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Abstract. The extremely large zero-field splitting of Fe3* ions at the tetragonal FeFsO site in
Fe*+:KMpF; crystals has been interpreted on the basis of a second- to sixth-order perturbation
approach, in which the spin-orbit coupling is regarded as the perturbation to the crystal-field and
electrostatic interactions. The replacement of 0%~ for F~ and its induced lattice relaxation are
shown to give rise to a strong {etragonal crystal field which in tamn results in the lasge zero-field
splitting. Of the vatious sources contributing to the zero-field splitting, the displacements of the
0%~ and F~ ions are found to be important,

1. Introduction

Fe** impurities replace divalent cations when they are doped into fluoroperovskite crystals
AMFE; (A represents an alkali metal and M represents an alakaline-earth metal ion). Defect
sites will be formed owing to the charge compensation. Either trigonal A- or tetragonal
M-vacancy sites have been observed in these crystals [1-6]. In the case of KMgF;, a
tetragonal defect site has been found by EPR experiments [5, 6] in addition to a K-vacancy
site [2]. This tetragonal site is characteristic of a very large rank-2 axial zero-field splitting
(zFs) (B3] = 0.36 cm™") [5, 6], several times greater in magnitude than those (|53| = 0.04—
0.08 cm™!) for M-vacancy sites in AMF; crystals [3,4); it has been assigned to an FeFs0O
configuration (figure 1) [5,6).
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Figure 1, Coordination of FeFsQ in Fe®* KMgF; crystals (without lattice Telaxation).
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Local lattice relaxation occurs when an 0%~ jon replaces an F~ in the {001) axis to
form an FeFsO cluster because of the difference in charge [5,6]. The replacement and
the relaxation will give rise to a strong tetragonal crystal field (CF) which affects the ZFs
through the spin—orbit (SO) coupling. Following this idea an investigation is made in the
present work on the basis of a very convergent perturbation approach. The relaxation is
found to play a major role in affecting the CF and ZFS.

2. Theory
The CF is expressed as (z || {001))

Her = BrC + ByoCP + Bu(C® + ™) (1)

where the C{®) are normalized spherical harmonics. It is convenient to define

Bio = Bio — /£ Ba.

By and B, vanish identically in cubic symmetry and thus they as well as Dg’ = Dgq — Dq.
present a measurement of the net charge compensation contribution to the CF, where Dg.
denotes the CF parameter of the cubic site.

The CF parameters are given in the superposition model as [7]

(2)

Big = (175" Y AuRICE(©, 01) 3)
L

where S, = 1, §; = §. The summation is over all ligands. Ay (k = 2, 4) are called intrinsic
parameters and they are expressed in the power law as [7]

A(RL) = Ax(Ro) (g—g) 4

where Rg is a reference distance. The following relations hold: Ay » Ay > 0 and
4 > f > 0, where A; = Ai(Ry) [7]. In particular, the ratio A;/A4 tends to a constant of
about 11 for iron-group ions [8-11]; it is taken to be 10.8 in our calculations. However,
the A, are dependent of the ligand. If Ry is taken as the Fe** — F~ distance in the perfect
cubic site, AT and A9 are obtained to be 1011 cm™! and 1125 cm™!, respectively, from the
relation A4 = 3Dg, {12) with Dg.(Fe>* — 6F~) = 1348 cm™! [13] found for Fe®*:KMgF;
and Dq (Fe**—60%") = 1500 cm™! observed for Fe’*:Al,O5 [14,15]. tz =3 and t4 = 5
are adopted in our calculations for the ionic bonds [7].
‘We now consider the Hamiltonian

H = Ho + Hcr + Hso (5)

where Hp denotes the electrostatic interaction, Hep the CF interaction and Hgo the SO
interaction. The spin-spin interaction is omitted owing to its weakness. Our calculations for
the Hamiltonian matrix elements are carried out in the intermediate CF coupling scheme [16].
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The symupetry-adapted basis function of a component ¥ of an irreducible representation I’
of the double group C;_ is expressed in terms of the product of the orbit part [dVa LT,y )
and the spin part |[d¥aSTgys):

d¥aSLTy) =3 Y C(CLyiTsys Ty)ld alloy)ld¥esTsys)  (6)
I't Ty

where
[dVeLT ) =) C(LMy; Pry)ld¥aLMy)
My,

Y]
|d%eSTsys) = ) C(SMs; Tsys)|d" aSMs)
Ms

with C denoting the coupling coefficients. The matrix elements of Hcr and Hso are given
by the following formulae:
(¥ SLMgMyp|Heeld¥ o' S'L MM )

= S(MsMS(SS') Y Big (A1 C® || dy(—1)"—He

ky
L k L N (3] N toryt
X [_ML p Mi]“ aSL V¥ [d%a’S'L" (8}

(¥ SLMsM | HsoldY o/ S'L'M{M,)

I
= (]I ddYaSLI VIR 1a¥e S'LE D (—1at S Memin
g=-1

X[S 1 S’}[L 1 L’] ©)
-Ms —q Mgj|-ML q M|

In the expressions, (...) are 37 symbols and ¢ the spin—orbit coupling constant. The reduced
matrix elements {d¥wSL || U® | d¥o/'S'L’) and {(d¥aSL || VOV || dVe’S'L') have been given
in [17]. In the intermediate CF coupling scheme, Hj is diagonal, Hcr is block diagonal and
‘Hso couples the blocks. Thus this scheme is suitable for the iron-group 3d" ions where
[{Hso)| & [{Hcr} & [{Hp}|. There are two doubly degenerate irreducible representations
E’ and E” for Cj,. The Hamiltonian matrices are both 64 x 64 dimensional in the case
of 3d°. The matrix elements and the ZFS parameters are calculated by using a carefuily

checked FORTRAN program.
The spin-Hamiltonian is written as (§ = )

Hs = 16303 + 5 (4308 + bi O (10

where O = 07(S;, Sy, S,) are Stevens operators and 5] the ZFS parameters. Considering
the ZFS as a result of the combined interaction of CF and SO terms. the ZFS parameters
are calculated by a high-order perturbation approach [13]. The SO term is regarded as a
perturbation to the CF and the electrostatic interactions for it is one order of magnitude less.
In this procedure, the SO term begins to affect the rank-2 ZFS terms b7 at second order and
the rank-4 terms b at fourth order [13]. Our calculations are carried out to sixth order
and by taking into account all states in the 3d* configuration. The results show excellent
convergence, as can be seen in the next section,
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3. Results

The point symmetry reduces from Oy, to C4y when O~ replaces F~ on the (001) axis. Owing
to the different CF interactions for the host and impurity ions, the replacement gives rise to
a contribution to tetragonal CF components with Byy = 2462 cm™ and By = 912 cm™.
Meanwhile, the cubic CF parameter Dg changes from 1348 cm™! of the perfect cubic site
[13] to 1370 cm™'. By using these CF parameters as well as B = 877.5 and C = 3146.5
as the Racah parameters, o = 64.5 as the Trees cormrection and ¢ = 371 as the SO constant
[13], we obtain the following ZFs parameters: b = —0.0615 cm™', b = 0.0032 em™!
and bf; = 0.0125 cm™!, which are considerably less than the experimental findings [6]:
b = —0.3572 ecm™, 59 = 0.0075 cm~! and b = 0.0269 cm™!. This shows that a lattice
relaxation must occur and play a significant role in contributing to the 2Fs.

The sizes of the host F~ and substituted O~ ions are quite similar. However, because
of the difference between their charges, the impurity 02~ itself and ions around it will move
away from their original positions. Although the final equilibrium positions depend on the
potential of the whole crystal, the EPR experimental results can provide good information
concerning the lattice relaxation.

It is reasonable to assume that O~ and the central magnetic Fe** ion move towards
one another in such an ionic crystal where the Coulomb interaction serves as the main
crystallized source [5,6). However, the displacement of Fe®*, denoted by A(Fe*t), is
found to have a very small contribution to the CF and thus to the ZFS properties, compared
with O?~. 1t is neglected in our first-approximation calculations.

If we denote the displacement of 0%~ as A(0?"), the ZFS parametets are calculated as
functions of A(O?")/R; as plotted in figure 2, where Ry represents the Fe¥*—F~ distance
in the perfect cubic site. As can be seen, systematic agreement with every experimental
ZFS parameter does not appear at a specific value of A(O?")/Rp. Movements of the four
planar F~ ions have to be taken into account [6].

The inward displacement of the equivalent planar F~ ions is denoted as A(F™). In
figure 2, bg, bg and b} are shown as functions of A(O*)/Ry with A(F™)/Ry = 0,
0.01, 0.02 and 0.03. The experimental values [6] are plotted as horizontal lines, with the
solid curves representing the mean values and the dashed lines covering the experimental
errors. The figure shows that systematic agreement with the experimental ZFS parameters is
reached at A(F™)/Rp = 0.02£0.002 and A(Q?")/Ro = 0.078+0.002 with the assumption
A(Fe*™) = 0.

The electron—-nuclear double-resonance experimental superhyperfine results have
indicated a slight displacement of the central iron ion toward O?~ [5]. When this movement
is taken into account in the range A(Fe**) = (0-0.03) Ry, the values of A(0?") are found
to lie in the range (0.065-0.078) Ry, with A(F~) = 0.02R, fixed in the reproduction of the
experimental ZFS data. A slight change in the value of A(O?™) appears with variation in
A(Fe’t). A(Fe*) is reasonably expected to be (0.02 & 0.01)Ry [6], although its value
cannot be determined effectively as we have done for A(Q*") = (0.07 &£ 0.01)R, and
AF™) = (0.020 0.002) Rg. The value of Ry has been estimated to be 1.986 A [18). Thus
our results can be expressed as A(Q%") = 0.14 £0.02 A, A(Fe**) = 0.04 £ 0.02 A and
A(F~) = 0.040 + 0,004 A.

4, Discussion

In table 1 we show the second- to sixth-order contributions to the ZFS parameters for the
following cases:
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Figure 2. zrs parameters (a) b°, (b) b° and (c) bﬁ of the FeF;0O site in Fe3+:KMgF; crystals as
functions of A{O?")/Rg. AFe ) is takcn to be zero in teh caleulations of the theoretical values
indicated by the centred symbols. The experimental results (6] are shown by the horizontal lines:
——, mean values, — — —, erross.

(i) without a relaxation of (A(O*) = A(F~) = A(Fe*t) = 0);
(i) with a relaxation of A(0*>")/Ry = 0.069, A(F~)/Ry = 0.02 and A(Fe**)/Ry =
0.02.

The results show that relaxation must occur, because calculated values for (i) are
significantly lower than the experimental data. Very good convergence can be seen in
both cases, as should be so because of the weakness of the perturbation Hamiltonian SO
term. One can also see that the rank-2 ZFS b9 comes predominantly from the second and
third orders while the rank-4 terms b3 and b from the fourth and fifth orders with higher
orders negligible, as has been pointed out in our previous work [13].
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Tahle 1. 275 parameters resulting from various perturbation orders for the FeFsO site in
Fe*+:KMgF; crystals,

A0y =0, A(0?-) =0.069 Ry,
A(Fe?t) = 0, A(Fe™) = 0,028,
AF-Y=0 AFY=0.02Rp
80 & B B3 8 b}
em™)  em)  em™hy  em) em™) emhH
Second order —0.0518 —0.3247
Third ordet ~0.0100 -0.0382
Fourth order  +0.0004 0.0027 00103  +0.0024 0.0069 0.0151
Fifth order —0.0001 0.0004 00021  —0.0003 0.0011 0.0050
Sixth order +0.0000 0.0000 0.0001  +0.0000 0.0001 0.0003
Total —0.0615 0.0031 0.0125 03608 0.0081 0.0244

Experimental®  —0.3572 0.0075 00269 —03572 0.0075 0.0269
+0.0060 00005 x00040 400060 400005  +0.0040

* from [6]-

Table 2. cFand zFs parameters resulting from various sources for the FeFsO site in Fet :KMgF;
crystals, calculated for A(O2~)/Rp = 0.069, A(Fe?*)/Rg = 0.02 and A(F-)/Ry = 0.02.

B B, Dq D F a

em™  em em™) em™) (em™ (em~YH
Perfect i} 0 1348 0 4] 0.0051
Q- replacement 2462 912 22 ~0.0615 0.0021 —0.0003
o~ displacement 5814 3868 92 ~0.3280 0.0068 0.0004
F~ displacement —-2729 -1719 102 +0.1112  =0,0027 0,0032
Re3+ displacement 157 Tl 1 ~0.0043 0.0001 —0,0000
Coherent 6568 612 15 —~0.0773 0.0034 0.0013
Total 6372 3744 1580 ~0.3608 0.0097 0.0097
Experiment" ~0,3572 0.0064 0.0108

+0.0060 +0.0040¢ +0.0016

8 from [6].

To obtain more insight into the results, it is helpful to adopt the conventional notations
for the ZFS parameters: D = b9, F = 3(b3 — 1b}) and a = %b{. The parameters D, F and
a' = a—a,. are zero in cubic symmetry and thus they represent the net charge compensation
ZFs effect [19], where a. = 0.005 12 £ 0.00005 cm™! is the zFs for the cubic site [20].
The calculated values D = —0.3608 em™, F = 0.0097 cm™! and o' = 0.0047 em™! for
case (it) are in good agreement with the experimental results D = —0.3572 £ 0.0060 cm™!,
F = 0.0064 £0.0040 cm™! and @’ = 0.0057 £0.0016 cm™! [6). These parameters are non-
zero owing to the net charge compensation CF effect and they are large because of the strong
tetragonal distortion having By = 6372 em™!, B}y = 3744 em™! and Dg’ = 232 em™!
(table 2). It has been shown that D arises mainly from Bj,, while F arises mainly from
Bag, through the combined interaction with the cubic part of CF and the S0 interaction [13].
The increase of @’ = 0.0057 cm™! in the value of g results mostly from the increase of
Dg' =232 cm™! in the value Dg, whose contribution is calculated to be 0.0072 cm™". The
tetragonal components, mainly Bsg [13], have a negative and non-negligible contribution of
ay = —0.0025 cm™~'. It is mentioned that the calculated a,/F-value of —0.26 supports the
theoretical prediction a,/F = —(0.2-0.5) for Mn?* and Fe** ions in our previous work [13].

The CF potential is considered to be composed of the following contributions:
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{a) the perfect lattice (i.e. without defects);

(b) the replacement of 02~ for F~;

() displacements of O%~, Fe** and F~;

(d) additonally the coherent contribution of (a)~(c).

The ZFs is considered similarly. In table 2 we show these contributions separately,
obtained for A(Q>7)/Ry = 0.069, A(Fe**)/Rg = 0.02 and A(F)}/Re = 0.02. As can be
seen, the perfect lattice has no contributicin to D, F and @’. The contribution of the 0%~
replacement to D and F is positive and the contribution to a is small and negative. The
displacement of O?~ is the main source for the axial ZFS parameters D and £, although it
is pegligible in affecting 2. The contribution of F~ displacement to D and F is negative
but the contribution to & is large. The displacement of Fe'* plays a negligible role in the
ZrS. The coherent contributions arising from non-linear terms are important,

The results A(0?~)/Rp = 0.07 £ 0.01, A(Fe*+)/Ry = 0.02£0.01 and AF")/Ry =
0.02 £0.002 obtained are compared with A(Fe*+)/Ry = 0.01-0.02 and A(F~)/Ryp = 0.04—
0.06 obtained by Murrieta er af [6] from a superposition model analysis under the assumption
of A(0*") = 0. The difference between the results arises because of the difference between
the theories used. Our results have indicated the importance of A(O?7) in the contribution
to the ZFS.

5. Summary

The very large ZFS parameters observed for the FeFsO defect site in Fe**:KMgF; have
been interpreted in the framework of the CF theory. The replacement of O~ for F~ and
its induced lattice relaxation give rise to large tetragenal CF components and they cause
a great increase in the cubic CF part. It is the resulting CF that makes the ZFS very large
through the interaction with the $O coupling. The lattice relaxation is the main factor in
this procedure. The experimental ZF$ parameters can be reproduced well by assuming that
0%~ moves towards Fe’+ by (0.07 & 0.01)Ry, Fe*>* towards O?~ by (0.02 & 0.01) Ry, and
the planar F~ ions towards the centre by (0.02 £ 0.002) R,.
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