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We present a computational analysis of the influence of taking the full multiplet structure into account in
calculations of the single-ion contribution to the magnetocrystalline anisotropy~MCA! of 3d transition-metal
~TM! ions in localized-electron compounds atT50 K. For atoms withdn (n51 –4,6–9) configurations, at
sites with a local cubic, tetragonal, or trigonal symmetry the single ion MCA on the basis of the Hund’s rule
ground state term only@crystal field~CF! theory# is compared with the single-ion MCA on the basis of a fully
relativistic first principles atomic theory including the intra-atomicd-d interaction. Solid state effects are taken
into account by effective crystal fields and the exchange field. Under certain, realistic, conditions the use of the
full multiplet theory is shown to have a significant effect on the calculated single-ion MCA. We also discuss
the effect on the overall cubic anisotropy constants for cubic crystals containing transition metal atom sublat-
tices for which thed-metal atoms are located on sites with a local tetragonal and trigonal symmetry. Possible
refinements of the theory are discussed.

DOI: 10.1103/PhysRevB.63.054407 PACS number~s!: 75.30.Gw, 75.50.Gg
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I. INTRODUCTION

The magnetism of oxidic magnetic materials continues
be an extremely rich field of study. Whereas older work
cused on the magnetic properties of hard magnetic hexag
ferrites, soft magnetic cubic ferrites, and garnets,1 recent de-
velopments include work on high-temperature superc
ductor materials containing magnetic ions, perovskites sh
ing the colossal magnetoresistance effect,2 and anti-
ferromagnetic oxides showing~in combination with a ferro-
magnetic thin film! the exchange anisotropy effect.3,4 One of
the properties of interest is the single-ion contribution to
magnetocrystalline anisotropy~MCA!.

This paper is concerned with the calculation of the sing
ion contribution to the MCA of localized-electron system
such as 3d ions in transition-metal~TM! oxides. This subject
has been studied by many authors over the last six deca
We refer to the excellent review article by Darby and Isaa5

and references therein.
The single-ion MCA can be treated theoretically at diffe

ent levels of rigor. In the phenomenological spi
Hamiltonian approach6,7 the ground state is described
terms of a fictitious spin, whereby the influence of excit
states and spin-orbit coupling is simulated by effective
rameters. This approach has been used to describe with v
ing success the observed properties of many syste5

Within this formalism it is possible to formulate analytic
expressions for the cubic or axial anisotropy constants.
cubic systems the temperature dependence is shown t
given by thel ( l 11)/2 power law,8 which relates the anisot
ropy constants at finite temperature to their value at zero
In the derivation only two energy levels are consider
0163-1829/2001/63~5!/054407~14!/$15.00 63 0544
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which restricts the validity to sufficiently low temperature
This is in some cases a crude estimation, since the real m
tiplet may consist of hundreds of closely spaced leve
Moreover, the spin-Hamiltonian treats exchange fields a
magnetic fields on equal footing. Single ion anisotropy
however, closely related with anisotropy of the orbital m
ment. Therefore the influence of a magnetic field which a
directly on the orbital part is not the same as an excha
field.

Within the framework of crystal field~CF! theory the
combined action of electron-correlation, CF interaction,
exchange field, spin-orbit coupling, and the magnetic fi
can be described by a single-ion Hamiltonian. In general,
these interaction energies can be of the same order of m
nitude, in which case one should solve the full secular eq
tion numerically. However, theoretical discussions presen
so far have almost invariably focused on the situation
which all states relevant to the single-ion MCA can
viewed as being derived from the Hund’s rule ground st
multiplet of the ion considered. A situation in which th
approximation apparently fails is when the CF is so lar
that a high-spin to low-spin transition takes place. The infl
ence of higher multiplets has, as far as we know, only b
considered by Baltzer9 in a study of the MCA of cubic
spinel-type ferrites.

The aim of this paper is to present the results of a co
putational study of the effect on the single-ion MCA of ta
ing into account the full multiplet structure atT50 K. We
compare the results obtained from fully relativistic first pri
ciples atomic theoryincluding the intra-atomicd-d interac-
tion with the results obtained from the Hund’s rule grou
term only. We take solid state effects, the exchange field
©2001 The American Physical Society07-1
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well as spin-orbit interaction into account. The method us
has no limitations with respect to the atom, its valence a
the symmetry of the ground state. A similar method has b
used by Baltzer,9 for a specific class of systems. However,
unfortunately made the wrong assumption about the sig
the single-ion MCA constantK1 of Ni21 at the tetrahedra
sites of nickel ferrite as compared to what has been fo
later experimentally and only briefly mentions the very int
esting results obtained for Co21. By means of example we
will reconsider in this paper these cases in more detail.
theory as presented can also be extended to rare-earth
An example for the case of 4f systems where mixing with
excited states becomes important can be found in the br
down of the linear theory for Sm2Fe17N3.10

In Sec. II we discuss the full single-ion Hamiltonia
which includes the entire multiplet structure. For comparis
we introduce in Sec. III a restricted form of the single-io
Hamiltonian, which operates on states within the Hund’s r
ground state term only. In Sec. IV the theory of single-i
anisotropy is introduced. The influence of lifting the restr
tion concerning the basis set used is studied in Sec. V
explicitly comparing the results obtained from the single-i
Hamiltonian as defined in Secs. II and III. We demonstr
that the approximation made by using a restricted basis
may be particularly coarse in some realistic systems in wh
the ground state becomes heavily mixed. In Sec. VI we
consider three examples of spinel-type ferrites which h
been extensively discussed in the literature, because the
volve the magnetically interesting ions Ni21, Fe21, and
Co21 for which good experimental data close toT50 K is
available. The influence of mixing in of character of excit
states is demonstrated. In Sec. VII we review the impl
assumptions made and discuss possible refinements o
theory. Finally we end with the conclusions in Sec. VIII.

II. FULL SINGLE-ION HAMILTONIAN

In the Russell-Saunders scheme, Coulomb and excha
interactions are taken care of by considering electr
coupled together to form a single system characterized
total orbital and total spin quantum numberL and S. There
are several different possible combinations ofL andSgiving
rise to various term symbols2S11L, where L is denoted
in spectroscopic notation asL50,1,2,3, . . . for S,P,D,
F, . . . . For 3d TM systems the term separations are of t
order electron volts and thus one is often only interested
the one having the lowest energy. In this weak field appro
mation Hund’s rules can be used to find the free ion grou
state term symbol which for TM ions can be described
eitherS, D, or F.11 In a solid the ions interact with the CF o
the surrounding lattice, which is often viewed as the effec
the electric charge distribution due to ligands on the el
tronic levels in a crystal, although the aspherical charge
tribution of the cation derived 4p orbitals, or the effect of
TM (3d)-O(2p) hybridization can also contribute. In man
oxide crystal structures, this field often has predominan
cubic symmetry, with small distortions, in the sense that
splitting of the orbital states due to the cubic field is larg
than that due to CF terms of lower symmetry. Let us n
05440
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consider the influence of a cubic octahedral or tetrahe
CF. In group theory one can consider a CF as a reduc
from the symmetry groupO3 to its subgroup in lower sym-
metry. All irreducible representations in spherical symme
are thereby projected onto the subgroup. This transforma
is called branching. At a site with cubic (Oh) point symme-
try the D state (L52) branches into two levels which ar
doubly ~E! and triply ~T! degenerate while anF state (L
53) branches into a singlet~A! and two triplets (T1 ,T2), see
Figs. 1 and 2. TheSstate is special in the sense that it cann
be influenced sinceL50.

Except for the configurationsd1 and d9, there are many
excited terms. Mixing in of excited states into the grou
state may occur via the CF interaction.12 It is the objective of
this article to study the influence thereof on the single-
MCA at T50 K.

The full Hamiltonian from which we calculate the single
ion anisotropy reads

FIG. 1. Branching rules forO3→Oh→D3d ~spherical→ cubic
→ trigonal symmetry! in Schönflies ~Butler! notation. The columns
contain all irreducible representations within each symmetry.
circled are all representations which branch toA1(0) symmetry.

FIG. 2. Branching rules forO3→Oh→D4h ~spherical→ cubic
→ tetragonal symmetry! in Schönflies ~Butler! notation. The col-
umns contain all irreducible representations within each symme
Encircled are all representations which branch toA1(0) symmetry.
7-2
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H5Hdd1HCF1Hex1HSO1HZeeman, ~1!

whereHdd is the term representing the intra-atomic electro
electron Coulomb and exchange interaction,HCF is the CF
term,Hex is the inter-atomic exchange interaction,HSO is the
spin-orbit interaction, andHZeemanrepresents the interactio
with the external magnetic field. To solve this Hamiltoni
we use the numerical method that has been develope
Cowan13 and Butler,14 and has been integrated into a sing
computer program by Thole.15,16 The method starts with the
calculation of the atomic multiplets~the energy level struc
ture and eigenfunctions forHCF50). Then the matrix ele-
ments for all operators in the spherical group are calcula
with the use of Cowan’s atomic multiplet program.13 But-
ler’s point-group program is then used to obtain the ma
elements in the desired point group. With this general
proach one is able to calculate successfully not only
ground state, but also to calculate the transition probabili
between any two configurations in x-ray absorption spect
copy ~XAS!,17,18 x-ray photoemission spectroscopy~XPS!,
or Bremsstrahlung isochromat spectroscopy~BIS! in all
point group symmetries.19

The Slater integrals, which enter the well known expr
sion for the intra-atomic electron-electron Coulomb and
change termHdd , are reduced to 80% of theirab initio HF
values~for free space ions! to simulate solid state electro
screening effects. This correction method originates fr
and is supported by the practice of fitting calculated mu
plets to optical data.21

The crystal field HamiltonianHCF describes the effect o
the aspherical electrostatic potential due to the crystal fi
environment on the electronic levels in a crystal. We n
that it is also possible, at least to a finite order of appro
mation, to consider the CF Hamiltonian as representing
effect of TM(3d)-O(2p) hybridization ~‘‘ligand field
theory’’!. Most generally,HCF may be expressed in terms o
an expansion of thei th electron spherical tensorsCkq( i )
~Ref. 22!

HCF5(
kq

Bkq(
i 51

N

Ckq~ i !, ~2!

where the crystal field parametersBkq can be expressed a
the product of a factorAkq , which depends on the aspheric
potential only, and the radial expectation value^r k& of the
TM d-electron shell:Bkq5Akq^r

k&. In practiceAkq^r
k& is

treated as an inseparable CF parameter.
For sites with a certain point group symmetry crystal fie

parametersAkq or Bkq with different (k,q) can have a cer-
tain, fixed, linear relationship. In subsequent sections we
turn to this point for the case ofD3d andD4h point symme-
try. It is thus often possible to reduce the number of ter
contained inHCF. Such a more compact form of the C
Hamiltonian, which is fully adapted to the point symmetry
the site considered, can be obtained by considering
branching rules, such as those given in Figs. 1 and 2 for
D3d andD4h point groups, respectively. Apart from definin
the splitting of levels upon lowering the point symmetry~as
discussed above! these rules can also be used to construct
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proper linear contributions of the spherical tensorCkq , into
unitary tensorsUka0 in which the more compact form of th
Hamiltonian is expressed:

HCF5(
ka

Xka0Uka0, ~3!

whereXka0 are new crystal field parameters~so-called ‘‘But-
ler notation’’! which are linear combinations of theBkq pa-
rameters. The tensorU has dimension energy, whileX is
dimensionless. The number of relevant unitary operatorsU is
obtained by looking for all branching that produce theA1(0)
representation in the point group of consideration. Th
form has been given by Racah.23 Let us consider as an ex
ample three cases of interest: cubic (Oh), trigonal (D3d),
and tetragonal (D4h) point symmetry. It follows from Figs. 1
and 2 that the cubic (Oh) CF Hamiltonian is given by

H CF
Oh5X00U001X400U400. ~4!

As the first term just produces an energy shift that is ident
for all states, we will ignore this term. The trigonal (D3d) CF
Hamiltonian is given by

H CF
D3d5H CF

Oh1X21̃0U21̃01X41̃0U41̃0. ~5!

Similarly, the tetragonal (D4h) CF Hamiltonian is given by

H CF
D4h5H CF

Oh1X220U2201X420U420. ~6!

A trigonal or a tetragonal distortion of the cubic field thu
introduces additional CF parameters. When applying
theory to practical systems we will neglect the parameter
highest order (X41̃050 for the trigonal sites,X42050 for
tetragonal sites!. The full relationship between theBkq and
Xka0 CF parameters can be found in Butler.14

The ~super! exchange interaction between the TMd elec-
trons on atomi with a neighboring atomj via intervening
O22 ions is described by

Hex~ i !5gm0mBHex•Si , ~7!

whereHex5( j Ji j Sj is the local exchange field, andJi j is the
Heisenberg exchange coupling constant, it favors para
~antiparallel! spins if Ji j ,0 (Ji j .0). This field is assumed
to lie parallel to the direction of magnetization and its ma
nitude is assumed to be independent of its direction w
respect to the crystal axes. We takeg equal to its spin only
value of 2.0023.

The spin-orbit Hamiltonian acting on single electro
states (i , with i 51 to n) for an ion with configurationdn is

HSO5(
i

n

z~ l i•si !, ~8!

wherez is the single electron spin-orbit parameter. Hartr
Fock ~HF! values calculated for the 3d-TM ions are tabu-
lated in Ref. 20. Spin-orbit interaction in solids is known
be reduced from the free ion values.21 However, in this paper
we use theab initio HF spin-orbit values, unless stated ot
erwise.
7-3
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The Hamiltonian that represents the interaction with
external magnetic fieldH is given by

HZeeman5m0mBH~L12S!. ~9!

In the case of strong magnetic anisotropy the external fi
interaction energy can become comparable in magnitud
the exchange interaction. A large field is then required
rotate the magnetization, which in some cases can ha
nontrivial effect on the electronic level structure and the
solute size of the magnetic moments.

III. RESTRICTED SINGLE-ION HAMILTONIAN

Instead of the full Hamiltonian presented in the previo
section a restricted single-ion Hamiltonian is now cons
ered, which acts on states within the Hund’s rule grou
state (L,S) term only:

H5HCF1Hex1HSO1HZeeman, ~10!

where the various terms have the meaning already discu
in the previous section. Obviously, the interatomic Coulo
and exchange interactionHdd is not taken into account ex
plicitly. Implicitly its effect is of course taken into account i
part in as far it determines the Hund’s rule ground term. F
ground terms obeying Hund’s rules one must use a diffe
expression, with respect to the previous section, for the s
orbit interaction, viz.,HSO5lL¢ •S¢ . The parametersz andl
are related byl56(z/2S) where the plus sign is require
for a shell less than half filled and the minus sign for a sh
that is more than half filled. Frequently, the CF Hamiltoni
is expressed in terms of the so-called extended Stevens
eratorsOk

q , and is given by

HCF5 (
k52,4,6

(
q52k

1k

Ak
q^r n&unOk

q[ (
k52,4,6

(
q52k

1k

Bk
qOk

q ,

~11!

with the CF parametersAk
q , the expectation values of^r n& of

the radial part of the wave function, the Stevens coefficie
un , the Stevens operatorsOk

q , and finally the CF parameter
Bk

q which are equal toAk
q^r n&un . We refer to the original

paper by Stevens25 for an introduction to this method. Vari
ous authors have introduced modified conventions and n
tions. In Eq.~11! we have used the extended Stevens ope
torsOk

q , 2k<q<k. These are related to the operatorsOl
6m

introduced by Buckmaster27 by the expressions

Ok
05Ol

0 ,

Ok
q5

1

2
~Ol

1m1Ol
2m!, m,q.0,

Ok
q5

1

2i
~Ol

1m2Ol
2m!, m.0, q,0 ~12!

with l 5k and m5uqu. The operatorsOl
6m are related by

rational factors to another set of tensor operators nam
Õlm .27 In Ref. 28 these operatorsÕlm are calledOq

(k) and are
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listed for k50 to 6, for all q values. From the combined
Refs. 27 and 28 one may thus obtain explicit forms of t
extended Stevens operatorsOk

q . A general analytical expres
sion is given for the matrix elements^ j ,m8uOq

(k)u j ,m& in Ref.
28. This is particularly suited for machine computation. T
matrix elements have been tabulated by Birgeneau.29 One
should note that the CF Hamiltonian used@Eq. ~11!# is valid
in the restricted subspace of a givenL or J multiplet. Strictly
speaking, it is therefore inappropriate to refer to theAk

q or Bk
q

parameters as CF parameters.7 The Ak
q and Bk

q parameters
should not be confused with the real CF parametersAkq and
Bkq as defined in the previous section. We therefore cho
to work with theX parameters as defined in Eq.~3!.

In a cubic (Oh or Td) field the restricted CF Hamiltonian
contains ford states only two relevant terms

H CF
Oh5B4~O4

015O4
4!, ~13!

where B45B4
05 1

5 B4
4. In a tetragonal (D4h) field the re-

stricted CF Hamiltonian is given by

H CF
D4h5B4~O4

015O4
4!1B2

0O2
01B4

0O4
0 , ~14!

where the magnitude of the cubic CF is denoted byB4 which
is not equal toB4

0 in this case and the other two terms re
resent the tetragonal distortion of second and fourth deg
in the potential, respectively. Theẑ axis is a fourfold axis.
Finally, in a trigonal (D3d) field the CF Hamiltonian is given
by

H CF
D3d52

2

3
B4~O4

0120A2O4
3!1B2

0O2
01B4

0O4
0 , ~15!

where the introduction of the factor2 2
3 makes the paramete

B4 of the CF operator identical with that in Eq.~13!. The ẑ
axis is a threefold axis. The relationship between theBk

q

crystal field parameters and the CF parameters (X param-
eters! as defined in Eq.~3! are tabulated in Table I.

Transformation matrices for a general rotation (u,f) of
the frame of coordinates of the Stevens operatorsOk

q are
given by26

$Ok%[Sk•@Ok#, ~16!

whereSk(u,f) is the transformation matrix for the Steven
operatorsOk

q for a given k. The curly brackets denote th
operatorsOk

q in the original axis system, whereas the squa
brackets denote the operatorsOk

q in the transformed axis sys

TABLE I. Relationship between some CF parameters as defi
using the notation of Butler and theBk

q crystal field parameters. The
parameterB4 is defined in Sec. III.

Point
symmetry L52 L53

Oh X400572A30B4 X4005360A66B4

D4h X220523A70B2
0 X220526A105B2

0

D3d X21̃0523A70B2
0 X21̃0526A105B2

0

7-4
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SINGLE-ION ANISOTROPY OF LOCALIZED-ELECTRON . . . PHYSICAL REVIEW B63 054407
tem which is rotated by an azimuthal anglef about the
original z axis and a polar angleu about the newy axis.
These transformation matrices are used to rotate the C
the desired orientation while, by definition, the exchan
and/or magnetic field remains along theẑ direction. This is
relevant when calculating the MCA, i.e., the ground st
energy as a function of the magnetization direction with
spect to the crystal axes.

IV. SINGLE-ION ANISOTROPY

Let us consider the free energy of an isolated ion withL
Þ0. Spin-orbit coupling combined with an arbitrarily sma
external or exchange field, which defines the quantiza
axis, already leads to the formation of an aspherical cha
cloud ~at T50 K!. Upon embedding the ion into a cryst
structure one may find extrema in the free energy of the
as a function of the angle between the direction of the
change field and/or magnetic field and the crystal axes,
to the electrostatic interaction between the asphericald
charge cloud and the aspherical electrostatic potential a
ionic site. This single-ion contribution results from the sp
orbit interaction, which couples the spin moment to the
bital moment, and hence to certain preferred crystal dir
tions. In the limit of a very small CF there is a direct line
relation between the free energy and the CF. This leads t
initial linear increase of the anisotropy constants with the
parameter. These constants are then determined by the
uct of the asphericity of the charge cloud in the zero CF lim
~the Stevens coefficientun , see Sec. III! times the relevant
(k,q) component of the aspherical electrostatic potential
is almost always the case for rare earth materials. This s
ation changes when the orbital moment becomes more
more quenched by the CF. As a result the spin and the or
moment become less rigidly coupled, and the anisotr
constants start to decrease with increasing CF. In the lim
an infinite CF the orbital moment vanishes and the anis
ropy constants go to zero.

The free energyF(a1 ,a2 ,a3) of a magnetically satu-
rated, single domain crystal may be formally expressed a
series expansion in ascending powers of the direction cos
a i of the magnetization with respect to a set of rectangu
Cartesian coordinate axes as

F~a1 ,a2 ,a3!5bJ ia i1bJ i j a ia j1bJ i jka ia jak1•••.
~17!

In this equationbJ i ,bJ i j , . . . , arecomponents of first, second
and higher rank tensors, of which the properties depend
the crystallographic symmetry. Tensors up to rank 6 h
been derived for all crystallographic groups by Fieschi a
Fumi.30 For cubic crystals the free energy is more compac
expressed by31

F~a1 ,a2 ,a3!5K01K1s1K2p1K3s21K4sp1K5s3

1K6p21•••, ~18!
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where s[a1
2a2

21a1
2a3

21a2
2a3

2 and p[a1
2a2

2a3
2. K1 , K2,

etc., are called the first, second, and higher anisotropy c
stants.

For crystals of tetragonal or trigonal symmetry the fr
energy can more compactly be expressed as a function o
polar and azimuthal angleu andf, respectively, whenu is
the angle of the magnetization with respect to the tetrago
or trigonal axis.32 For crystals of trigonal symmetry, the fre
energy can be expressed as

F~u,f!5K̃01K̃1 sin2u1K̃2 sin4 u

1K̃3 sin3 u cosu cos~3f!1K̃4 sin6 u cos~6f!

1K̃5 sin6 u1K̃6 sin3 u cos3 u cos3~3f!1•••.

~19!

For crystals of tetragonal symmetry, the free energy c
be expressed as

F~u,f!5K̄01K̄1 sin2 u1K̄2 sin4 u1K̄3 sin4 u sin2 f cos2 f

1•••. ~20!

Crystals may have an overall symmetry which is high
than the point symmetry of the sites at which the catio
reside that contribute to the single ion anisotropy. In cu
crystals with cations at sites with trigonal or tetragonal po
symmetry, the local symmetry is described by Eqs.~19! and
~20!, respectively. The anisotropy constants defined with
spect to the overall symmetry, hereafter referred to as glo
symmetry, may then be obtained via two independent me
ods. First, one may perform a calculation on the basis of
‘‘local’’ free energy surface of the local anisotropy constan
Ki

l , wherel is short for local, and obtain the global aniso
ropy constantsKi

g , whereg is short for global, by making
use of general expressions which relate both sets of an
ropy constants. Although formally correct, this method oft
has the following practical disadvantage. For realistic s
tems~i.e., when using realistic CF parameters! the local an-
isotropy constantsKi

l can in some cases be very small. T
introduction of small errors in the determination of local a
isotropy constants may subsequently result in large error
the global values. An accuracy far better than 131027 eV
for the eigenvalues of the ground state orbitals is sometim
required, which is outside the present accuracy of our
multiplet program. Second, in case one is only interested
the overall global anisotropy constants an alternative met
is to perform a direct calculation of the free energy surfa
F(a1 ,a2 ,a3) in global coordinates, by summing over th
contribution of all sites toF(a1 ,a2 ,a3) for a specific direc-
tion @a1 ,a2 ,a3#. We will use the latter method in the fol
lowing.

In this paper we will restrict ourselves to calculate t
global cubic single ion MCA constants for systems with l
cal cubic, tetragonal and trigonal point symmetry. An e
ample for the latter may be found in spinel ferrites whe
numerous measurements of the single MCA constants h
been reported.33–35 The octahedral site in spinel ferrites
7-5
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surrounded by six neighboring oxygen ions, which give r
to a crystal field with a dominant cubic term and a sma
trigonal contribution. The crystal field has trigonal symme
around one of thê111& directions. The overall symmetry o
a spinel crystal is, however, cubic. The relationship betw
the local trigonal~tetragonal! and global cubic anisotropy
constants can be found in Table II~III !.

The phenomenological expressions~18!, ~19!, and ~20!
for the free energy enable one to obtain the anisotropy c
stants from a calculated free energy surface with a su
ciently dense mesh. Note that the expansions used do
form a orthogonal set, in contrast to the expansion in
~17!. Therefore all anisotropy constants change by includ
higher order terms. It is therefore rather difficult to make
comparison with experimental single-ion MCA constan
given in the literature if it is not clearly stated how the va
ue~s! has ~have! been obtained. We illustrate this with th
following example. In case of a cubic crystal, and assum
thatF(a1 ,a2 ,a3) is fully described by Eq.~18! using terms
up to second order,K1

g and K2
g , can be obtained from a

calculation~or measurement! of the free energy for the thre
principle directions:

K1
g54@F~1/A2,1/A2,0!2F~1,0,0!#,

K2
g527F~1/A3,1/A3,1/A3!236F~1/A2,1/A2,0!

19F~1,0,0!, ~21!

TABLE II. Coefficients ai , j entering the relationshipKi
g

5( jai , jK j
l between the localK j

l @Eq. ~19!# and the globalKi
g @Eq.

~18!# anisotropy constants, for a cubic lattice containing ions
crystallographically equivalent sites with trigonal point symmet
with the trigonal axis along thê111& directions.

K0
l K1

l K2
l K3

l K4
l K5

l K6
l

K0
g 4 2

3
4
9

2A2
9

8
27

8
27

2A2
27

K1
g 0 0 4

9
210A2

9

228
9

8
9

24A2
9

K2
g 0 0 0 0 308

9
216

9
14A2

9

05440
e
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n

n-
-
ot
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g

g

whereF(a1 ,a2 ,a3) is the free energy of an ion with th
exchange and/or magnetic field in the direction@a1 ,a2 ,a3#,
in global coordinates.

In Fig. 3~a! we show the calculated angular dependence
the free energy with respect to the direction of the excha
field for the Fe21 ion „using the restricted Hamiltonian@Eq.
~10!# with X4005218/A30 and m0mBHex550 meV…. A
value of the cubic crystal field parameter ofX400

5218/A30 corresponds, by definition, to an energy splitti
betweent2g andeg orbitals ofD521.0 eV. Calculation of
K1 and K2 using Eq.~21! leads toK152.0 meV andK2
59.0 meV. However, it is clear from this example, see F
3~b!, that a description in terms ofK1 and K2 only is not
always sufficient. Ax2 fit of the full free energy surface
usingK1 , K2, andK3 leads toK150.3 meV,K253.9 meV
~and K356.7 meV!. This clearly shows that theK values
obtained can depend significantly on the method used to
lyze the calculated results~in experimental data!. Unless
specified otherwise we will use Eq.~21! to calculateK1 and
K2 in this paper. We notice that in calculational and expe
mental studies performed so far it is almost never chec
how well a restricted set of CF parameters describes the
free energy surface.

We finally note that the phenomenological description
the magnetocrystalline anisotropy in terms of free ene
expansions has proven to be quite successful in prac
There are, however, exceptions to this rule. Anomalous
havior of the magnetocrystalline anisotropy can be found
cases when a change in the magnetization direction caus
passage of a sub-band through the Fermi energy in me
This effect has been observed in Ni metal at 4 K by
Gersdorf.36 In localized electron systems this could happ
for systems which are close to a crossing of the ground s

TABLE III. Coefficients ai , j entering the relationshipKi
g

5( jai , jK j
l between the localK j

l @Eq. ~20!# and the globalKi
g @Eq.

~18!# anisotropy constants, for a cubic lattice containing ions
crystallographically equivalent sites with tetragonal point symm
try, with the tetragonal axis along the^100& directions.

K1
l K2

l K3
l

K0
g 2

3
2
3 0

K1
g 0 2

2
3

1
3

n
,

is of the

rface
FIG. 3. ~a! Angular dependence of the free energy with respect to the direction of the exchange field calculated on the bas
restricted Hamiltonian for Fe21; X4005218/A30 ~dimensionless parameter, corresponding toD521.0 eV! and m0mBHex550 meV. ~b!
The free energy surface as described byK152.0 meV andK259.0 meV. Note that for a more accurate description of the free energy su
given in ~a! one needs higher orderKi values, see text.
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and first excited state energy levels. A high-spin to low-s
transition induced by a rotation of the spin direction, usi
an applied magnetic field, would be the most dramatic ca
The calculational method presented in this paper is part
larly suited for describing such cases, whereas calculat
based on the restricted Hamiltonian~which operates on the
Hund’s rule ground state term only! would obviously fail to
describe such cases.

V. RESULTS: OVERVIEW

A. Cubic symmetry

Figures 4 and 5 give an overview of calculated single-
MCA constantsK1 and K2 for all 3dn (n51 –4,6–9) con-
figurations in cubic symmetry atT50 K, as a function of the
cubic CF parameterX400. The calculations have been carrie
out using the methods presented in Secs. II and III, with
exchange field corresponding tom0mBHex550 meV for zero
external magnetic field. We would like to stress that wh
applying the theory to specific cases it is necessary to e

FIG. 4. Calculated cubic single-ion anisotropy constantK1
g as a

function of the cubic CF parameterX400 and a constant exchang
field of m0mBHex550 meV at T50 K. Full lines give the result
from the complete CF theory, in which, as described in Sec. II
basis set includes all terms. Dashed lines represent the result
basis set that include only the Hund’s rule (L,S,J) term. These
calculations have been carried out within the CF approach of S
III, with A4

05X400/72A30u4.
05440
n

e.
u-
ns

n

n

n
ti-

mate an accurate value for the exchange field from the t
perature dependence of the~site dependent! magnetic mo-
ment. Results for specific materials will be presented in S
VI. The range of values ofX400 for which K1 and K2 are
given corresponds for thed1 case to at2g-eg level splitting
of up to 2.5 eV.

The configurationsdn and d102n are related by the fac
that configurations with more than five electrons may
treated in the same way by considering holes in a filled s
instead of electrons. As a result, the general shape of theX400

dependence ofK1 and K2 is for such related pairs of con
figurations very similar when comparing curves foropposite
crystal fields. Of course, the absolute values can be hig
different, as the spin-orbit parameter increases with incre
ing n.

In the limit of a small CF as compared to spin-orbit co
pling, K1 is proportional to the product of the asphericity
the charge cloud times the asphericity of the potent
Therefore the sign changes ofK1 when going fromd1 to d9

correlate with the sign changes of the Stevens factoru4 ~see
Sec. III!.

e
f a

c.

FIG. 5. Calculated cubic single-ion anisotropy constantK2
g as a

function of the cubic CF parameterX400 and a constant exchang
field of m0mBHex550 meV atT50 K. Full lines give the result
from the complete CF theory, in which, as described in Sec. II
basis set includes all terms. Dashed lines represent the result
basis set that include only the Hund’s rule (L,S,J) term. These
calculations have been carried out within the CF approach of S
III, with A4

05X400/72A30u4.
7-7
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The characteristic maximum in the single-ion MCA co
stants, for crystal fields of the order ofl, coincides for both
models considered here~see the Appendix!. However, for
larger values ofX400 differences are visible, with the excep
tion of the casesd1 and d9. For these latter configuration
there is only one term symbol and therefore both approac
are equivalent. This means that a method based on the
stricted Hamiltonian discussed in Sec. III, which only op
ates on the Hund’s rule ground state, is only adequate
very small values of the CF. In a solid one has to deal w
crystal fields which are generally much larger. Therefore,
method as based on the restricted Hamiltonian is in m
cases of practical interest inadequate.

Large differences in the single-ion MCA constants a
found using the restricted Hamiltonian as compared with
full multiplet theory for d3(Td), d7(Oh), d4, andd6 @both
(Td) and (Oh)]. For these configurations a high-spin to low
spin transition occurs above a certain critical CF param
X400. Before the actual transition takes place the ground s
becomes heavily mixed under the influence of excited sta
which leads to the large differences in the single-ion MC
constants as observed for the two methods considered.

Let us take a closer look at the effect of a high-spin
low-spin transition on the expectation value of the spin a
orbital moment for d6(Fe21) ~thin lines! and d7(Co21)
~thick lines! at T50 K shown in Fig. 6. The spin moment i
only slightly influenced by the crystal field until atX400

56.5(7.8) for d6(d7) a sharp decrease of the spin val
takes place. The orbital moment is readily quenched from
free ion value for small values of the crystal field and b
comes almost zero after the~sudden! high-spin to low-spin

FIG. 6. Expectation value of the spin and orbital moment alo
the @111# direction as a function of the cubic CF parameterX400 at
T50 K. Full ~dashed! lines correspond to the full multiplet struc
ture ~Hund’s rule term only!. The thick ~thin! lines correspond to
Fe21 (Co21), with m0mBHex550 meV along the@111# direction.
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transition. The value for both the spin and orbital moment
obtained on the basis of the restricted Hamiltonian~acting on
the Hund’s rule ground state! remains finite aboveX400

56.5(7.8) ford6(d7), as expected. Before the high-spin
low-spin transition occurs one observes already a relativ
large difference between the Hund’s rule term orbital m
ment ofd7 and the full multiplet theory moment. This latte
effect is caused by mixing in of character from excited sta
before the actual crossing of energy levels occurs.

On the basis of the cubic spin-Hamiltonian of ions who
orbital moment is quenched by the CF one would expect
anisotropy disappears forS,2.33 Figures 4 and 5 indeed
show that the anisotropy for ions withS,2 is smaller as
compared toS52, but it does not vanish forS,2. One
should note, however, that here the orbital part of the m
netic moment is not fully quenched over the entire parame
range shown and that the theoretical prediction based on
cubic spin-Hamiltonian neglects the influence of mixing in
the ground state of states belonging to multiplets other t
the Hund’s rule ground state multiplet.

B. Local trigonal symmetry

Figure 7 shows the global cubic single ion MCA co
stantsK1

g andK2
g @as defined in Eq.~18!# for a system with

ions at sites with local trigonal symmetry around the fo
equivalent̂ 111& directions atT50 K. As discussed above
this is, e.g., the case encountered for the contribution to
anisotropy from cations at octahedral sites in the spinel st
ture. The figure gives results for all 3dn (n51 –4,6–9) con-
figurations as a function of the local trigonal CF parame

X21̃0, for a constant value of the cubic CF parameterX400

518/A30, which for the case of ad1 configuration corre-

sponds to at2g-eg level splitting of 1.0 eV. A value ofX21̃0

equal to one~minus one! corresponds to aa1-e splitting of
0.33~0.38! eV. The exchange field used, corresponding
m0mBHex550 meV, is equal to the value used for the cub
case in Sec. V A.

For all configurations, except of course ford1 andd9, one
observes a shift in the characteristic maximum of the sin
ion MCA constants. As discussed in the Appendix ford1 this
maximum is caused by interactions within the ground st
term (L,S,J). The figure shows that a trigonal CF can
some cases have a very strong effect on the position of
maximum~e.g., for thed2 configuration withX21̃0.0), ob-
viously since a crossing of energy levels may also be in
enced by mixing in of terms at higher energy. This th
changes the value of both the ground state spin and or
moment and therefore influences the position of the ma
mum. The figure makes clear that a fit to experimenta
observed single-ion MCA constants would in many ca
yield two sets of completely different parameters when us
the full and restricted Hamiltonian presented here. A cl
and very relevant example is the case 3d7 (Co21). For a
large positive CF (X21̃051), the predicted value ofK1 (K2)
are obtained from the full and the restricted Hamiltonians

g

7-8



m

m
y
al
rg
om
io

n-
l

s
ria-

f
the

of
d

er

ry,
T
d
t

e

ter

y,
The

of a

ec.

SINGLE-ION ANISOTROPY OF LOCALIZED-ELECTRON . . . PHYSICAL REVIEW B63 054407
different by a factor of 2.9~22.5!. For a large negative CF
(X21̃0521) these factors are 0.5~0.027!. We return to this
case in Sec. VI.

The single ion MCA constants ofdn andd102n are not in
the same sense related as is the case for pure cubic sym
try. There is, however, a close resemblance betweendn and
d51n, since we focus here onto the effect of thet2g orbitals.
Suppose we have two sets of energy levels, which each
be internally splitted by crystal field effects, separated b
large ~intra-atomic! exchange field. In such a case a h
filled shell behaves as if it is empty, since these filled ene
levels of a certain spin kind, say spin up, are isolated fr
the spin down levels and do not contribute to the single-
MCA.

C. Local tetragonal symmetry

Figure 8 shows the global cubic single-ion MCA co
stantsK1

g and K2
g for systems with ions at sites with loca

FIG. 7. Calculated cubic single-ion anisotropy constantsK1
g

~thick! and K2
g ~thin! as a function of the local trigonal paramet

X21̃0 on top of a constant octahedral CF splitting ofX400518/A30
(D51.0 eV!, and a constant exchange field ofm0mBHex550 meV
at T50 K. Full lines give the result from the complete CF theo
in which, as described in Sec. II the basis set includes all terms.
full lines for V21(d3) are obtained by a spline fit to the calculate
data points. Dashed lines represent the result of a basis set
include only the Hund’s rule (L,S,J) term. These calculations hav
been carried out within the CF approach of Sec. III, withA2

0

5X21̃0/23A70u2.
05440
e-
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n

tetragonal symmetry around three equivalent^100& direc-
tions, for all 3dn (n51 –4,6–9) configurations atT50 K.
Also here we use a fixed CF parameterX400518/A30 and an
exchange field corresponding tom0mBHex550 meV, as used
in Secs. V A and V B. A value ofX220 equal to one~minus
one! corresponds to aa1-b1(e-b2) splitting of 0.36~0.48! eV.

A comparison with the results given in Sec. V B for ion
on sites with a local trigonal symmetry reveals that the va
tion with 2X220 ~Fig. 8! of the global cubic single-ion MCA
constants is roughly similar with1X21̃0 ~Fig. 7!. A negative
value of the tetragonal CF parameterX220 creates in a single
electron picture a doublete ground state while a positive
parameterX21̃0 in trigonal symmetry does the same. O
course the details in both cases are different, leading to
differences as observed.

VI. RESULTS FOR SPECIFIC MATERIALS

In this section we discuss the contribution to the MCA
tetrahedrally coordinated Ni21 and octahedrally coordinate

he

hat

FIG. 8. Calculated cubic single-ion anisotropy constantsK1
g

~thick! andK2
g ~thin! as a function of the local tetragonal parame

X220 on top of a constant octahedral CF splitting ofX400518/A30
(D51.0 eV!, and a constant exchange field ofm0mBHex550 meV
at T50 K. Full lines give the result from the complete CF theor
in which, as described in Sec. II the basis set includes all terms.
full lines for V21(d3) and Ni21(d8) are obtained by a spline fit to
the calculated data points. Dashed lines represent the result
basis set that include only the Hund’s rule (L,S,J) term. These
calculations have been carried out within the CF approach of S
III, with A2

05X220/23A70u2.
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D. ALDERS, R. COEHOORN, AND W. J. M. de JONGE PHYSICAL REVIEW B63 054407
Fe21 and Co21 in nickel ferrite (NiFe2O3), magnesium-
manganese ferrite (MgxMnyFe32x2yO4), and lithium-cobalt
ferrite (Li0.52x/2Fe2.52x/2CoxO4), respectively. For these sys
tems experimental data, taken at or close to 4.2 K, are av
able from the literature on the basis of which the single-
MCA due to the ions of interest can be separated out. In
case of Ni21 in nickel ferrite the MCA as calculated usin
the full and the restricted Hamiltonian is more or less
same. We have nevertheless selected this example, to c
how the observed MCA can be explained. Previous theo
ical work did not result in an explanation. In the case
Fe21 on octahedral sites the use of the full Hamiltonia
instead of the restricted Hamiltonian, is found to lead
moderate changes of the calculated value ofK1 andK2, but
for Co21 on octahedral sites the theory based on the
stricted Hamiltonian isqualitatively and quantitatively incor-
rect. Some attention will be paid to the role of the value
the spin-orbit parameter (z3d) used. The comparison with
experimental results suggest that a reduction ofz3d , as com-
pared to the free ion values21 is required.

First we start with Ni21 in nickel ferrite. In its thermody-
namically stable state this compound has the inverse sp
structure in which one half of the octahedrally coordina
~B! sites is occupied by Ni21 ions, while the other half of the
octahedral sites and all tetrahedral sites are occupied
Fe31. The anisotropy due to octahedral Ni21 with ~Fig. 7! or
without a trigonal distortion~Fig. 4! is certainly no more
negative than2131026 eV ~it can in fact be positive up to
1031026 eV in the range shown forX21̃0). The more nega-
tive experimentally observed anisotropy constantK1525.3
31026 eV/atom for nickel ferrite has therefore been attr
uted mainly to Fe31.33 The single-ion MCA for this ion is
small due to the fact that the orbital moment for Fe31 (d5) is
almost fully quenched.

Experimental results have shown that the MCA is mu
higher when Ni21 is located at the tetrahedral~A! sites. This
can be accomplished by rapidly quenching from its sinter
temperature to room temperature. The experimental sin
ion MCA constant of Ni21 at the tetrahedral sites isK1
52.7 meV atT54.2 K.37 The random distribution of two-
and three-valent ions at theB sites brings about the existenc
of low-symmetry crystal fields at theA sites of the spinel
structure. Therefore the first theoretical interpretations w
based on tetragonal9 and trigonal distortions37 of the tetrahe-
dral site. As far as we know the most recent discussion
this issue has been presented by Novak.38 In his evaluation
of the MCA he used perturbation theory on the3T1 multip-
let. He showed that within this theoretical framework a pu
~undistorted! tetrahedral CF cannot explain the experimen
MCA, since the exchange field needed would be unreal
cally high. Secondly, he concluded that the low symme
crystal fields due to tetrahedral or trigonal distortions,
mentioned above, cannot explain the experimental res
observed.In contrast, we have found that a satisfactory e
planation of the experimental results can be obtained, alre
in the absence of such distortions, on the basis of the m
complete theories that we consider here. In Fig. 9 we sh
our results obtained forK1 andK2 of Ni21 at a tetrahedra
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symmetry site as a function of the exchange field. The me
ods based on the theory as described in Secs. II and III g
within '131026 eV the same result, indicating that mixin
in of character of excited states outside3F is unimportant for
this example. We use a tetrahedral crystal field paramete
D520.5 eV (X400529/A30) as obtained from Ref. 39. A
value of the exchange, viz.,gm0mBHex581 meV would ex-
plain the experimental value ofK152.7 meV. This value is
just slightly above the upper limit as given by Novak.38 Un-
fortunately, an accurate experimental value of the excha
field is unknown. Finally, we would like to remark that
possible trigonal distortion does not significantly change
results, while a static Jahn-Teller-like tetragonal distortio
as suggested in Ref. 9 would give the wrong sign.

The second example considered is the single ion con
bution of Fe21 at octahedral sites in spinel-type ferrites. E
perimental studies of the contribution of Fe21 to K1 andK2,
at liquid helium temperatures, have made use of change
the Fe21 concentration as a consequence of the substitu
of Ti41 for Fe31 ~Ref. 40! or of changes taking place in
conjunction with changes of the concentration of mangan
ferrites.41 In the former case the substitution of the Ti41 ion,
which has a high valence and a smaller ionic radius th
Fe21, induces a polarization and strain in the lattice. In t
latter case a gradual transition of the structure from the n
mal to the inverse spinel structure takes place. These
effects can considerably influence the magnitude of the m
sured anisotropy contribution of the Fe21 ion. Therefore we
consider the results of these studies on the Fe21 contribu-
tions to theK1 andK2 as less reliable.

Such side effects are, to our opinion, much less disturb
in the case of a study of the single-ion MCA for Fe21 ions at
the octahedral~B! sites in the ferrite MgxMnyFe32x2yO4,
with 0<x<0.63 eV,42 resulting in K152.731025 eV per
Fe21, for T→0 K. Unfortunately,K2 was not given. In fact,

FIG. 9. Calculated cubic single-ion anisotropy constantsK1
g

~thick! andK2
g ~thin! for Ni21 as a function of the exchange field a

T50 K. We use a tetrahedral CF splitting ofX400529/A30 (D5
20.5 eV!. These calculations have been carried out within the
approach as described in Sec. III and the complete CF theory
which, as described in Sec. II, the basis set includes all terms. B
methods give within'131026 eV the same result.
7-10
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SINGLE-ION ANISOTROPY OF LOCALIZED-ELECTRON . . . PHYSICAL REVIEW B63 054407
the octahedral sites at which the Fe21 ions reside are trigo-
nally distorted. As the cubic and trigonal CF for this class
compounds is not known experimentally, we have carr
out a calculation using parameters as obtained for rela
systems. The temperature dependent quadrupole splittin
the hyperfine spectrum of Fe21 ions in GeFe2O4 has been
interpreted in terms of a cubic~trigonal! CF splitting of D
51.8 eV (Xt520.2 eV!.43 Here Xt is the splitting which
arises~within a one electron picture! between states ofe and
a1, symmetry. For Fe3O4 the cubic CF splitting has bee
obtained from x-ray absorption spectroscopy~XAS! ~Ref.
44! and Kerr spectra,45 yielding on averageD51.5 eV. Al-
though these results have been obtained for different fer
than considered here they give a good first indication c
cerning the size and sign of the crystal field parameters
Fig. 10 we presentK1 calculated for Fe21 at octahedral sites
usingX40054.93 (D51.5 eV! with a trigonal CF paramete
X21̃0520.55 (Xt520.2 eV! as a function of the exchang
field. A value of the exchange field corresponding
gm0mBHex5100 meV would explain the experimental valu
of K152.731025 eV.42 The calculations have been pe
formed using a spin-orbit parameterz3d that is 80 % of the
spin-orbit parameter that was obtained for the free ion20

Without this reduction of the spin-orbit parameter it is n
possible to explain the experimental value ofK1, since it
would require unrealistically high exchange fields~see Fig.
10!. We return to this issue in the next section and rem
here that a similar reduction ofz3d for the case of Ni21

~discussed above!, would only marginally change the pre
dicted value ofK1 and K2 at the value ofHex given ~10%

FIG. 10. Calculated cubic single-ion anisotropy constantsK1
g for

Fe21 as a function of the exchange field atT50 K. We use an
octahedral CF parameterX40059A3/10 (D51.5 eV! and a trigonal

CF parameterX21̃0520.55 (Xt520.19 eV!, for both the HF spin-
orbit parameterl ~100%; thin! and a reduced value ofl ~80%;
thick!. Full lines give the result from the complete CF theory,
which, as described in Sec. II the basis set includes all ter
Dashed lines represent the result of a basis set that include onl
Hund’s rule (L,S,J) term. These calculations have been carried
within the CF approach of Sec. III, withA4

05X400/72A30u4 and

A2
05X21̃0/23A70u2.
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reduction ofK1 , '1% reduction ofK2). Although there
are differences between the two models used as describe
Secs. II and III, for the case of Fe21 ions discussed abov
they more or less accidentally coincide in the parame
range of interest~see Fig. 10!. Finally we want to mention
that the values obtained forK2 are positive and of the sam
order of magnitude asK1.

The third and final example concerns the experimenta
observed single-ion MCA constantsK155.3 meV andK2
5221.4 meV for Co21 at the octahedral~B! sites of ordered
Li0.52x/2Fe2.52x/2CoxO4, with 0<x<0.005 at T54.2 K.46

The Co21 ions occupy octahedral sites and experience
trigonal field produced by the averaged charge distribution
the B sites. The first theoretical interpretations, based on
spin Hamiltonian approach, failed to describe the results
tained at low temperature.47,48 In the Introduction we already
mentioned the results by Baltzer.9 Using a similar method as
presented here in Sec. II, he obtained for the single ion M
constants K155.9 meV and K25218.6 meV, with
gm0mBHex570 meV and a trigonal field of 10% of the cub
field strength, which is very close to the experimental valu
In Fig. 11 @~a! full Hamiltonian Sec. II,~b! restricted Hamil-
tonian Sec. III# we presentK1 andK2 calculated for Co21 at
octahedral sites with a trigonal distortion as a function of
exchange field. The crystal fields used are indicated in
figure caption. It is clear that a theory based on the restric
Hamiltonian fails completely, while the full theory leads to
much better, though not perfect, agreement with experim
A parameter set ofgm0mBHex580 meV, X40054.93 (D
51.5 eV!, X21̃0520.35 (Xt520.12 eV! andz3d reduced to
80% of the free ion value20 would give a reasonably goo
explanation of the experimental data.

s.
the
t

FIG. 11. Calculated cubic single-ion anisotropy constantsK1
g

~thick! andK2
g ~thin! for Co21 as a function of the exchange field a

T50 K. We used a reduced HF value~80%! of the spin-orbit pa-
rameterl for three different combinations of the CF parameters:~i!

X40059A3/10 (D51.5 eV! andX21̃0520.35 (Xt520.12 eV! ~full

lines!, ~ii ! X40059A3/10 (D51.5 eV! and X21̃0520.25 (Xt5

20.09 eV! ~dashed lines!, ~iii ! X400518/A30 (D51.0 eV! and

X21̃0520.25 (Xt520.09 eV! ~dotted lines!. ~a! These calculations
have been carried out within the full CF Hamiltonian for which,
described in Sec. II, the basis set includes all terms.~b! These
calculations have been carried out with a basis set that include
the Hund’s rule (L,S,J) term, with A4

05X400/72A30u4 and A2
0

5X21̃0/23A70u2.
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VII. DISCUSSION

Analyses of the single ion contribution to the MCA on th
basis of the full Hamiltonian presented in Sec. II have be
shown to provide for some systems a large improvemen
analyses based on the restricted Hamiltonian~Sec. III!, but
they still suffer from uncertainties with respect to the para
eter values to be used and from several weaknesses o
model itself. In this section we discuss these issues.

The first uncertainty concerns the value of the CF para
eters and~in the case of partly disordered systems! their dis-
tribution. In Sec. VI we have referred to one system
which the parameters have been derived from the analys
Mössbauer spectra and to one system for which XAS w
used. It would be very interesting to use the latter mod
technique, or other modern atom resolved techniques suc
x-ray magnetic linear dichroism or x-ray magnetic circu
dichroism15 to get more accurate ion specific informatio
about the CF parameters. In addition, results ofab initio
band structure theory within the local spin density appro
mation can be used to obtain the CF parameters. In the
sence of independent experimental or theoretical knowle
about the CF parameters, they can only be considered a
parameters.

A similar uncertainty concerns the value of the exchan
field. The values obtained for the corresponding ene
gm0mBHex were for all examples discussed in Sec. VI re
tively high, in the range 80–100 meV, when considering t
such values would correspond in a mean field model fo
ferromagnetic system with only one crystallographic disti
site toTc'1700 K ~although when correlation beyond mea
field theory would be taken into account,Tc would be
lower49!. These high values could be the result of failures
the theoretical approach used, but could also be partly du
our poor quantitative understanding of the exchange inte
tion in these compounds. It is known that the molecular fi
theory overestimates the exchange field at theA sites of
ferrites.50 In a recent attempt to compare this theory with t
theory of superexchange one even had to assume the
change field at the A sites to be zero.51 Moreover, the influ-
ence of charge transfer was neglected, which could be e
cially important for the second halve of the first row T
oxides.52

The model which leads to the full CF Hamiltonian pr
sented in Sec. II is known to posses several weaknes
Maybe the most important weakness is that it neglects
overlap of magnetic ions’ wave functions with those
neighboring ions.21,24Hybridization will therefore change th
character of the ground state, which for more covalent m
terials cannot be neglected. For oxidic materials configu
tion interaction can be described by a mixing of TMd-orbital
character withOp character. This results in the introductio
of dN11L character in the ground state, whereL denotes a
hole in the oxygen band and an extra electron in the TMd
states. For ions at cubic sites this results effectively in
additional ~‘‘ligand field’’ ! splitting of the t2g and eg state
~within a one-electron picture!. This effect is usually in fact
considered to be the largest contribution to the experim
tally observed splitting. As it can be included in the CF p
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rameters, it does not degrade the usability of the mo
However, a second consequence of the effect of charge tr
fer @mixing in of O(2p) character ind states# is an effective
reduction of the spin-orbit parameter. We have already m
tioned in Sec. V that a reduction of the single-ion spin-or
parameter~to approximately 80% of the original value! is
required to obtain a reasonable explanation of the exp
mental anisotropy due to Fe21 and Co21 on octahedral sites
in spinel-type ferrites. More work is required in order
make clear to what extent such an effective reduction can
applied to many classes of oxides, or that it is highly syst
dependent.

VIII. CONCLUSIONS

We have shown that the calculation of the single-ion co
tribution to the MCA, on the basis of a theory that takes t
full multiplet structure into account, may lead to significant
different values of the single-ion MCA constants as co
pared to the ones obtained on the basis of standard
theory, which only takes the Hund’s rule ground term in
account. This has been demonstrated for atoms withdn (n
51 –4,6–9) configurations, at sites with a local cubic,
tragonal or trigonal symmetry. This demonstrates that m
ing in of wave function character from states within excit
multiplets is sometimes significant.

Three example are given which were already extensiv
discussed in the literature both experimentally and theor
cally using various models, i.e., the single-ion MCA cont
bution of Fe21, Co21, and Ni21 in spinel-type ferrites. It is
demonstrated that for reasonable parameters one can
fairly good explanation of the experimental values. In t
case of Ni21 it is shown that the influence of mixing in o
character of excited states is unimportant. The contribut
of Fe21 represents an intermediate case in the sense tha
anisotropy parameterK1 as derived from both models pre
sented here accidentally coincide in the parameter rang
interest. The final example of Co21 can only be understood
by including the excited states. In order to increase the p
dictive power of the theory presented more accurate in
mation about the CF and exchange field parameters in th
systems is required. It would be very interesting to use
tailed information about the element specific crystal field p
rameters obtained from a modern technique such as XA
narrow down the number of free parameters.
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APPENDIX

In this appendix we discuss the characteristic maxim
of the single-ion MCA constants for small values, of th
order of the spin-orbit parameterl, of the CF parameters. In
order to demonstrate the physical origin of this peaking
use the example of a model Hamiltonian ford1 ions ~such as
7-12
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Sc21) at a lattice site with cubic point symmetry. In this ca
Hdd , the Hamiltonian that representsd-d Coulomb interac-
tions, is zero, since there is only one electron involved.
further simplify this example by taking the limit o
m0mBHex→`, so that we end up with a convenient 535
matrix, consisting of matrix elements^f i uHCFuf j& of the CF
HamiltonianHCF between the real spherical harmonic orbi
uf i ,↓& indicated above and to the left of the matrix. For t
case of the exchange field along the@001# direction the ma-
trix is given by

dxy
↓

dyz
↓

dz2
↓

dxz
↓

dx22y2
↓

dxy
↓ dyz

↓ dz2
↓ dxz

↓ dx22y2
↓

S 24Dq 0 0 0 2 il

0 24Dq 0
2 il

2
0

0 0 6Dq 0 0

0
il

2
0 24Dq 0

il 0 0 0 6Dq

D .

~A1!

The resulting energies are

E156Dq,
o

A

s

05440
e

l

E2,3524Dq6
l

2
,

E4,55Dq6A25~Dq!21l2.

It is now easy to see that a crossing occurs, i.e., a cha
of ground state, as a function of the CF parameterD at a
fixed value ofl atD5 3

2 l. As a result, the dependence of th
MCA, which is the dependence of the ground state energ
the direction on the magnetization~i.e., of the exchange
field!, changes suddenly at this point. Physically, there i
transition from eigenstates ofLz ~for l@D) to eigenstates of
crystal field~for l!D). Eigenstates ofLz correspond to the
tendency of the orbital angular momentum to be opposite
the spin direction. Indeed, the results from a full calculati
for Sc21 in Fig. 4 ~with a finite value ofHex, discussed in
Sec. V!, show such a sudden change in the dependence o
cubic anisotropy parameterK1 at a value of the crystal field
parameter X40054931023, which corresponds toD
5A30/18349514.9 meV, whereas32 l(Sc21)516.5 meV.
This effect is present in all 3dn configurations and originate
within one (L,S) term. While the exact position of the max
mum is a function of all interactions, it is clear that a sudd
change of the ground state, for a certain range of directi
of the exchange field, as a function of the CF is respons
for the effect.
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