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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 anisotidd@A) of 3d transition-metal
(TM) ions in localized-electron compounds B0 K. For atoms withd" (n=1-4,6—-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 onljcrystal field(CF) theory] is compared with the single-ion MCA on the basis of a fully
relativistic first principles atomic theory including the intra-atomid 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 nuni®er75.30.Gw, 75.50.Gg

[. INTRODUCTION which restricts the validity to sufficiently low temperatures.
This is in some cases a crude estimation, since the real mul-
The magnetism of oxidic magnetic materials continues tdiplet may consist of hundreds of closely spaced levels.
be an extremely rich field of study. Whereas older work fo-Moreover, the spin-Hamiltonian treats exchange fields and
cused on the magnetic properties of hard magnetic hexagonalagnetic fields on equal footing. Single ion anisotropy is,
ferrites, soft magnetic cubic ferrites, and garrfetscent de- however, closely related with anisotropy of the orbital mo-
velopments include work on high-temperature superconment. Therefore the influence of a magnetic field which acts
ductor materials containing magnetic ions, perovskites showdirectly on the orbital part is not the same as an exchange
ing the colossal magnetoresistance effecand anti- field.
ferromagnetic oxides showingn combination with a ferro- Within the framework of crystal fieldCF) theory the
magnetic thin film the exchange anisotropy effétOne of  combined action of electron-correlation, CF interaction, the
the properties of interest is the single-ion contribution to theexchange field, spin-orbit coupling, and the magnetic field
magnetocrystalline anisotrogiMCA). can be described by a single-ion Hamiltonian. In general, all
This paper is concerned with the calculation of the singlethese interaction energies can be of the same order of mag-
ion contribution to the MCA of localized-electron systems nitude, in which case one should solve the full secular equa-
such as 8 ions in transition-metalTM) oxides. This subject tion numerically. However, theoretical discussions presented
has been studied by many authors over the last six decadexo far have almost invariably focused on the situation in
We refer to the excellent review article by Darby and Isaac, which all states relevant to the single-ion MCA can be
and references therein. viewed as being derived from the Hund'’s rule ground state
The single-ion MCA can be treated theoretically at differ- multiplet of the ion considered. A situation in which this
ent levels of rigor. In the phenomenological spin- approximation apparently fails is when the CF is so large
Hamiltonian approadt! the ground state is described in that a high-spin to low-spin transition takes place. The influ-
terms of a fictitious spin, whereby the influence of excitedence of higher multiplets has, as far as we know, only been
states and spin-orbit coupling is simulated by effective pa<considered by Baltz&rin a study of the MCA of cubic
rameters. This approach has been used to describe with vargpinel-type ferrites.
ing success the observed properties of many systems. The aim of this paper is to present the results of a com-
Within this formalism it is possible to formulate analytical putational study of the effect on the single-ion MCA of tak-
expressions for the cubic or axial anisotropy constants. Faing into account the full multiplet structure @t=0 K. We
cubic systems the temperature dependence is shown to lsempare the results obtained from fully relativistic first prin-
given by thel (I +1)/2 power law? which relates the anisot- ciples atomic theoryncluding the intra-atomiad-d interac-
ropy constants at finite temperature to their value at zero Ktion with the results obtained from the Hund’s rule ground
In the derivation only two energy levels are consideredterm only. We take solid state effects, the exchange field as
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well as spin-orbit interaction into account. The method used o) Oh D
R . . 3
has no limitations with respect to the atom, its valence and

the symmetry of the ground state. A similar method has been
used by Baltze? for a specific class of systems. However, he
unfortunately made the wrong assumption about the sign of

the single-ion MCA constark; of Ni?>" at the tetrahedral

3d

sites of nickel ferrite as compared to what has been found P(1) AL0) A[0)
later experimentally and only briefly mentions the very inter-

esting results obtained for €b. By means of example we E(2) E(1)
will reconsider in this paper these cases in more detail. The

theory as presented can also be extended to rare-earth ions.
An example for the case off4systems where mixing with F(3) (1)

excited states becomes important can be found in the break-
down of the linear theory for Syfre;;N;. 10 @

In Sec. Il we discuss the full single-ion Hamiltonian,
which includes the entire multiplet structure. For comparison
we introduce in Sec. Ill a restricted form of the single-ion  FIG. 1. Branching rules foD;— O, — D34 (spherical— cubic
Hamiltonian, which operates on states within the Hund’s rule— trigonal symmetryin Schanflies (Butler) notation. The columns
ground state term only. In Sec. IV the theory of single-ioncontain all irreducible representations within each symmetry. En-

anisotropy is introduced. The influence of lifting the restric- circled are all representations which branchA0) symmetry.

tion concerning the basis set used is studied in Sec. V b . . .
explicitly comparing the results obtained from the single—ionéansl'geéréZep Itnrluoergcgngfcaancizlﬁs%céfge%rél aosr ;e:ﬁjﬁ?igar:

Hamiltonian as defined in Secs. Il and Ill. We demonstrate h ) il
that the approximation made by using a restricted basis sdfo™M the symmetry grous to its subgroup in lower sym-

may be particularly coarse in some realistic systems in whicfnetry. All irreducible representations in spherical symmetry

the ground state becomes heavily mixed. In Sec. VI we redre thereby projected onto the subgroup. This transformation

consider three examples of spinel-type ferrites which havéS c@lled branching. At a site with cubi€©) point symme-

been extensively discussed in the literature, because they iffy the D _state £=2) branches into two levels which are
volve the magnetically interesting ions Ni, F&*, and  doubly (E) and triply (T) degenerate while af state (

Cc* for which good experimental data closeTe=0 K is = 3) branches into a singlé#) and two triplets Ty, ), see
available. The influence of mixing in of character of excited 719S: 1 and 2. Th&state is special in the sense that it cannot
states is demonstrated. In Sec. VIl we review the implicitP€ influenced since=0. L o

assumptions made and discuss possible refinements of the EXCept for the configurationd” andd”, there are many

theory. Finally we end with the conclusions in Sec. VIl €xcited terms. Mixing in of excited states into the ground
state may occur via the CF interactitfit is the objective of

this article to study the influence thereof on the single-ion
Il. FULL SINGLE-ION HAMILTONIAN MCA at T=0 K.

In the Russell-Saunders scheme, Coulomb and exchangoenTgrisfgilr?an:gtgg;an from which we calculate the single-
interactions are taken care of by considering electrons Py

coupled together to form a single system characterized by 0 Oh D

total orbital and total spin quantum numberand S There 3 4h

are several different possible combinationd a&nd S giving
rise to various term symbol$S*1L, whereL is denoted
in spectroscopic notation a&k=0,1,2,3... for S,P,D,

F, ... . For 3 TM systems the term separations are of the

_— —_—
order electron volts and thus one is often only interested in P (1) A2(6) A2(6)
the one having the lowest energy. In this weak field approxi-
mation Hund'’s rules can be used to find the free ion ground
state term symbol which for TM ions can be described by @ E(1)
eitherS D, or F.*! In a solid the ions interact with the CF of
the surrounding lattice, which is often viewed as the effect of F(3) T(1) B(2)

the electric charge distribution due to ligands on the elec-

tronic levels in a crystal, although the aspherical charge dis-

tribution of the cation derived @ orbitals, or the effect of

TM (3d)-O(2p) hybridization can also contribute. In many

oxide crystal structures, this field often has predominantly FiG. 2. Branching rules fo©;— 0, — D, (spherical— cubic
cubic symmetry, with small distortions, in the sense that the. tetragonal symmetiyin Schmflies (Butler) notation. The col-

splitting of the orbital states due to the cubic field is largerumns contain all irreducible representations within each symmetry.
than that due to CF terms of lower symmetry. Let us nowEncircled are all representations which branciA{¢0) symmetry.

T(1) B(2)

054407-2



SINGLE-ION ANISOTROPY OF LOCALIZED-ELECTRON . .. PHYSICAL REVIEW B3 054407

H="Hyq+ Hert+ Hex+ HsoT Hzeeman (1)  proper linear contributions of the spherical ten€yy,, into
. _ ' _ unitary tensorgJ*® in which the more compact form of the
whereH 4 is the term representing the intra-atomic electron-Hamiltonian is expressed:

electron Coulomb and exchange interactidty is the CF
term,He, is the inter-atomic exchange interactidiigg is the
spin-orbit interaction, an®zeemanrepresents the interaction
with the external magnetic field. To solve this Hamiltonian
we use the numerical method that has been developed byhereX*® are new crystal field parameteiso-called “But-
Cowart® and Butler** and has been integrated into a singleler notation”) which are linear combinations of ti#&, pa-
computer program by Thof€:'® The method starts with the rameters. The tensdd has dimension energy, whil¥ is
calculation of the atomic multipletéhe energy level struc- dimensionless. The number of relevant unitary operaoiss
ture and eigenfunctions foKc=0). Then the matrix ele- obtained by looking for all branching that produce thg0)
ments for all operators in the spherical group are calculategepresentation in the point group of consideration. Their
with the use of Cowan’s atomic multiplet progrdfBut-  form has been given by Rac&hLet us consider as an ex-
ler's point-group program is then used to obtain the matrixample three cases of interest: cub®@,], trigonal D3q),
elements in the desired point group. With this general apand tetragonall,y,) point symmetry. It follows from Figs. 1
proach one is able to calculate successfully not only theénd 2 that the cubicQ@,) CF Hamiltonian is given by
ground state, but also to calculate the transition probabilities o

between any two configurations in x-ray absorption spectros- H cp= XU %0+ X404, (4)
copy (XAS),}"18 x-ray photoemission spectroscog¥PS),

HCF: kE XkaOU kaO’ (3)
a

d ; As the first term just produces an energy shift that is identical
or Bremsstrahlung isochromat spectrosco@lS) in- all for all states, we will ignore this term. The trigon&4{,) CF

point group symmetries’ Hamiltonian is iven b
The Slater integrals, which enter the well known expres- amitonian 1s given by
sion for the intra-atomic electron-electron Coulomb and ex-
change ternf{yq, are reduced to 80% of the@b initio HF
values(for free space ionsto simulate solid state electron Similarly, the tetragonal@,;,) CF Hamiltonian is given by
screening effects. This correction method originates from
and is supported by the practice of fitting calculated multi- 7 Pan— 7y On 4 22052204 420420 (6)
plets to optical data’ F cF
The Crysta' f|e|d Ham”toniamCF describes the eﬁect of A trigonal or a tetragonal distortion of the cubic field thus
the aspherical electrostatic potential due to the crystal fieldntroduces additional CF parameters. When applying our
environment on the electronic levels in a crystal. We noteheory to practical systems we will neglect the parameters of
that it is also possible, at least to a finite order of approxi-highest order X*1°=0 for the trigonal sitesX*?°=0 for
mation, to consider the CF Hamiltonian as representing théetragonal sitgs The full relationship between thg,, and
effect of TM(3d)-O(2p) hybridization (“ligand field  X*® CF parameters can be found in Buttér.
theory™). Most generallyHcr may be expressed in terms of ~ The (supej exchange interaction between the Tlec-
an expansion of theth electron spherical tensoiG(i) trons on atom with a neighboring aton via intervening

D3q_ 1,0 2710y 1210, v410y {410
H =H S+ XU 04 XU, (5

(Ref. 22 O~ ions is described by
N ) Hex1)=0uomsHex S (7)
HCszEq qui:El Crall), @ whereHq,= =;J;;S; is the local exchange field, adg is the

Heisenberg exchange coupling constant, it favors parallel
where the crystal field parameteBg, can be expressed as (antiparalle] spins if J;; <0 (J;;>0). This field is assumed
the product of a factoh,, which depends on the aspherical to lie parallel to the direction of magnetization and its mag-
potential only, and the radial expectation valré) of the nitude is assumed to be independent of its direction with
TM d-electron sheII:qu=Akq<rk>. In practiceAkq<rk> iS  respect to the crystal axes. We tagequal to its spin only
treated as an inseparable CF parameter. value of 2.0023.

For sites with a certain point group symmetry crystal field The spin-orbit Hamiltonian acting on single electron
parameterd\,, or B4 with different (k,q) can have a cer- states {, with i=1 ton) for an ion with configuratiord" is
tain, fixed, linear relationship. In subsequent sections we re-
turn to this point for the case @34 andD,;, point symme- "
try. It is thus often possible to reduce the number of terms HsozZ {(i-s), (8)
contained inHce. Such a more compact form of the CF
Hamiltonian, which is fully adapted to the point symmetry atwhere ¢ is the single electron spin-orbit parameter. Hartree
the site considered, can be obtained by considering thBock (HF) values calculated for thed3TM ions are tabu-
branching rules, such as those given in Figs. 1 and 2 for thiated in Ref. 20. Spin-orbit interaction in solids is known to
D3q4 andD, point groups, respectively. Apart from defining be reduced from the free ion valu&sHowever, in this paper
the splitting of levels upon lowering the point symmetas  we use theab initio HF spin-orbit values, unless stated oth-
discussed aboyé¢hese rules can also be used to construct therwise.
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The Hamiltonian that represents the interaction with the TABLE I. Relationship between some CF parameters as defined
external magnetic fiel¢d is given by using the notation of Butler and tigf crystal field parameters. The
parameteB, is defined in Sec. lIl.

Hzeemar= MomgH(L +2S). 9

. . . Point
In the case of strong magnetic anisotropy the external flelg mmetry L=2 L=3
interaction energy can become comparable in magnitude tod

the exchange interaction. A large field is then required tco,, X4%0=72./30B, X*9°=360,/668,
rotate the magnetization, which in some cases can have @, X?20= —3,/7089 X?20= — 6./105B9
nontrivial effect on the electronic level structure and the abp,, x210_ — 37082 X210 — 6/1058Y

solute size of the magnetic moments.

ll. RESTRICTED SINGLE-ION HAMILTONIAN listed for k=0 to 6, for all g values. From the combined
Instead of the full Hamiltonian presented in the previousRefS- 27 and 28 one may thus obtain explicit forms of the
section a restricted single-ion Hamiltonian is now consid-€xtended Stevens operat@g. A geper:jll a(’l?'}/t'ca! expres-
ered, which acts on states within the Hund’s rule groundsion is given for the matrix elemengs,m’|Og°|j,m) in Ref.

state (,S) term only: 28. This is particularly suited for machine computation. The
matrix elements have been tabulated by Birgerf@aDne
H=Hcpt+ Hext Hsot Hzeeman (10 should note that the CF Hamiltonian udéthy. (11)] is valid

: : . in,the restricted subspace of a givieror J multiplet. Strictly
where the various terms have the meaning already dlscuss%deakin it is therefore inappropriate to refer to Afjeor BI
in the previous section. Obviously, the interatomic Coulomb b 9 pprop K

and exchange interactiolyq is not taken into account ex- parameters as CF param.etéﬂ;he Ay and By parameters
plicitly. Implicitly its effect is of course taken into account in Should not be confused with the real CF paramefggsand
part in as far it determines the Hund’s rule ground term. FoiPkq @S defined in the previous section. We therefore choose
ground terms obeying Hund's rules one must use a differerf® WOrk with theX parameters as defined in E§).
expression, with respect to the previous section, for the spin- !N & cubic Oy, or Ty) field the restricted CF Hamiltonian
orbit interaction, viz. Hgo= AL-S. The parameterg and A contains ford states only two relevant terms

are related by = t(§/28).where the pIu; sign. is required HgE= 54(02_,_5021)’ (13
for a shell less than half filled and the minus sign for a shell

that is more than half filled. Frequently, the CF Hamiltonianwhere B,=B}={B}. In a tetragonal D,,) field the re-
is expressed in terms of the so-called extended Stevens optricted CF Hamiltonian is given by

eratorsOf, and is given by

B B H oih=B,(03+50%) + B303+BJ0S, (14)
Hee= >, 2, ANrMe,0f= >, >, BUYOY, where the magnitude of the cubic CF is denotedBiywvhich
k=24,69=—k k=246q=-k is not equal taBY in this case and the other two terms rep-

(1D resent the tetragonal distortion of second and fourth degree

with the CF parameter&y, the expectation values ¢f") of  in the potential, respectively. The axis is a fourfold axis.
the radial part of the wave function, the Stevens coefficientginally, in a trigonal D3q) field the CF Hamiltonian is given
6, , the Stevens operato®!, and finally the CF parameters by

B which are equal t)Ak(r")6,. We refer to the original

paper by SteveRsfor an introduction to this method. Vari- 3¢Pad_ _ EB (094204203 + B20%+ BOO, (15)
ous authors have introduced modified conventions and nota- cF 3 4T 4 are T

tions. In Eq.(11) we have used the extended Stevens oper
torsOfl, —k=qg=k. These are related to the operatas™
introduced by Buckmast&rby the expressions

Avhere the introduction of the facter 2 makes the parameter
B, of the CF operator identical with that in E¢L3). Thez
axis is a threefold axis. The relationship between Bfe

O°=O,°, crystal field parameters and the CF parametéfspéram-
eterg as defined in Eq(3) are tabulated in Table I.
1 Transformation matrices for a general rotatiof ¢) of
oﬂzz(or% o™, mqg>0, the frame of coordinates of the Stevens opera@fsare
given by®

o‘g:%(orm—ol‘m), m>0, q<0 (12) {Ox}=S¢[Oxl, (16)
whereS (6, ¢) is the transformation matrix for the Stevens
with |=k and m=|q|. The operator€D;"™ are related by operatorsOf for a givenk. The curly brackets denote the
rational factors to another set of tensor operators namelgperatorsO; in the original axis system, whereas the square
Oim-Z" In Ref. 28 these operato, are calledO{” and are  brackets denote the operat@§ in the transformed axis sys-
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tem which is rotated by an azimuthal angle about the where s=a3a3+ a2a3+a5a3 and p=aiaias. K, Ky,
original z axis and a polar anglé@ about the newy axis.  etc., are called the first, second, and higher anisotropy con-
These transformation matrices are used to rotate the CF igtants.
the desired orientation while, by definition, the exchange For crystals of tetragonal or trigonal symmetry the free
and/or magnetic field remains along thelirection. This is  energy can more compactly be expressed as a function of the
relevant when calculating the MCA, i.e., the ground statePolar and azimuthal angleé and ¢, respectively, wher is
energy as a function of the magnetization direction with rethe angle of the magnetization with respect to the tetragonal
spect to the crystal axes. or trigonal axis® For crystals of trigonal symmetry, the free
energy can be expressed as

IV. SINGLE-ION ANISOTROPY F(0,¢)=Ko+K, sirfo+K,sin* 6

Let us consider the free energy of an isolated ion with
#0. Spin-orbit coupling combined with an arbitrarily small
external or exchange field, which defines the quantization + Kz sin® +Kgsin® 6 cos’ 6 cos(3¢p)+ - - -.
axis, already leads to the formation of an aspherical charge
cloud (at T=0 K). Upon embedding the ion into a crystal (19
structure one may find extrema in the free energy of the ion
as a function of the angle between the direction of the ex; For crystals of tefragonal symmetry, the free energy can
change field and/or magnetic field and the crystal axes, dulge expressed as
to the electrostatic interaction between the aspherichl 3 — = — — )
charge cloud and the aspherical electrostatic potential at th&( ¢ #) =Kot Ky Sir? 6+ K sin 0+ Ky sin® 9'sir? ¢ cos ¢
ionic site. This single-ion contribution results from the spin- +een (20)
orbit interaction, which couples the spin moment to the or-

bital moment, and hence to certain preferred crystal direc- Crystals may have an overall symmetry which is higher

tions. In the limit of a very small CF there is a direct linear han the point symmetry of the sites at which the cations
relation between the free energy and the CF. This leads t0 §Rsjde that contribute to the single ion anisotropy. In cubic
initial linear increase of the anisotropy constants with the CFcrystaIs with cations at sites with trigonal or tetragonal point

parameter. These constants are then determined by the pr%{immetry, the local symmetry is described by Ed$) and

uct of the aspherici_ty_ of the charge clouq in the zero CF Iimit(zo), respectively. The anisotropy constants defined with re-
(the Stevens coefficient,, see Sec. Ilitimes the relevant gpect to the overall symmetry, hereafter referred to as global
(k,q) component of the aspherical electrostatic potential, agymmetry, may then be obtained via two independent meth-
is almost always the case for rare earth materials. This situygs. First, one may perform a calculation on the basis of the
ation changes when the orbital moment becomes more afoca|” free energy surface of the local anisotropy constants

more quenched by the CF. As a result the spin and the orbitg¢! \yhere| is short for local, and obtain the global anisot-

moment become less rigidly coupled, and the anisotrop¥0'py constant?, whereg is short for global, by making

constants start to decrease with increasing CF. In the limit Oﬂse of general expressions which relate both sets of anisot-

an infinite CF the orbital moment vanishes and the anISOtFopy constants. Although formally correct, this method often
ropy constants go to zero.

. h he following practical disadvan . For realisti -
The free energyF(«,,a,,a3) of a magnetically satu- as the following practical disadvantage. For realistic sys

rated, single domain crystal may be formally expressed as tems(i.e., when using realistic CF paramef local an-
» SINg Y y y exp %otropy constantK! can in some cases be very small. The

series expansion in ascending powers of the direction cosines . ) S
o X ntroduction of small errors in the determination of local an-
a; of the magnetization with respect to a set of rectangular . )
Cartesian coordinate axes as Isotropy constants may subsequently result in large errors in
the global values. An accuracy far better thar 10”7 eV
for the eigenvalues of the ground state orbitals is sometimes
f(al.az,a3)=5iai+ gijaiaj+ Bijkaiajak+ . requllred, which is outside t_he present accuracy of our fu_II
(17) multiplet program. Second, in case one is only interested in
the overall global anisotropy constants an alternative method
) PR i is to perform a direct calculation of the free energy surface
In thls.equatlorbi i, arecpmponents of fl_rst, second, Fay,a,,as) in global coordinates, by summing over the
and higher rank tensors, of which the properties depend 0Rgntribution of all sites toF( a4, a5, @3) for a specific direc-

the crystallographic symmetry. Tensors up to rank 6 havgjg, [a;,a,,a3]. We will use the latter method in the fol-
been derived for all crystallographic groups by Fieschi a”qowing.

Fumi 3 For cubic crystals the free energy is more compactly
expressed bi

+ K3 sin® 6 cosé cog3¢) + K, sin 6 cog6¢)

In this paper we will restrict ourselves to calculate the
global cubic single ion MCA constants for systems with lo-
cal cubic, tetragonal and trigonal point symmetry. An ex-

Flay,ay,as)=Ko+Kis+Kop+Kes2+ K, sp+Kss® ample for the latter may be found in spinel ferrites where
e numerous measurements of the single MCA constants have
+Kep?+-- -, (18 been reported®=3® The octahedral site in spinel ferrites is
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TABLE II. Coefficients a;; entering the relationshipk ! TABLE |lll. Coefficients a;; entering the relationshipK !
=3,a; ;K| between the locaK| [Eq. (19)] and the globaK? [Eq.  =3a; ;K| between the locaK| [Eq. (20)] and the globaK? [Eq.
(18)] anisotropy constants, for a cubic lattice containing ions on(18)] anisotropy constants, for a cubic lattice containing ions on
crystallographically equivalent sites with trigonal point symmetry, crystallographically equivalent sites with tetragonal point symme-

with the trigonal axis along thél11) directions. try, with the tetragonal axis along tf&00) directions.

Ky KL K, K K, Ky K K K} K
kg 4 2 4 22 8 8 22 K8 3 3 0

3 9 9 27 27 27 K¢ 0 - :
K9 0 o 4 -102 -28 8 —4\2
9 9 9 9 9 . . .
< 0 0 0 308 -16 142 where F(aq, a5, a3) is th(_e free energy .of an ion with the
2 5 9 9 exchange and/or magnetic field in the direction , a5, a3],

in global coordinates.

In Fig. 3(@) we show the calculated angular dependence of
surrounded by six neighboring oxygen ions, which give risethe free energy with respect to the direction of the exchange
to a crystal field with a dominant cubic term and a smallerfield for the Fé* ion (using the restricted HamiltonigiEq.
trigonal contribution. The crystal field has trigonal symmetry (10)] with X*°=—18//30 and uougHe=50 meV). A
around one of th¢111) directions. The overall symmetry of value of the cubic crystal field parameter ok
a spinel crystal is, however, cubic. The relationship betweer= — 18/,/30 corresponds, by definition, to an energy splitting
the local trigonal(tetragonal and global cubic anisotropy betweent,, ande, orbitals of A=—1.0 eV. Calculation of
constants can be found in Table(lll). K, and K, using Eg.(21) leads toK;=2.0 meV andK,

The phenomenological expressiofikd), (19), and (20) =9.0 meV. However, it is clear from this example, see Fig.
for the free energy enable one to obtain the anisotropy corg(b), that a description in terms d¢,; and K, only is not
stants from a calculated free energy surface with a suffialways sufficient. Ay? fit of the full free energy surface
ciently dense mesh. Note that the expansions used do ngsingK,, K,, andK; leads toK;=0.3 meV,K,=3.9 meV
form a orthogonal set, in contrast to the expansion in Eq(and K;=6.7 me\). This clearly shows that th& values
(17). Therefore all anisotropy constants change by includingbtained can depend significantly on the method used to ana-
higher order terms. It is therefore rather difficult to make alyze the calculated resultén experimental data Unless
comparison with experimental single-ion MCA constantsspecified otherwise we will use E€1) to calculateK; and
given in the literature if it is not clearly stated how the val- K, in this paper. We notice that in calculational and experi-
ue(s) has (have been obtained. We illustrate this with the mental studies performed so far it is almost never checked
following example. In case of a cubic crystal, and assuminghow well a restricted set of CF parameters describes the full
that F(aq, a5, a3) is fully described by Eq(18) using terms  free energy surface.
up to second orderk{ and KJ, can be obtained from a  We finally note that the phenomenological description of
calculation(or measuremenof the free energy for the three the magnetocrystalline anisotropy in terms of free energy
principle directions: expansions has proven to be quite successful in practice.
There are, however, exceptions to this rule. Anomalous be-
havior of the magnetocrystalline anisotropy can be found in
cases when a change in the magnetization direction causes a
passage of a sub-band through the Fermi energy in metals.

K§=4[F(1N2,1K2,0 - F(1,0,0)],

Kg:27]:(1/\/§ 1/\/§ 1/\/5)—367-"(1/\/5 1/\/5 0 This effect has been observed in Ni metdl 4 K by
2 R R Gersdorf® In localized electron systems this could happen
+97F(1,0,0, (21)  for systems which are close to a crossing of the ground state

-4
(107" eV/atom) (10™ eV/atom)

7 7 X
0 0
-7 7 -7 7
7 -7
577 777

FIG. 3. (a) Angular dependence of the free energy with respect to the direction of the exchange field calculated on the basis of the

restricted Hamiltonian for Fé; X*%°= —18/,/30 (dimensionless parameter, correspondingite —1.0 V) and uqugH =50 meV. (b)
The free energy surface as describedhy=2.0 meV andK,=9.0 meV. Note that for a more accurate description of the free energy surface
given in (a) one needs higher ordéf; values, see text.
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0.0
2_ (
o?
) 1 1 1 1 1 1 1 __4
7.5 Fd*(cr®) ¢*(cu®) P
~— — 0
1-20
1 L L L L L L L L 0 1 | i ' ) ! L ! ! )
-6-30 3 6 -6-30 3 6 -6 -3 0 3 6 -6 -3 0 3 6
X400 X400 X400 X400
FIG. 4. Calculated cubic single-ion anisotropy constéfitas a FIG. 5. Calculated cubic single-ion anisotropy constéfias a

function of the cubic CF paramet&*’® and a constant exchange function of the cubic CF parametd*® and a constant exchange
field of popugHe,=50 meV at =0 K. Full lines give the result fig|q of ;10 H. =50 meV atT=0 K. Full lines give the result
from the complete CF theory, in which, as described in Sec. Il thgom the complete CF theory, in which, as described in Sec. Il the
basis set includes all terms. Dashed lines represent the result ofigjs set includes all terms. Dashed lines represent the result of a
basis set that include only the Hund's rule,§,J) term. These pagjs set that include only the Hund's rule,§,J) term. These
calcu_latlorgs have been carried out within the CF approach of Seg5icylations have been carried out within the CF approach of Sec.
I, with A=X*%72,/300,. I, with A3=X*°%72/300,.

and first excited state energy levels. A high-spin to low-spinmate an accurate value for the exchange field from the tem-
transition induced by a rotation of the spin direction, usingPerature dependence of tigite dependejtmagnetic mo-

an applied magnetic field, would be the most dramatic casdnent. Results for specific materials will be presented in Sec.

400 H
The calculational method presented in this paper is particuY!- The range of values oK™ for which K, andK, are

. l . .
larly suited for describing such cases, whereas calculationg:cven tcorzr%spelnds for the™ case to &,4-€, level splitting
based on the restricted Hamiltoni@which operates on the orup o 2.5 EV.

. H n 10—n
Hund’s rule ground state term onlyould obviously fail to tha-[hfor??nflrgalirgggn#tharr:\%?e thaﬁr?" rglaetli?:trgn;h?nzmbe
describe such cases. Iguratl wi v y

treated in the same way by considering holes in a filled shell
instead of electrons. As a result, the general shape ofiffe
V. RESULTS: OVERVIEW dependence oK; andK, is for such related pairs of con-
figurations very similar when comparing curves @pposite
crystal fields. Of course, the absolute values can be highly
Figures 4 and 5 give an overview of calculated single-iondifferent, as the spin-orbit parameter increases with increas-
MCA constantsK; andK, for all 3d" (n=1-4,6-9) con- ingn.
figurations in cubic symmetry at=0 K, as a function of the In the limit of a small CF as compared to spin-orbit cou-
cubic CF parametex*?’. The calculations have been carried pling, K, is proportional to the product of the asphericity of
out using the methods presented in Secs. Il and Ill, with anthe charge cloud times the asphericity of the potential.
exchange field corresponding tgugH =50 meV for zero  Therefore the sign changes 6 when going fromd? to d°
external magnetic field. We would like to stress that whencorrelate with the sign changes of the Stevens fagjdisee
applying the theory to specific cases it is necessary to estSec. IlI).

A. Cubic symmetry
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) transition. The value for both the spin and orbital moment as
obtained on the basis of the restricted Hamiltor(@acting on

the Hund's rule ground stateremains finite abovex*®°
=6.5(7.8) ford®(d’), as expected. Before the high-spin to
low-spin transition occurs one observes already a relatively
large difference between the Hund’s rule term orbital mo-
ment ofd’ and the full multiplet theory moment. This latter
effect is caused by mixing in of character from excited states
before the actual crossing of energy levels occurs.

9-' E— On the basis of the cubic spin-Hamiltonian of ions whose
orbital moment is quenched by the CF one would expect that
anisotropy disappears fd<2.3® Figures 4 and 5 indeed
show that the anisotropy for ions witB<2 is smaller as
compared toS=2, but it does not vanish fo<2. One
should note, however, that here the orbital part of the mag-
netic moment is not fully quenched over the entire parameter
range shown and that the theoretical prediction based on the
cubic spin-Hamiltonian neglects the influence of mixing in to
the ground state of states belonging to multiplets other than
the Hund'’s rule ground state multiplet.

<S>
T

<>

X400

FIG. 6. Expectation value of the spin and orbital moment along
the[111] direction as a function of the cubic CF paramexéf® at
T=0 K. Full (dashedl lines correspond to the full multiplet struc- Figure 7 shows the global cubic single ion MCA con-
ture+(Hund+’s rul_e term only. The thick (thin) lines corrt_espo_nd to stantsK% and Kg [as defined in Eq(18)] for a system with
FE™ (CO™"), with uougHe=50 meV along thg111] direction. oo ot sites with local trigonal symmetry around the four

equivalent(111) directions afT=0 K. As discussed above,
" this is, e.g., the case encountered for the contribution to the
anisotropy from cations at octahedral sites in the spinel struc-

larger values oiX*% differences are visible, with the excep- ture. The figure gives results for aldS (n=1-4,6-9) con-
tion of the casesl! andd®. For these latter configurations figurations as a function of the local trigonal CF parameter
there is only one term symbol and therefore both approache$” ", for a constant value of the cubic CF paramexéf®

are equivalent. This means that a method based on the re=18/4/30, which for the case of d' configuration corre-
stricted Hamiltonian discussed in Sec. I, which only oper-sponds to d,q-€y level splitting of 1.0 eV. A value ok?210

ates on the Hund's rule ground state, is only adequate fagqual to ong(minus ong corresponds to a;-e splitting of
very small values of the CF. In a solid one has to deal Wltho_330.38) eV. The exchange field used, corresponding to

crystal fields which are generally much larger. Therefore, th%OMBHex: 50 meV, is equal to the value used for the cubic
method as based on the restricted Hamiltonian is in Most;qq in Sec. V A.

caies of %r%ctmal |ntgres£L|naQec1luqte. MCA tant For all configurations, except of course fk andd®, one
arge ditterences in the singie-ion constants aré. erves a shift in the characteristic maximum of the single
found using the restricted Hamiltonian as compared with the . s . .
full multiplet theory for d%(T,), d7(0y). d*. andd® [both  1°n MCA constants. As discussed in the Appendixdothis
(T, and (©y)]. For these conf,iguratior;s a’high-spin to low- Mmaximum is causeql by interactions Wlthl!’l the ground state
spin transition occurs above a certain critical CF parameteﬁerm (L.S.9). The figure shows that a trigonal C_F, can n
X4 Before the actual transition takes place the ground stats®Me cases have a very strong effect on the position of this
becomes heavily mixed under the influence of excited stateghaximum(e.g., for thed® configuration withx?°>0), ob-
which leads to the large differences in the single-ion MCAViously since a crossing of energy _|eVe|S may also be influ-
constants as observed for the two methods considered.  enced by mixing in of terms at higher energy. This then
Let us take a closer look at the effect of a high-spin tochanges the value of both the ground state spin and orbital
low-spin transition on the expectation value of the spin andnoment and therefore influences the position of the maxi-
orbital moment ford®(F&") (thin lines and d’(Co**) mum. The figure makes clear that a fit to experimentally
(thick lines at T=0 K shown in Fig. 6. The spin moment is observed single-ion MCA constants would in many cases
only slightly influenced by the crystal field until at*®° yield two sets of completely different parameters when using
=6.5(7.8) ford®(d”) a sharp decrease of the spin valuethe full and restricted Hamiltonian presented here. A clear
takes place. The orbital moment is readily quenched from th@nd very relevant example is the case’3Co”"). For a
free ion value for small values of the crystal field and be-large positive CF X?1°=1), the predicted value df; (K»)
comes almost zero after tiisudden high-spin to low-spin  are obtained from the full and the restricted Hamiltonians are

B. Local trigonal symmetry

The characteristic maximum in the single-ion MCA con
stants, for crystal fields of the order ®f coincides for both
models considered hersee the Appendjx However, for
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FIG. 7. Calculated bic single-i isot - FIG. 8. Calculated cubic single-ion anisotropy constalfs

e ga culated cubic single-lon anisotropy cons s (thick) andK$ (thin) as a function of the local tetragonal parameter
(thick) and K3 (thin) as a function of the local trigonal parameter X220 on top of a constant octahedral CF splitting 1= 18/\/30
%21 on top of a constant octahedral CF splittingX°°= 18/,/30 (A=1.0 eV), and a constant exchange field @fugH o= 50 meV
(A=1.0eV), and a constant exchange field@fugHex=50 meV 5 T—0 K. Full lines give the result from the complete CF theory,
atT=0 K. Full lines give the result from the complete CF theory, i, which, as described in Sec. Il the basis set includes all terms. The
in which, as described in Sec. Il the basis set includes all terms. Thg|| lines for V2*(d3%) and NP*(d®) are obtained by a spline fit to
full lines for V*(d) are obtained by a spline fit to the calculated the calculated data points. Dashed lines represent the result of a
data points. Dashed lines represent the result of a basis set thghqis set that include only the Hund's rule,§,J) term. These

include only the Hund's rulel(,;S,J) term. These calculations have cajcylations have been carried out within the CF approach of Sec.
been carried out within the CF approach of Sec. lll, WAQ Nl with A(2’=X22°/—3\/W)02.

=X?219/-3.700,.
tetragonal symmetry around three equivalé¢hf0) direc-

different by a factor of 2.22.95. For a large negative CF tjons, for all 3" (n=1-4,6—9) configurations & =0 K.
(X?0=—1) these factors are Q®027. We return to this  Also here we use a fixed CF paramexéf°= 18/,/30 and an
case in Sec. VI. exchange field corresponding g ugH =50 meV, as used

The single ion MCA constants af” andd'® " are notin  in Secs. VA and V B. A value 0k*?° equal to ongminus
the same sense related as is the case for pure cubic symmae corresponds to a;-b;(e-b,) splitting of 0.360.48 eV.
try. There is, however, a close resemblance betwfeand A comparison with the results given in Sec. V B for ions
d®>*" since we focus here onto the effect of the orbitals. ~ on sites with a local trigonal symmetry reveals that the varia-
Suppose we have two sets of energy levels, which each mdipn with —X??° (Fig. ) of the global cubic single-ion MCA
be internally splitted by crystal field effects, separated by aconstants is roughly similar with- X219 (Fig. 7). A negative
large (intra-atomid exchange field. In such a case a half value of the tetragonal CF parame¥+?° creates in a single
filled shell behaves as if it is empty, since these filled energelectron picture a doublet ground state while a positive
levels of a certain spin kind, say spin up, are isolated fromparameterx?*° in trigonal symmetry does the same. Of
the spin down levels and do not contribute to the single-iorcourse the details in both cases are different, leading to the
MCA. differences as observed.

C. Local tetragonal symmetry VI. RESULTS FOR SPECIFIC MATERIALS

Figure 8 shows the global cubic single-ion MCA con- In this section we discuss the contribution to the MCA of
stantsk{ and K for systems with ions at sites with local tetrahedrally coordinated Rii and octahedrally coordinated

054407-9



D. ALDERS, R. COEHOORN, AND W. J. M. de JONGE PHYSICAL REVIEW@ 054407

FE" and C3" in nickel ferrite (NiFgO;), magnesium-
manganese ferrite (MyinyFe;_,_,0,), and lithium-cobalt I
ferrite (Lig 5 yoF& 5 42C00,), respectively. For these sys- 50 F
tems experimental data, taken at or close to 4.2 K, are avalil- "
able from the literature on the basis of which the single-ion
MCA due to the ions of interest can be separated out. In the
case of Ni* in nickel ferrite the MCA as calculated using Y 95 I - K1(e><pt)
the full and the restricted Hamiltonian is more or less the - ’
same. We have nevertheless selected this example, to clarify <
how the observed MCA can be explained. Previous theoret-

ical work did not result in an explanation. In the case of

Fe2™ on octahedral sites the use of the full Hamiltonian, 0.0 L
instead of the restricted Hamiltonian, is found to lead to 0 50 100 150
moderate changes of the calculated valu&ofandK,, but gupH  (meV)

for Co** on octahedral sites the theory based on the re- 0 B ex
stricted Hamiltonian igjualitatively and quantitatively incor-
rect Some attention will be paid to the role of the value of
the spin-orbit parameter{§¢,) used. The comparison with

experimental results suggest that a reductiotisgf as com- —0.5 eV). These calculations have been carried out within the CF

pargd to the free ipn valu_@sis_ requireq. . approach as described in Sec. lll and the complete CF theory, in
First we start with Nf in nickel ferrite. In its thermody-  which, as described in Sec. II, the basis set includes all terms. Both
namically stable state this compound has the inverse spin@lethods give within=1x10"¢ eV the same result.

structure in which one half of the octahedrally coordinated
(B) sites is occupied by Ki ions, while the other half of the symmetry site as a function of the exchange field. The meth-
octahedral sites and all tetrahedral sites are occupied byds based on the theory as described in Secs. Il and IlI give
Fe*. The anisotropy due to octahedraPNiwith (Fig. 7) or  within ~1x 10 ¢ eV the same result, indicating that mixing
without a trigonal distortion(Fig. 4) is certainly no more in of character of excited states outsitfe is unimportant for
negative than-1x10 ® eV (it can in fact be positive up to this example. We use a tetrahedral crystal field parameter of
10x 10 ¢ eV in the range shown fox?1%). The more nega- A=—0.5 eV (X*%°=—09/{/30) as obtained from Ref. 39. A
tive experimentally observed anisotropy constépt= —5.3  value of the exchange, VizguougHe=81 meV would ex-
X 10”8 eV/atom for nickel ferrite has therefore been attrib- plain the experimental value &f,=2.7 meV. This value is
uted mainly to F&".3 The single-ion MCA for this ion is just slightly above the upper limit as given by Nov&dUn-
small due to the fact that the orbital moment foPF¢d®) is ~ fortunately, an accurate experimental value of the exchange
almost fully quenched. field is unknown. Finally, we would like to remark that a
Experimental results have shown that the MCA is muchpossible trigonal distortion does not significantly change the
higher when Ni* is located at the tetrahedré) sites. This  results, while a static Jahn-Teller-like tetragonal distortion,
can be accomplished by rapidly quenching from its sinterings suggested in Ref. 9 would give the wrong sign.
temperature to room temperature. The experimental single The second example considered is the single ion contri-
ion MCA constant of Ni* at the tetrahedral sites i, bution of F€* at octahedral sites in spinel-type ferrites. Ex-
=2.7 meV atT=4.2 K3 The random distribution of two- perimental studies of the contribution of#eto K, andK,
and three-valent ions at tiesites brings about the existence at liquid helium temperatures, have made use of changes in
of low-symmetry crystal fields at thA sites of the spinel the Fé"' concentration as a consequence of the substitution
structure. Therefore the first theoretical interpretations wer@f Ti** for F€’* (Ref. 40 or of changes taking place in
based on tetragorfaand trigonal distortion¥ of the tetrahe- conjunction with changes of the concentration of manganese
dral site. As far as we know the most recent discussion offerrites:* In the former case the substitution of thé Tiion,
this issue has been presented by Notalk his evaluation which has a high valence and a smaller ionic radius than
of the MCA he used perturbation theory on thE, multip-  F€*, induces a polarization and strain in the lattice. In the
let. He showed that within this theoretical framework a purelatter case a gradual transition of the structure from the nor-
(undistorteql tetrahedral CF cannot explain the experimentalmal to the inverse spinel structure takes place. These side
MCA, since the exchange field needed would be unrealistieffects can considerably influence the magnitude of the mea-
cally high. Secondly, he concluded that the low symmetrysured anisotropy contribution of the Feion. Therefore we
crystal fields due to tetrahedral or trigonal distortions, asconsider the results of these studies on th&"Feontribu-
mentioned above, cannot explain the experimental resultons to theK; andK, as less reliable.
observedln contrast we have found that a satisfactory ex-  Such side effects are, to our opinion, much less disturbing
planation of the experimental results can be obtained, already the case of a study of the single-ion MCA for?Feions at
in the absence of such distortions, on the basis of the morthe octahedralB) sites in the ferrite MgMn Fe;_, Oy,
complete theories that we consider here. In Fig. 9 we showith 0<x<0.63 eV?? resulting inK,;=2.7x10"° eV per
our results obtained foKk; andK, of Ni?* at a tetrahedral Fé&*, for T—0 K. Unfortunately K, was not given. In fact,

(meV)

FIG. 9. Calculated cubic single-ion anisotropy constalkfs
(thick) andK (thin) for Ni2* as a function of the exchange field at
T=0 K. We use a tetrahedral CF splitting ¥f°°= —9/,/30 (A=
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7 K, (exp)

Ker (meV)

K (exp)

3 K1(expt)

M PR B FIG. 11. Calculated cubic single-ion anisotropy constatis

0 50 100 150 (thick) andK} (thin) for Co?* as a function of the exchange field at
gu uH (me\/) T=0 K. We used a reduced HF val(&0%) of the spin-orbit pa-

0" B ex rameter\ for three different combinations of the CF parametéis:
X*=9./3/10 (A=1.5 eV) andX?'°= —0.35 (X,= —0.12 eV} (full
lines), (i) X*®=9y3/10 (A=1.5 eV) and X?°=-0.25 (X,=
—0.09 eV} (dashed lines (iii) X**=18//30 (A=1.0 eV) and
X?10=—0.25 (X,= —0.09 eV} (dotted line$. (a) These calculations
have been carried out within the full CF Hamiltonian for which, as

FIG. 10. Calculated cubic single-ion anisotropy const&t§t$or
F&" as a function of the exchange field 80 K. We use an
octahedral CF paramet¥/®=9/3/10 (A=1.5 eV) and a trigonal
CF parameteK?1°= —0.55 (X,= —0.19 eV}, for both the HF spin-
orbit parametem (100%; thin and a reduced value of (80%; . . : ;

P ( y 0 (80% described in Sec. Il, the basis set includes all terthbs.These

thick). Full lines give the result from the complete CF theory, in ; : . . ;
which. as described in Sec. Il the basis set includes all termscalculatlons have been carried out with a basis set that include only

¥ ’ H 0 __ 400 0
Dashed lines represent the result of a basis set that include only tH8¢ 2|{|ound s rule (,S,J) term, with Aj=X*"72/306, and A
Hund’s rule (,S,J) term. These calculations have been carried out=X /—3\/%92-
within the CF approach of Sec. IlI, witA%=X*972,/306, and

A= X1/~ 3700, reduction ofK;, ~1% reduction ofK,). Although there
are differences between the two models used as described in

the octahedral sites at which the?Feions reside are trigo- Secs. Il and ll, for the case of Fe ions discussed above
nally distorted. As the cubic and trigonal CF for this class ofthey more or less accidentally coincide in the parameter
compounds is not known experimentally, we have carriedange of interestsee Fig. 1B Finally we want to mention
out a calculation using parameters as obtained for relatethat the values obtained fét, are positive and of the same
systems. The temperature dependent quadrupole splitting ofder of magnitude aK ;.

the hyperfine spectrum of Eeé ions in GeFgO, has been The third and final example concerns the experimentally
interpreted in terms of a cubigrigona) CF splitting of A observed single-ion MCA constanks;=5.3 meV andK,
=1.8 eV (X,=—0.2 e\).** Here X, is the splitting which = —21.4 meV for C8" at the octahedrdB) sites of ordered

arises(within a one electron pictuyebetween states &and  Ligs oF€ 5 «2C00, With 0<x=<0.005 atT=4.2 K

a;, symmetry. For Fg0, the cubic CF splitting has been The C&* ions occupy octahedral sites and experience a
obtained from x-ray absorption spectroscop$AS) (Ref.  trigonal field produced by the averaged charge distribution at
44) and Kerr spectr& yielding on averageA=1.5 eV. Al-  the B sites. The first theoretical interpretations, based on the
though these results have been obtained for different ferritespin Hamiltonian approach, failed to describe the results ob-
than considered here they give a good first indication contained at low temperatuf&:*1n the Introduction we already
cerning the size and sign of the crystal field parameters. Imentioned the results by Baltz&tJsing a similar method as
Fig. 10 we preserk, calculated for F&" at octahedral sites presented here in Sec. I, he obtained for the single ion MCA
usingX4%=4.93 (A=1.5 eV) with a trigonal CF parameter constants K;=5.9 meV and K,=-18.6 meV, with

X210— _0.55 (X,= —0.2 eV) as a function of the exchange 9xoisHex=70 meV and a trigonal field of 10% of the cubic
field. A value of the exchange field Corresponding tofield Strength, which is very close to the experimental values.
gMOMBHex: 100 meV would exp]ain the experimenta| value In Flg 11[(8.) full Hamiltonian Sec. ”,(b) restricted Hamil-

of K,=2.7x107°% eV*2 The calculations have been per- tonian Sec. Il] we presenK; andK calculated for C&" at
formed using a spin-orbit parametés, that is 80 % of the octahedral sites with a trigonal distortion as a function of the
Spin_orbit parameter that was obtained for the freezlbn_ eXChange field. The Crystal fields used are indicated in the
Without this reduction of the spin-orbit parameter it is not figure caption. Itis clear that a theory based on the restricted
possible to explain the experimental value K)I, since it Hamiltonian fails Completely, while the full theOI’y leads to a
would require unrealistically high exchange fieldee Fig. much better, though not perfect, agreement with experiment.
10). We return to this issue in the next section and remarkd parameter set ofjuougHe=80 meV, X**=4.93 (A
here that a similar reduction afsq for the case of Ni* =1.5e\), X?¥=-0.35 (X,= —0.12 eV} and {34 reduced to
(discussed aboyewould only marginally change the pre- 80% of the free ion valu would give a reasonably good
dicted value ofK; andK, at the value ofH., given (10%  explanation of the experimental data.

054407-11



D. ALDERS, R. COEHOORN, AND W. J. M. de JONGE PHYSICAL REVIEW@ 054407

VII. DISCUSSION rameters, it does not degrade the usability of the model.
. . I However, a second consequence of the effect of charge trans-
Analyses of the sm_gle h contnbutlor_] ALl fer [mixing in of O(2p) character ird stateg is an effective
basis of the fu!l Hamiltonian presented in Sep. Il'have been,q ction of the spin-orbit parameter. We have already men-
shown to provide for some systems a large improvement (§,nq4 in Sec. V that a reduction of the single-ion spin-orbit
analysgs based on the rest_rlc_ted Hamlltor(lﬁec. I, but parameter(to approximately 80% of the original valués
they still suffer from uncertainties with respect to the paraM-equired to obtain a reasonable explanation of the experi-
eter values to be used and from several weaknesses of th§antal anisotropy due to E& and C8* on octahedral sites
model itself. In this section we discuss these issues. in Spine|_type ferrites. More work is required in order to
The first uncertainty concerns the value of the CF parammake clear to what extent such an effective reduction can be
eters andin the case of partly disordered systertigeir dis-  applied to many classes of oxides, or that it is highly system
tribution. In Sec. VI we have referred to one system fordependent.
which the parameters have been derived from the analysis of
Mossbauer spectra and to one system for which XAS was
used. It would be very interesting to use the latter modern
technique, or other modern atom resolved techniques such as We have shown that the calculation of the single-ion con-
x-ray magnetic linear dichroism or x-ray magnetic circulartribution to the MCA, on the basis of a theory that takes the
dichroisnt® to get more accurate ion specific information full multiplet structure into account, may lead to significantly
about the CF parameters. In addition, resultsabfinitio  different values of the single-ion MCA constants as com-
band structure theory within the local spin density approxi-Pared to the ones obtained on the basis of standard CF
mation can be used to obtain the CF parameters. In the abdeory, which only takes the Hund'’s rule ground term into
sence of independent experimental or theoretical knowledgaccount. This has been demonstrated for atoms diitiin
about the CF parameters, they can only be considered as fit1—4,6—9) configurations, at sites with a local cubic, te-
parameters. tragonal or trigonal symmetry. This demonstrates that mix-
A similar uncertainty concerns the value of the exchangéng in of wave function character from states within excited
field. The values obtained for the corresponding energynultiplets is sometimes significant.
guompHex Were for all examples discussed in Sec. VI rela- Three example are given which were already extensively
tively high, in the range 80—100 meV, when considering thadiscussed in the literature both experimentally and theoreti-
such values would correspond in a mean field model for &ally using various models, i.e., the single-ion MCA contri-
ferromagnetic system with only one crystallographic distinctbution of Fé*, Co**, and NP in spinel-type ferrites. It is
site toT,~1700 K (although when correlation beyond mean demonstrated that for reasonable parameters one can get a
field theory would be taken into accounf, would be fairly good explanation of the experimental values. In the
lower’®). These high values could be the result of failures ofcase of Ni* it is shown that the influence of mixing in of
the theoretical approach used, but could also be parﬂy due fg‘haracter of excited states is unimportant. The contribution
our poor quantitative understanding of the exchange interad®f F€" represents an intermediate case in the sense that the
tion in these compounds. It is known that the molecular fieldanisotropy parametef; as derived from both models pre-
theory overestimates the exchange field at fhasites of Sented here accidentally coincide in the parameter range of
ferrites®® In a recent attempt to compare this theory with theinterest. The final example of €6 can only be understood
theory of superexchange one even had to assume the eRy including the excited states. In order to increase the pre-
change field at the A sites to be zéfdVloreover, the influ-  dictive power of the theory presented more accurate infor-
ence of charge transfer was neglected, which could be espgation about the CF and exchange field parameters in these
cially important for the second halve of the first row TM Systems is required. It would be very interesting to use de-
oxides>? tailed information about the element specific crystal field pa-
The model which leads to the full CF Hamiltonian pre- rameters obtained from a modern technique such as XAS to
sented in Sec. Il is known to posses several weaknessedarrow down the number of free parameters.
Maybe the most important weakness is that it neglects the
ovgrlap _of magnetic ior}sj wave f_unctions with those of ACKNOWLEDGMENTS
neighboring ion€'?*Hybridization will therefore change the
character of the ground state, which for more covalent ma- We would like to thank Dr. B. G. Searle for using his
terials cannot be neglected. For oxidic materials configuracomputer program. The research of D.A. has been made pos-
tion interaction can be described by a mixing of Thrbital ~ sible by the Netherlands Technology Foundat{i&iw).
character withOp character. This results in the introduction
of dN_“E character in the ground state, whéredenotes a APPENDIX
hole in the oxygen band and an extra electron in the @M
states. For ions at cubic sites this results effectively in an In this appendix we discuss the characteristic maximum
additional (“ligand field” ) splitting of thet,, andey state  of the single-ion MCA constants for small values, of the
(within a one-electron pictuyeThis effect is usually in fact order of the spin-orbit parametgr of the CF parameters. In
considered to be the largest contribution to the experimenerder to demonstrate the physical origin of this peaking we
tally observed splitting. As it can be included in the CF pa-use the example of a model Hamiltonian érions (such as

VIIl. CONCLUSIONS
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SA™) at a lattice site with cubic point symmetry. In this case
Hqq, the Hamiltonian that represendsd Coulomb interac-
tions, is zero, since there is only one electron involved. We
further simplify this example by taking the Ilimit of

E,.=—4D +)\
23~ q_E’

momgHex— 0, so that we end up with a convenienks
matrix, consisting of matrix elemen{g;| Hce ¢;) of the CF

HamiltonianH g between the real spherical harmonic orbital
|#i,|) indicated above and to the left of the matrix. For the

case of the exchange field along {l@®1] direction the ma-
trix is given by

d}(y diz diz d, d)l(z,yz
4. | —4Dg O 0 0 —ix
Xy o
—I1
dl 0 -4bg 0 —* ¢
yz
., 0 6Dg 0 0
iA
a o = 0 -4pg 0
ah ol N 0 0 0 6Dq

(A1)
The resulting energies are

E,=6Dq,

Ess=Dqg=\25Dqg)*+\°.

It is now easy to see that a crossing occurs, i.e., a change
of ground state, as a function of the CF parameteat a
fixed value of\ atA=3\. As aresult, the dependence of the
MCA, which is the dependence of the ground state energy of
the direction on the magnetizatiome., of the exchange
field), changes suddenly at this point. Physically, there is a
transition from eigenstates &f, (for A>A) to eigenstates of
crystal field(for A\<A). Eigenstates off., correspond to the
tendency of the orbital angular momentum to be opposite to
the spin direction. Indeed, the results from a full calculation
for SG* in Fig. 4 (with a finite value ofH,,, discussed in
Sec. V), show such a sudden change in the dependence of the
cubic anisotropy paramet&r; at a value of the crystal field
parameter X*®=49x10"3, which corresponds toA
=/30/18<49=14.9 meV, whereag\(S@*)=16.5 meV.
This effect is present in all@' configurations and originates
within one (,S) term. While the exact position of the maxi-
mum is a function of all interactions, it is clear that a sudden
change of the ground state, for a certain range of directions
of the exchange field, as a function of the CF is responsible
for the effect.
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