these centers should
be the same. However, this mould require the
same sign of b2 for all three compounds. We use
the superposition model to distinguish between
the Fe"-V~ pair and the FeOF, cluster centers.

For the FeOF, cluster we first take a simple
model without motion of the Fe"against the defect.
Thus, assuming the Fe" ion is on the cubic posi-
tion, and one F-site is occupiedbyan O'- ion, one
obtains

b,'(FeOF, ) = bo(d) —b2r(d) .

bo

1.6

1.2

1.0

0.8

0.2

0
I

0 0.05 0.10 0.15

X f Z

M- 0 0

0 0 -d

op) d 0 0

08) -d

0(y) 0 d 0

0(5)

0(6)

FIG. 4. Local environment, coordinates of the ions,
and the prediction of b&/b2{d) for an off-center position
of Mn ' and Fe3' in an oxygen octahedra.

Since ~bo
t

is about three times larger than ~b,
~

and both are negative, b,'(FeOF, ) has a negative
sign. In Table VII (last column) the b,'(FeOF, )
values for the three compounds are displayed.
Here we assume a constant value for the fluorine
intrinsic parameter because the distance depen-
dence is not well known (Sec. III B). In all com-

. pounds, a negative sign is found. Introducing a
movement of the Fe" ion, the values become
more negative because the distance between the Fe"
and oxygen ions becomes smaller, resulting in an in-
crease of the b, parameter. In Fig. 5, as anexample,
b2 vs the distance ~ of the Fe" ion from the cubic
position for KZnF, is plotted. From the ENDOR
data it is known that b, (the normalized distance
from the cubic position in units of the undistorted
distance) is greater than zero. b,' is always nega-
tive and ~b,

'
~

is larger than the absolute value
0.46 cm ' at 6=0. To get lower absolute values,
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TABLE VII. Strong axial Fe3+ centers in some fluorine perovskite compounds.

1b,'1 (cm '&

Bef.
Sign of for EPB

b2 data d (A) b2(d) (cm ) b2(d) (cm ) lb2/b21 b2 (FeOF5) (cm )

KMg F3
KZnF3
RbCdF3

0.352(5)
0.301(1)
0.210

14
15
16

1.986
2.027
2.199

-0.65(8)
-0.55(7)
-0.29(3)

-0.09(3)
-0.09(3)
-0.09(3)

3.9 + 1.3
3.3 + 1.1
2.8 + 0.8

-0.56(ll)
-0.46(9)
-0.20(6)

bo i(
2

—0.2

-0.4

-0.6

1

0.1 0.2

—1.2

—1.4

—1.6

X

F
3 0

0 0

F(0

"(2} (1-c)d

F(s} -(1-c)d

FW

F(s)

Z

0 h d

0

0 -d

0 0

0 0

(1-c)d 0

-(1-c)d 0

-2.4

b2 (d) b2 (d) O F

cmi cm!

o -0.55 -0.09 8 8

b -0.48 -0.13 8 8

c -0.48 - 0.13 8 8

CON-

TRACTIQN

c
0

0

0.04

FIG. 5. Microscopic environment, coordinates of the
ions, and model parameters for the calculation of b2 for
an FeOF5 cluster center in KZnF3.

it is necessary to introduce a contraction of the
four fluorine ions in the plane perpendicular to
the defect. An example is shown in Fig. 5 (curve
c). In the case of KZnF, it would be possible to
explain b,'= -0.3 cm ' for a. contraction of 4%
(0.08 A) and a movement of Fe" towards the defect
by 6=0.02 (0.04 A}, and furthermore, taking the
lowest value of ~b,

~

and the highest value of ~b, ~.

Therefore, it is, in principle, possible to explain
the values with the FeOF, cluster model. How-
ever, it is not obvious why the fluorine ions should
move towards the Fe' ion. A negative sign of the
b', value which is necessary for an FeOF, cluster
is reported in KZnF„but not in KMgF3.

The other possible explanation for the measured
b,'values is a fluorine vacancy (VF). The rough
estimation of ~b,'/b2F

~

of about 3+1 is somewhat
larger than in the oxygen perovskite compounds,
but larger contractions of the four planar ligands
could yield such values. Since the fluorine and
the oxygen intrinsic parameters b, have the same
sign, we get, using the calculation of Sec. IV, a
positive sign of b', . This would agree in the
KMgF, compound, but not with the sign reported

TABLE VIII. Correlation of Fe and Cr + axial spin-
Hamiltonian parameters. EPB data from Bef. 51.

b2 (Fe +) b2 (Cr ) b2 (Fe )/b2 (Cra )

KZnF3 —759.0(5) -540.9(5)
KCd F3 -400.0(100) -545.0(70)
BbCd F3 -422.2(5) -569.0(5)
Cs Cd F3 -548.8(5) -628.6(5)

1.40
0.73
0.74
0.87

for KZnF3. The main distinction between the Fe"-
V~ pair and the FeOF, cluster centers is the dif-
ferent sign of b,'. An Fe"-V~ center yields a
positive and the FeOF, cluster center, a negative
sign of b', . Thus measurements of the signs of
b', in the three compounds at low temperatures
should answer this question.

A hint that the center is an FeOF, cluster comes
from comparison with the Cr' center in KMgF3.
From independent measurements, Patel et al."
and Abdulsabirov et gl."found a tetragonal center
with ~b,

'
~

=0.21V cm '. The authors of Ref. 5V

reported that the center appears after sample
heat treatment in oxygen for 10 h at 850 C.
Therefore, they assigned this center to a CrOF,
cluster. Using Meierling's' argument that Cr"
is normally found with a six nearest-neighbor
coordination and avoids a five nearest-neighbor
coordination, the Cr"-V~ center is not acceptable.
Furthermore, Muller" showed that the ratio of
the coefficients b,'(Fe")/b,'(Cr") for oxides is 0.8V.

In Table VIII„some data for this ratio for fluorine
ligands are shown, using the data of the V«, V~„
centers in the fluorine perovskite compounds of
Rousseau et al." From this table, we conclude
that about the same ratio for Fe" and Cr' b',

values is valid for fluorine and oxygen ligands.
Using the Fe' data of Table VII for KMgF, with
the Cr" value discussed above, we get ~b,'(Fe")/
b', (Cr'}

~

=1.62. This is in the approximate range
of the ratios obtained above for fluoride and oxide
compounds. Therefore, the Fe" and Cr" centers
in KMgF, should have the same local surrounding.
Thus, the Fe" center in KMgF, may also be an
FeOF, cluster center. The sign of b,' should there-
fore be negative.
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APPENDIX A DETERMINATION OF THE SITE OF Mn2'

IN BaTi03

Ikushima" reported EPR results on Mn" in
tetragonal BaTiO, single crystals. He found b2
= (215+2) x 10 ' cm ' and assigned the Mn" center
to a Ba" site. Three arguments lead us to the
conclusion that the Mn" is on a Ti" site.

A. Cubic parameter a

The argument is based on two facts. (i) We use
the superposition model for the m=4 parameters,
and use the cubic parameter a for the Ti4' and
Ba". sites. Both sites were assumed to be occupied
by Fe" or Mn" ions, respectively. Then we get

a(Ti" site) = 7b, (d},
a(Ba" site) = -',-b, (dv 2),

with

b, (d) = b, ( d~2)2'4 '

We obtain

a(Ti" site)
a(Ba' site)

From different compounds, Miiller" found for
Fe' a power-law exponent of f4= 6-7 valid in the
range d=1.9-2.4 A. If we assume that the t4=6
power law is valid until about 2.8 A, we get a
ratio of the a values of -16. Assuming t~= 5 we
obtain -11.2. In KTaO, doped with Fe", Hannon"
reported a values for the dodecahedral and octa-
hedral sites. For the. ratio of a values at room
temperature, one gets 9.6(5) and, at 4.2 K, 8.8(3).
An appreciable inward relaxation of the oxygens
probably occurs for. the dodecahedral site. From
this consideration, we can assume that the ab-
solute ratio of the a values for Fe", between the
two sites, is of the order 10.

(ii) From the a values in MgO the ratio for Fe'
and Mn" on an octahedral oxygen site is"

a(Fe", MgO)/a(Mn", MgO) = 11.0.
%e can now assume that this is also the correct

ratio between the Fe'+ and Mn" cubic splittings
for BaTiO, at an octahedral site. Assuming that

t4 for Fe" and Mn" are similar, then this ratio
should also be valid for the dodecahedral site.
This is the same, argument as used for b, in Sec.
II, Eq. (4).

In the cubic pha, se of BaTi03p Sakudo' found
for Fe" at the Ti" site an a value with a = (102
+10) x 10 ' cm '. From this value, one computes
using (ii), for Mn" at the Ti" site,

g,„„„,d(Mn" on Ti", BaTiO, ) =9 10 ' cm '.

On the other hand, starting again from Fe" on
the Ti~' site, for Fe" on the Ba" site using (i)
we get

a,„„,„,~(Fe" on Ba", BaTiO, ) = 10 x 10 ~ cm '.
Using (ii) again, we now arrive at Mn' at the Ba"
site with

a,„„„,~(Mn" on Ba", BaTiO, ) =0.9x10 4 cm '.
Ikushima" found for Mn' in BaTiO, in the cubic

phase a = (12.11a 0.94}x 10 4 cm ' and, in the
tetragonal phase, a = (16.76 + 0.94}x 10 ' cm '.
Both values are of the order expected for Mn"
on the Ti" site and more than an order of magni-
tude larger than the value expected for the Ba"
site.

B. Hyperfine coupling constant A

Ikushima" measured in the cubic phase& = (-79.3
+0.4) x 10 ' cm ' and in the tetragonal phase

A= 3(A, +2A„)=(-80.7+ 0.8) x 10 ' cm '.
These values are near the value of Mn" in SrTi03,
A = ( 82.6a 0.1) x 10 ~ cm ',~' from which it is
known that Mn" is on the Ti" site. This value is
also near the value of Mn" in MgO, A = (-81.0
+ 0.2) x 10 ' cm ', where Mn" has an octahedral
surrounding. " On the other hand, using the curve
of the hyperfine constant A versus the covalency
parameter c/n in the work of Simanek and Mul-
ler, "one expects for a coordination number
n=6, A=-86&10 ~ cm ', and for n=12, A=-96
& 10 ' cm ', taking c =0.5 for the Mn-0 covalency
parameter, and using Eq. (2) of Ref. 38 and the
electronegativities of Ref. 37. Therefore, we assign
the Mn" to a Ti ' site. This argument is similar
to the one that led to the reassignment of the Mn"
to a Zr" site in CaZrO, ."

C. Spin-Hamiltonian parameter bz

The basis of the argument is the assumption
that the ratio of b,' values for Fe" and Mn" ions
on the same site should be in the range of the
ratio of the intrinsic parameters, as shown in
Sec. II, Eq. (4). A comparison of the b,' values of
Fe" and Mn" in the tetragonal phase of BaTi03
gives

v = b,'(Fe", BaTiO, )/b,'(Mn", BaTiO, )

= 4.3(1).
This value is in the range

sv=b, (Fe", MgO)/b, (Mn", MgO) =2.71(25).

From the b,' value used by Sakudo" f» Fe" in
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tetragonal BaTiO„ it is clear that the Fe" ion is
on the Ti4' site; therefore we conclude that the
b,' value of Mn" results from the same site,

Ikushima and Hayakawa" also reported an axial
Mn" spectrum that they attributed to an Mn" ion
being on a Ti4' site. If we used the value of this
center b,'=(65+ 5) && 10 ~ cm ', we would get
g = 14.3+1.3 with the same b,' value for Fe" as
above. This ratio v is too large compared with
zan=2. 7. Thus the spectrum with b,'=65' 10 cm '
does not come from an Mn" ion on a Ti ' site.

From the three arguments about a, A, and b,',
we conclude that the Mn" center with b,'=215 && 10 '
cm ' belongs to an Mn" center that is on a Ti",
and not a Ba", site.

APPENDIX 8: AXIAL CENTER OF Mn
'

IN KTa03
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In the list of M-Vo pair centers in perovskite
compounds (Table IV), the Mn" center in KTaO,
from Hannon, "which he attributed to an Mn"- Vo
pair center, was not included. In the work of
Serway, Berlinger, MGller, and Collins, "it was
shown that there exist arguments against this
assi.gnment based on the spin-Hamiltonian para-
meter b, and the hyperfine-splitting parameter
A. They proposed that Mn" should be on the K'
site with either a K vacancy next to it or an Mn"
sitting off center. From the value of A, they
estimated that the Mn" should have about nine

oxygens surrounding it. The superposition model
also shows that the interpretation of this axial
center with b,'=+0.147 cm ' requires a different
configurationfrom the M-Vo centers of Table IV.
This is based on the b,'/b, (d=-, a) value. For the
Ta" site, we get for the intrinsic parameter, at
the undistorted distance to the oxygens, b, (d= —,'a)
=-0.23(3) cm ' and, therefore, b,'/b, (d=2a)
= —0.65(8). This value is very low compared to
that of SrTiO, :Mn" with —2.09(24); therefore, we .

omitted this Mn" center in Table IV.
According to the suggestion of Serway et al.4'

that Mn" should be on the K site, the distance to
the 12 oxygens is d=a/v 2. Using this distance
as a reference point for this site, we get b', /
b, (a/~2) = -7.4+2.4. In Fig. 6, the K site sur-
roundings are shown. Vfe now assume that Mn"
is off center and all the oxygens rerpain in their

FEG. 6. Local environment, ion positions, and the
calculation of b2/52 (a/ 2) for an off-center Mn ' in an
A site of the, perovskite compound AE03.

cubic positions. The off-center Mn" is character-
ized by the deviation 4 from the ideal K site in
units of 2a, i.e., the separation between the oxygen
planes. In Fig. 6 (curve c,), b', /b, (a/~2) vs b is
shown for the power-law exponent t, = 7. It can be
seen that b,'/b, (a/v 2) =-7.4 is obtainable if we
assume that the Mn" ion is located at & = 0.58, or,
including the errors of b,'/b, (a/v 2),b, = 0.50-0.64.
That means that if the Mn" is somewhat above
the middle of the two upper oxygen planes, the
sign and amount of b,' for Mn" in KTaO, is explic-
able. In curve c, of Fig. 6, we calculated the
same quantities as in curve c„but with oxygens
one to eight only. It is clear that both curves are
near each other for &&0.4. From this we can
conclude that oxygens 9-12 bring only small addi-
tions to the b2O/b, (a/M2) ratio.

Our calculation shows that a very strong off-
center position is necessary to explain the mea-
sured value. Such an off-center position is not
obvious because Hannon" found a cubi. c Fe"
center in KTaO, on the K' site. Since the ionic
radius of Fe" is less than. that of Mn", it would
be astonishing were Mn" on an off-center position
and Fe" not. Therefore, the center may be an
Mn"- VK center.
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