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Ab initio theoretical description of the dependence of magnetocrystalline anisotropy
on both compositional order and lattice distortion in transition metal alloys
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Recently, we outlined a scheme to investigate the effects of both short-ranged and long-ranged composi-
tional order on the magnetocrystalline anisotropy of alloys from a first-principles electronic structure point of
view @Phys. Rev. Lett.82, 5369~1999!# and showed that in the Co0.5Pt0.5 alloy compositional order enhances
the magnitude of magnetocrystalline anisotropy energy~MAE! by some two orders of magnitude. Here we
describe our scheme in detail and study some more transition metal alloys. In the Co0.25Pt0.75 alloy we find the
perfectL12 structure to be magnetically soft whereas imposition of directional order greatly enhances its MAE.
We also present the effect of lattice distortion~tetragonalization! on MAE on the same footing and find that in
the Co0.5Pt0.5 alloy it accounts for only about 20% of the observed enhancement, thus confirming that compo-
sitional order is the major player in this effect. Tetragonalization of the lattice has also a modest effect on the
MAE of the Fe0.5Co0.5 alloy. We also examine the electronic effects which underpin the directional chemical
order that is produced by magnetic annealing of permalloy which we study within the same framework.

DOI: 10.1103/PhysRevB.64.014411 PACS number~s!: 75.30.Gw, 75.50.Cc, 75.60.Nt, 75.50.Ss
ns

cu
f
a
ye
c

er

er

i-
s
-

to
ea
ur
n
i

u
ur
se

ir-

a
an

to-

he
r

of
r-
r-
cc-
g-
ts
in
in
the

tal-

ion

re-
lar
r

r-

eir
our
red
s of
ow
I. INTRODUCTION

In recent years, owing to the technological implicatio
for high-density magneto-optical storage media,1–4 there has
been great interest in the magnetocrystalline anisotropy
ferromagnetic materials containing transition metals parti
larly in multilayered and thin film form. Areal densities o
information storage systems are increasing continuously
are expected to reach 40 Gbits per square inch by the
2004 requiring a grain size of less than 10 nm. For su
applications the films and multilayers need to exhibit a v
strong perpendicular magnetic anisotropy5,6 ~PMA! to avoid
destabilization of the magnetization of recording bits by th
mal fluctuations and demagnetizing fields.7 Whereas in ultra-
thin films and multilayers the PMA is due to surface8,9 and
interface10,11 effects, respectively, in thicker films of trans
tion metal alloys it is the strong intrinsic bulk magnetocry
talline anisotropy which leads to PMA. Thick films of tran
sition metal alloys are particularly interesting for magne
optic recording because they are chemically stable and
to manufacture. To design magnetic materials for fut
magneto-optic recording applications a detailed understa
ing of the mechanism of magnetocrystalline anisotropy
needed. A significant effort has been directed towards s
an understanding from a first-principles electronic struct
point of view but since magnetocrystalline anisotropy ari
from spin-orbit coupling, essentially a relativistic effect,12,13

a fully relativistic electronic structure framework is des
able.

Several experimental observations on ferromagnetic
loys indicate a correlation between compositional order
magnetocrystalline anisotropy in bulk samples14–21as well as
0163-1829/2001/64~1!/014411~11!/$20.00 64 0144
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in films.22–35 Very recently,36 we developed a ‘‘first-
principles’’ theory of the interrelationship between magne
crystalline anisotropy and atomic short-range order~ASRO!.
In this theory the electronic structure is treated within t
spin-polarized fully relativistic Korringa-Kohn-Rostoke
coherent-potential approximation37 ~SPR-KKR-CPA! and
the compositional order is modeled using the framework
static concentration waves38 and is an extension of our ea
lier work39,40 on the magnetocrystalline anisotropy of diso
dered alloys. Within this scheme we showed that in a f
Co0.5Pt0.5 alloy ASRO has a profound influence on the ma
netocrystalline anisotropy, especially in the way it disrup
cubic symmetry. In this paper, we describe our scheme
some detail and provide an in-depth study of this effect
some more transition metal alloys and also demonstrate
electronic origin of the enhancement of the magnetocrys
line anisotropy energy~MAE!.

We have studied the effects of compositional modulat
on the MAE of fcc-CocPt12c for c50.25 and 0.5 alloys.
Thick films of these alloys are potential magneto-optical
cording materials because of their large perpendicu
anisotropy,22–26,41large magneto-optic Kerr effect signals fo
a range of wavelengths~400–820 nm! compared to those
from Co/Pt multilayers and TbFeCo films which are cu
rently used,22,23 suitable Curie temperatures42 ~;700 K!,
high oxidation and corrosion resistance as well as th
chemical stability and ease of manufacture. We use
ASRO calculations to extrapolate to the observed orde
structures as well as some hitherto unfabricated structure
these alloys with same stoichiometry. This is pertinent n
that it is possible totailor compositionally modulated films
to obtain better magneto-optic recording characteristics.43,44
©2001 The American Physical Society11-1
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We find that compositional ordering can enhance the siz
MAE by some two orders of magnitude. Of particular inte
est is the case of Co0.25Pt0.75. The MAE for the perfectL12
ordered alloy is very small as in the homogeneously dis
dered alloy. However, breaking this symmetry by directio
chemical order and creatinginternal interfacesgreatly en-
hances the MAE, in agreement with the experimen
observations.33 By analyzing the electronic structure of the
alloys we find that the electrons near the Fermi surface
largely responsible for the enhancement of MAE by com
sitional ordering.

Also, it is known experimentally that, upon ordering, th
equiatomic CoPt alloy undergoes a modest tetragonal la
distortion (c/a50.98) which can also enhance the MAE. W
have calculated the MAE of disordered fcc-Co0.5Pt0.5 alloy
for differentc/a ratios and find that this 2% tetragonalizatio
would contribute only about 20% of the observed MAE. Th
is a clear indication that in CoPt system, the enhancemen
MAE is primarily due to compositional order. This inferenc
gets further credence from the fact that the fcc-Co0.25Pt0.75
alloy, which retains its cubic lattice structure upon orderin
also shows an enhancement of MAE when compositio
order is introduced.

The Fe0.5Co0.5 alloy also has important magnetic prope
ties, both from fundamental as well as a technological po
of view. In this alloy, both the disordered phase as well
the ordered (B2) phase exhibit very low MAE and easy ax
along the@111# direction.45 Our calculations are in agree
ment with these experimental observations. This FeCo a
is known to have a large linear magnetostriction.45,46 By ex-
amining the MAE of this alloy under modest tetragonal l
tice distortions we also investigate this feature.

Using the same theoretical framework, we have also s
ied another soft alloy and have looked at phenomenon
magnetic annealing in Ni0.75Fe0.25permalloy, which develops
uniaxial magnetic anisotropy when annealed in a magn
field.20,21 Because of its high permeability and low coerci
ity, permalloy is a good soft magnet and can be used for
switching fields in sensors. Also, a large difference in
conductivity of majority and minority spins47 makes it a
good candidate for spin-valves, spin transistors and magn
tunnel junctions. On magnetic annealing, the permalloy
velops directional chemical order48,49 which is responsible
for the uniaxial anisotropy. In the previous work36 we
showed from first-principles theoretical calculations th
magnetic annealing can indeed produce directional chem
order. Here we isolate the electronic origin of the effect.

The outline of the paper is as follows. In Sec. II, w
present the formulation and some numerical and techn
details. Afterwards, we present our results in Sec. III and
Sec. IV we investigate the electronic origin of the MAE e
hancement as well as of the magnetic annealing. Finally
Sec. V we draw some conclusions.

II. FORMULATION

Our theory is based on the relativistic spin-polarized lo
density functional theory50–52 and its solution by the SPR
KKR-CPA method.37,53A detailed description of the metho
01441
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for the homogeneously disordered ferromagnetic alloys
provided in Ref. 39, and will not be repeated. Here, we
scribe in detail our new framework to investigate the effe
of ASRO on magnetocrystalline anisotropy~a brief summary
of the approach has already been given in our recent le
Ref. 36!. In Sec. II A we give a brief outline of the theory o
compositional ordering within the SPR-KKR-CPA forma
ism and in Sec. II B we describe the scheme for studying
effects of ASRO on the MAE and show how this provides
theory of how directional compositional order can be
duced into a magnetically soft alloy when it is annealed in
magnetic field. We also show how the calculations can
used to infer the MAE of ordered magnetic alloys.

A. Compositional order

We consider a binary alloyAcB12c where the atoms are
arranged on a fairly regular array of lattice sites. At hi
temperatures the alloy is homogeneously disordered
each site is occupied by anA- or B-type atom with probabili-
ties c and (12c) respectively. Below some transition tem
perature,Tc , the system will either order or phase separa
A compositionally modulated alloy can be described by a
of site-occupation variables$j i%, with j i51(0) when thei th
site in the lattice is occupied by anA(B)-type atom. The
thermodynamic average,^j i&, of the site-occupation variable
is the concentrationci of anA-type atom at that site. At high
temperatures where the alloy is homogeneously disorde
ci5c for all sites. When inhomogeneity sets in belowTc ,
the temperature-dependent inhomogeneous concentr
fluctuations$dci%5$ci2c% can be written as a superpositio
of static concentration waves,38 i.e.,

ci5c1
1

2 (
q

@cqe
iq•Ri1cq* e2 iq•Ri#,

wherecq are the amplitudes of the concentration waves w
wave vectorsq, andRi are the lattice positions. Usually onl
a few concentration waves are needed to describe a partic
ordered structure. For example, the CuAu-likeL10 layered-
ordered structure~Fig. 1! is set up by a single concentratio
wave withcq5 1

2 andq5(001), the@111#-layered CuPt-like
L11 ordered structure is set up by a concentration wave w

cq5 1
2 andq5( 1

2
1
2

1
2 ), and the Cu3Au-like L12 ordered struc-

ture is set up by three concentration waves of identical a
plitude cq5 1

4 and wave vectorsq15(100), q25(010), and
q35(001) ~q is in units of 2p/a, a being the lattice param
eter!.

The grand potential for the interacting electrons in an
homogeneous alloy with composition$ci% and magnetized
along the directione at a finite temperatureT is given by54–56

V~$ci%;e!5nZ2E
2`

`

d« f ~«,n!N~$ci%,«;e!1VDC~$ci%;e!,

~2.1!

where, n is the chemical potential,Z is the total valence
charge,f («,n) is the Fermi factor,N($ci%,«;e) is the inte-
grated electronic density of states, andVDC($ci%;e) is the
‘‘double-counting’’ correction to the grand potential.55 The
1-2
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derivatives of the grand potential with respect to the conc
tration variables give rise to a hierarchy of direct correlat
functions. In particular, the second derivative evaluated
the equilibrium concentrations,

Sjk
(2)~e!52

]2V~$ci%;e!

]cj]ck
U
$ci5c%

,

is the Ornstein-Zernike direct correlation function for o
lattice model54–58 ~so called by the way of the close analog
with similar quantities defined for classical fluids59,60!. These
are related to the linear response functions,a i j (e), through56

F11(
k

Sik
(2)~e!aki~e!Ga i j ~e!

5bc~12c!Fd i j 1(
k

Sik
(2)~e!ak j~e!G , ~2.2!

whereb5(kBT)21, kB being the Boltzmann constant. Th
linear response functions,a i j (e), describe the resulting con
centration fluctuations,$dci%, which are produced when
small inhomogeneous set of external chemical potenti
$dn i%, is applied at all sites. Via the fluctuation dissipati
theorem these are proportional to atomic pair-correlat
functions, i.e.,a i j 5b@^j ij j&2^j i&^j j&#!. Upon taking the
lattice Fourier transform of Eq.~2.2! we obtain a closed form
of equations,54–58

a~q,T;e!5
bc~12c!

12bc~12c!@S(2)~q;e!2Lc~e!#
, ~2.3!

where, the Onsager cavity correctionLc(e) is given by56

Lc~e!5
1

bc~12c!

1

VBZ
E dq8S(2)~q8;e!a~q8,T;e!.

Here, a(q,T), the lattice Fourier transform ofa i j , are the
Warren-Cowley ASRO parameters in the disordered ph
The Onsager cavity correction in Eq.~2.3! ensures that the
spectral weight over the Brillouin zone is conserved,56,58,61

so that, in other words, the diagonal part of the fluctuat
dissipation theorem is honored, i.e.,a i i 5bc(12c).

The spinodal transition temperatureTc below which the
alloy orders into a structure characterized by the concen
tion wave vectorqmax is determined byS(2)(qmax;e), where
qmax is the value at whichS(2)(q;e) is maximal. We can
write54,55

Tc5
c~12c!@S(2)~qmax;e!2Lc~e!#

kB
.

The free energy for the disordered phase which is consis
with this description of ASRO can also be written down62
01441
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F~e!5V~$ci5c%;e!1
1

b
@c ln c1~12c!ln~12c!#

2uS c2
1

2D2
1

2
c~12c!Lc~e!

1
1

2b

1

VBZ
E dq8 ln$12bc~12c!

3@S(2)~q8;e!2Lc~e!#%. ~2.4!

The parameteru ensures that the number ofA(B) atoms in
the alloy is conserved.

Within the SPR-KKR-CPA scheme, if we neglect char
rearrangement effects arising from composition
fluctuations56 we obtain the following expression forSjk

(2)(e)
from the Lloyd formula63 for the integrated density of state
in Eq. ~2.1!:

FIG. 1. Some ordered structures and their representative con
tration wave vectors. For theAB-type stoichiometryq5~001! and

q5( 1
2

1
2

1
2 ) generate respectively the CuAu-typeL10 layered ordered

structure with layers perpendicular to the@001# direction and the
CuPt-typeL11 layered-ordered structure with layers perpendicu

to the @111# direction andq5(101
2 ) generates a layered structu

with planes of an ordered structure ofA andB atoms stacked along
the @001# direction. For theAB3-type composition, a combination
of q15(100),q25(010), andq35(001) generates the Cu3Au-type
L12 ordered structure. For this composition, a single wave vec
q5~001! generates a superstructure of alternating monolayers
pure B atoms and disorderedA0.5B0.5 perpendicular to the@001#

direction. Similarly,q5( 1
2

1
2

1
2 ) generates a superstructure of mon

layers of pureB atoms and disorderedA0.5B0.5 perpendicular to the
@111# direction. The full circles denoteA atoms, open circles denot
B atoms, and a full circle inscribed by an open circle denotes a C
effective atomA0.5B0.5.
1-3
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Sjk
(2)~e!52

Im

p E
2`

`

d« f ~«,n!TrF $XA~e!2XB~e!%

3 (
mÞ j

t jm~e!lmk~e!tm j~e!G , ~2.5!

where

XA(B)~e!5@$tA(B)
21 ~e!2tc

21~e!%211t00~e!#21

and

l jk~e!5d jk$X
A~e!2XB~e!%

2XA~e! (
mÞ j

t jm~e!lmk~e!tm j~e!XB~e!.

HeretA(B)(e) andtc(e) are thet matrices for electronic scat
tering from sites occupied byA(B) atoms and CPA effective
potentials respectively, andtm j(e) are the path operator ma
trices for the CPA effective medium in real space obtain
by a lattice Fourier transform oft(k;e), where

t~k;e!5@ tc
21~e!2g~k!#21,

g(k) being the KKR structure constants matrix.64 Now tak-
ing the lattice Fourier transform of Eq.~2.5!, we get

S(2)~q;e!52
Im

p E
2`

`

d« f ~«,n!

3 (
L1L2L3L4

@$XA~e!2XB~e!%L1L2

3I L2L3 ;L4L1
~q;e!lL3L4

~q;e!#, ~2.6!

where

lL1L2
~q;e!5$XA~e!2XB~e!%L1L2

2 (
L3L4L5L6

@XL1L5

A ~e!I L5L3 ;L4L6
~q;e!

3XL6L2

B ~e!lL3L4
~q;e!#,

and

I L5L3 ;L4L6
~q;e!5

1

VBZ
E dk tL5L3

~k1q;e!tL4L6
~k;e!

2tL5L3

00 ~e!tL4L6

00 ~e!. ~2.7!

Experimentally, the instability of the disordered phase to
dering can be observed in diffuse electron, x-ray, or neut
scattering experiments. The experimentally measured in
sities are proportional to the ASRO parameter. In previo
work, the ASRO parametera(q,T) and ordering temperatur
Tc have been calculated for many alloys, both nonmagn
and ferromagnetic, and compared with diffuse x-ray and n
tron scattering data.55,56 However, in those studies, relativis
tic effects were largely ignored. These studies have reve
01441
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that the electronic structure around the Fermi level is som
times the driving force behind unusual compositional ord
ing in some alloys.54,56

B. Magnetocrystalline anisotropy

The MAE of a compositionally disordered ferromagne
alloy in the presence of ASRO can be evaluated from
~2.4!, DFMAE5F(e1)2F(e2). This difference is small com-
pared to the magnitude ofF and can be written approxi
mately as

DFMAE'@V~$ci5c%;e1!2V~$ci5c%;e2!#

2
1

2b

1

VBZ
E dq8a~q8,T;e1!

3@S(2)~q8;e1!2S(2)~q8;e2!#.

The first term describes the MAE of a randomly disorder
alloy,39 KCPA(c), with the ASRO effects contained in th
second term. When the alloy has significant ASR
a(q,T;e1) is a structured function ofq with peaks located a
qmax, wave vectors of the concentration waves which ch
acterize the ordered phase the alloy can form at low temp
tures at equilibrium. Now the second term becom
'2 1

2 c(12c)@S(2)(qmax;e1)2S(2)(qmax;e2)].
The MAE of alloys with long-ranged order can also b

estimated from calculations ofS(2)(q,e) as we now show.
For an inhomogeneous alloy the MAE can be characteri
by the change in the electronic grand-potential arising fr
the change in the magnetization direction. Thus

K~$ci%!5V~$ci%;e1!2V~$ci%;e2!,

where e1 and e2 are two magnetization directions. We a
sume that the double-counting correctionVDC($ci%;e) is
generally unaffected by the change in the magnetization
rection, and therefore, only the first two terms of Eq.~2.1!
contribute to the MAE,

K~$ci%!5~n12n2!Z2E
2`

`

d« f ~«,n1!N~$ci%,«;e1!

1E
2`

`

d« f ~«,n2!N~$ci%,«;e2!,

wheren1 and n2 are the chemical potentials of the syste
when the magnetization is alonge1 ande2 directions, respec-
tively. The change in the chemical potential originates fro
a redistribution of the occupied energy bands in the Brillou
zone in the event of a change of magnetization direction
Taylor expansion off («,n2) about n1 and some algebra
leads to

K~$ci%!5E
2`

`

d« f ~«,n1!@N~$ci%,«;e1!2N~$ci%,«;e2!#

1O~n12n2!2.

Note that the effect of the small change in the chemical
tential onK($ci%) is of second order in (n12n2), and can be
1-4
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shown to be very small compared to the first term.39 We now
expandK($ci%) aroundKCPA(c), the MAE of the homoge-
neously disordered alloyAcB12c ,

K~$ci%!5KCPA~c!1(
j

]K~$ci%!

]cj
U
$ci5c%

dcj

1
1

2 (
j ,k

]2K~$ci%!

]cj]ck
U
$ci5c%

dcjdck1O~dc!3.

~2.8!

It is clear from Eq.~2.8! that we are considering only th
effects of two-site correlations on the electronic grand pot
tial and MAE. However, in principle it is possible to includ
higher order correlations, but computationally it will b
prohibitive.

Within the SPR-KKR-CPA scheme, a formula fo
KCPA(c) is obtained by using the Lloyd formula63 for the
integrated density of states,

KCPA~c!52
Im

p E
2`

`

d« f ~«,n1!F 1

VBZ
E dk

3 lni I 1$tc
21~e2!2tc

21~e1!%t~k;e1!i

1c„lniDA~e1!i2 lniDA~e2!i…1~12c!

3„lniDB~e1!i2 lniDB~e2!i…G1O~n12n2!2,

~2.9!

where

DA(B)~e!5@ I 1t00~e!$tA(B)
21 ~e!2tc

21~e!%#21.

Note that Eq.~2.9! is the finite temperature version of th
expression of MAE of disordered alloys given in Ref. 3
Now, the variation of the MAE with respect to the change
the concentration variables is

]K~$ci%!

]cj
U
$ci5c%

52
Im

p E
2`

`

d« f ~«,n1!

3@ lniDA~e1!i2 lniDB~e1!i

2 lniDA~e2!i1 lniDB~e2!i #,

which is independent of the site index and so the second t
in Eq. ~2.8! vanishes if the number ofA andB atoms in the
alloy is to be conserved (( jdcj50). Also, we have

]2K~$ci%!

]cj]ck
U
$ci5c%

52@Sjk
(2)~e1!2Sjk

(2)~e2!#,

whereSjk
(2)(e1(2)) are the Ornstein-Zernike direct correlatio

functions54 when the magnetization is alonge1(2) . Now tak-
ing the Fourier transform of Eq.~2.8!, we get the MAE of the
compositionally modulated alloy with wave vectorq,
01441
-
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m

K~q!5KCPA~c!1
1

2
ucqu2K (2)~q!, ~2.10!

where

K (2)~q!52@S(2)~q;e1!2S(2)~q;e2!#. ~2.11!

Equation~2.10! thus shows a direct relationship betwe
the type of compositional modulation and the MAE. Also,
calculatingS(2)(q;e) for different q vectors, while keeping
the magnetic field and magnetization direction fixed, one
study the effect of an applied magnetic field on the com
sitional modulation of a solid solution, and thus can descr
the phenomenon of magnetic annealing. In this case, thq
vector for which S(2)(q;e) is maximal will represent the
compositional modulation induced in the alloy when it
annealed in the magnetic field.

The technical and computational details are discusse
Refs. 36 and 39. The convolution integral given by Eq.~2.7!
is evaluated using the adaptive grid method65 with a relative
accuracye51026, which means that the values ofS(2)(q;e)
andK(q) are accurate to within 0.1meV.

III. RESULTS AND DISCUSSION

A. Co50Pt50 and Co25Pt75 alloys

We have studied CocPt12c alloys for c50.5 and 0.25.
The results for Co0.5Pt0.5 alloy were presented in our prev
ous publication,36 where we showed that compositional ord
enhances the MAE by some two orders of magnitude.
particular, our calculated value of the MAE of theL10 or-
dered structure~58.6meV! is comparable to the experiment
value14–16 ~;130 meV! as well as to the calculated value o
the L10-ordered tetragonal CoPt alloy.67 Also, we predicted
that the@111#-layeredL11 structure will have a larger MAE
than that of aL10 ordered structure. This is confirmed b
recent experiments.68,69 Recent first-principles theoretica
calculations70,71 of the MAE of superstructures of CoPt o
Pt~001! and Pt~111! substrates also are in agreement with o
results.

TABLE I. Direct correlation functionS(2)(q;@001#) for differ-
ent q vectors for Co0.25Pt0.75 and Fe0.5Co0.5 alloys ~the respective
ordered structures are shown in Fig. 1!.

Alloy q Structure S(2)(q;@001#) ~eV! Tc ~K!

~100! L12 0.43 935
~010! L12 0.43 935

Co25Pt75 ~001! L12 0.43 935

( 1
2

1
2

1
2 ) 0.22

(1 1
2 0) DO22 0.19

( 1
2 01) DO22 0.19

~100! B2 0.44 1286
Fe50Co50 ~001! B2 0.44 1286

~111! B2 0.44 1286

( 1
2

1
2 0) 0.02
1-5
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The results for Co0.25Pt0.75 are presented in Tables I an
II. Our calculated value ofS(2)(q) has maxima forq5~100!,
~010!, and ~001! implying that aL12 ordered structure is
favored with a transition temperature of 935 K in excelle
agreement with the experimental value of 960 K~Ref. 72!.
Note that, a combination of three wave vectorsq15(100),
q25(010), andq35(001) generates the isotropicL12 order-
ing, while a single wave vector, for example,q15(001) gen-
erates a layered structure with directional compositional
dering along the@001# direction. This is a superstructur
consisting of alternating monolayers of pure Pt a
Co0.5Pt0.5, as depicted in Fig. 1. In this structure, therefo
there are no out-of-plane Co-Co bonds, only in-plane Co
bonds which can produce in-plane Co-Co nearest neigh
pairs. We find that for this structure the MAE is quite lar
~;84 meV!. In a recent experiment,28 it was found that the
@001#-textured thick films of Co0.25Pt0.75 alloy deposited at
670 K do have this type of structure, i.e., there are stack
Pt and Co0.5Pt0.5 monolayers perpendicular to the@001# di-
rection, and these films exhibit PMA. It should be emph
sized, however, for the perfectL12 structure, where all the
three wave vectors, namely,q15(100), q25(010), andq3
5(001) contribute, the MAE is very small, comparable
that of the disordered alloy. We are not aware of any exp
mental results on the bulk ordered Co0.25Pt0.75 system. How-
ever, it is reported that@111#-textured thick films grown
around 690 K having anisotropic compositional order exh
large uniaxial anisotropy,24,25,34 whereas films deposite
around 800 K with aL12-type isotropic chemical order ex
hibit no anisotropy. These observations are clearly in go
agreement with our results.

It is well known that disordered fcc-Co0.5Pt0.5 undergoes a
phase transformation into a CuAu-typeL10 ordered tetrago-
nal structure14,66 with a c/a ratio of 0.98 and Co0.25Pt0.75
orders into a Cu3Au-type L12 cubic structure.72 Thus, in
Co0.5Pt0.5, there is a tetragonalization of the lattice whic
also lowers the symmetry and contributes to MAE enhan
ment, whereas in Co0.25Pt0.75 there is no such additional ef
fect, owing to the lattice remaining cubic even in the orde
phase. With this in mind we have calculated the MAE
disordered volume-conserving face-centered-tetrago

TABLE II. Magnetocrystalline anisotropy energyK(q) for sev-
eral compositionally modulated Co0.25Pt0.75 alloys characterized by
different q vectors~the respective ordered structures are shown
Fig. 1!. HereK(q) are calculated with respect to the reference s
tem which has the magnetization along the@001# direction ~i.e., e1

5@001#) of the crystal. Thus, whenK(q),0 the easy axis is along
@001# and whenK(q).0 the easy axis is alonge2.

q Structure K(q) (meV) Easy
e25@111# e25@100# axis

~100! @100#-Layered 229.0 283.6 @001#
~010! @010#-Layered 229.0 0.0
~001! @001#-Layered 54.6 83.6 @100#
~100!,~010!,~001! L12 23.4 0.0 @001#

(1 1
2 0) 54.0 0.0 @111#

(101
2 ) 298.6 2152.5 @001#
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Co0.5Pt0.5 alloy as a function of thec/a ratio. The results are
presented in Fig. 2. We point out that in these calculatio
we have used the atomic-sphere approximation for
single-site potentials and that the potentials and the Fe
energy are those of the disordered fcc-Co0.5Pt0.5 alloy. To
estimate the magnitude of the effect of tetragonalization
have ‘‘frozen’’ these potentials as thec/a ratio has been
altered. We observe that the MAE is a monotonically d
creasing function of thec/a ratio, and that it is positive for
c/a,1.0 and negative forc/a.1.0. This is consistent with
the experimental observations that the magnetostriction c
stant,L001, is positive32,73for the disordered Co0.5Pt0.5 alloy,
because, as shown by, e.g., Freemanet al.74, L001 is propor-
tional to the rate of change of MAE with respect to thec/a
ratio with opposite sign~note that, there is a sign differenc
in our definition of MAE and that of Freemanet al.!. There-
fore, our results are in qualitative agreement with the exp
mental observations. The MAE at the experimental value
c/a ~0.98! is about 25meV which is less than 20% of the
experimentally observed MAE. Most importantly, the sign
MAE for a tetragonally distorted compositionally disorder
Co0.5Pt0.5 with this value ofc/a is positive which means tha
the magnetic easy axis is not along the@001# direction
(c-axis! in direct contradiction to the experimental observ
tions. Consequently, we conclude that in the ordered all
of Co and Pt lattice distortion is not the major factor
enhancing the MAE rather it is the compositional ord
which is primarily responsible for the large MAE.

B. Fe0.5Co0.5 alloy

FeCo alloys exhibit high saturation magnetizations, lo
magnetocrystalline anisotropies, and high Curie tempe
tures, and therefore are potential candidates for high t
perature magnets in such applications as rotors in elec

n
-

FIG. 2. Magnetocrystalline anisotropy energy~MAE! of disor-
dered volume-conserving face-centered tetragonal~fct! Co0.5Pt0.5 al-
loy as a function of thec/a ratio.
1-6
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AB INITIO THEORETICAL DESCRIPTION OF THE . . . PHYSICAL REVIEW B 64 014411
aircraft engines.75,76 The bcc disordered Fe0.5Co0.5 alloy un-
dergoes a phase transition to an orderedB2 structure76,45

below 1000 K, and both the ordered as well as the disorde
phases have a very low magnetocrystalline anisotropy
somewhat large magnetostriction.45,46 The experimental
value45 of the MAE @E(001)2E(111)# for the disordered
phase is less than 1.0meV per atom with the easy axis i
along the@111# direction of the crystal and for theB2 or-
dered phase the MAE is almost zero. Our results are sum
rized in Tables I and III. Our calculated value of the orde
disorder transition temperature~1286 K! is comparable to the
experimental value of 1000 K. The agreement is quite go
considering that ours is a mean-field approach. Also ther
good agreement between the calculated value of MAE of
disordered phase (KCPA50.3 meV! and the experimenta
value ~it is difficult to compare the absolute values of th
theoretical and experimental values of MAE, because, th
are of the order of 0.1meV, which is the accuracy of ou
calculations!. Nevertheless, we predict the correct easy a
for the disordered phase. For theB2 ordered phase, the
K (2)(q) @for q5~100!, ~010!, ~001!, and ~111!# is negative
while the absolute value is comparable toKCPA. Therefore,
the MAE of theB2 phase is even smaller than that of t
disordered phase, in good agreement with experiment. H
again, we emphasize the role of symmetry and layer stac
in the determination of the easy magnetization axis. N
that q5(100), q5(010), q5(001), as well asq5(111),
generate the sameB2 structure, unlike the case in a fcc la
tice. Our calculation does show that the results are also id
tical. This is an indicator of the accuracy and robustness
our computational procedure. Since theB2 structure, unlike
the L10 structure in the fcc lattice, has cubic symmetry, t
ordering in this case does not enhance the magnitude o
MAE. The easy axis for this structure seems to be along
of the @100# axes. We have also calculated the MAE f
some hypothetical structures shown in Fig. 1. These st
tures do not seem to be layered structures, however,
MAE of some of these structures is some two orders of m
nitude larger than the equilibrium ordered structure as w
as the disordered phase.

TABLE III. Magnetocrystalline anisotropy energyK(q) for sev-
eral compositionally modulated Fe0.5Co0.5 alloys characterized by
different q vectors~the respective ordered structures are shown
Fig. 1!. HereK(q) are calculated with respect to the reference s
tem which has the magnetization along the@001# direction ~i.e., e1

5@001#) of the crystal. Thus, whenK(q),0 the easy axis is along
@001# and whenK(q).0 the easy axis is alonge2.

q Structure K(q) (meV) Easy axis
e25@111# e25@100#

~100! B2 20.2 0.0 @001#
~001! B2 20.2 0.0 @001#
~111! B2 20.2 0.0 @001#

( 1
2

1
2 0) 12.0 @111#

(2
1
2

1
2 0) 294.6 @001#

( 1
2 0 1

2 ) 74.8 @111#

(2
1
2 0 1

2 ) 231.9 @001#
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We have also studied the effect of tetragonalization of
lattice on the MAE of the disordered Fe0.5Co0.5 alloy. The
calculations are similar to those for the Co0.5Pt0.5 alloy dis-
cussed in the previous section. We show the MAE as a fu
tion of the c/a ratio in Fig. 3. In this case we observe th
lattice distortion enhances the MAE slightly. The slope
the MAE versus thec/a ratio curve is negative implying tha
the alloy has a positive magnetostriction constant consis
with the experimental observations.45 Assuming the total en-
ergy of the system to be a quadratic function ofd5c/a21,
the tetragonal distortion, i.e.,E5E01ad1bd2, it can be
shown74 that the magnetostriction constant is proportional
the ratio of thed-rate of change of MAE to the elastic con
stant b. Evidently the fairly moderate value of the forme
indicates that the large linear magnetostriction of this al
must be linked directly to the softness of the latter. We n
that the average number of valence electrons per atom in
alloy is close to that in the famous NiFe invar alloys a
consequently we are planning a study ofb as a function ofc
for FecCo12c alloys.

Another soft magnetic alloy, permalloy Ni0.75Fe0.25 orders
into a L12 structure77 below 820 K in which phase it retain
its soft magnetic properties. However at this stoichiome
when annealed in a magnetic field, this alloy can develo
significant uniaxial magnetic anisotropy depending on
direction of the applied field with respect to the crystall
graphic axes.20,21 This phenomenon can be interpreted
terms of the creation of directional chemical order in t
material.48,49 A recent study based on magneto-optic Ke
effect measurements78 also reveals that magnetic annealin
can induce uniaxial anisotropy. Previous studies based
nonrelativistic electronic structure calculations79 and Monte
Carlo simulations80 have shown that in this system compos
tional and magnetic ordering have a large influence on e
other. However, to describe magnetic annealing a fully re
tivistic treatment is needed. In Ref. 36, we produced the fi

n
-

FIG. 3. Magnetocrystalline anisotropy energy~MAE! of disor-
dered volume-conserving body-centered tetragonal~bct! Fe0.5Co0.5

alloy as a function of thec/a ratio.
1-7
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quantitative description of magnetic annealing fromab initio
electronic structure calculations in Ni0.75Fe0.25. We found
that ordering is favored along the direction of the appl
field.

IV. ELECTRONIC ORIGIN OF MAGNETIC ANISOTROPY

In elemental solids and the disordered alloys the M
originates from a redistribution of electronic states arou
the Fermi level caused by the change in the magnetiza
direction.39 The electronic structure of the disordered pha
around the Fermi level is also partly responsible for the t
dency to compositional order in some alloys.54,56 We expect
therefore that the enhancement of MAE in the compositi
ally modulated alloys is also related to this aspect of
disordered phase’s electronic structure and demonstrate
this section.

First we consider the electronic mechanism underly
the compositional ordering tendency. As presented in Ta
I, our calculation predictsL10-type order in Co0.5Pt0.5 which
is in excellent agreement with experiment. The quan
S(2)(q;e) given by Eq.~2.6! can be rewritten as

S(2)~q;e!52
Im

p E
2`

`

d« f ~«,n!F~q,«;e!,

where

F~q,«;e!5 (
L1L2L3L4

@$XA~e!2XB~e!%L1L2

3I L2L3 ;L4L1
~q;e!lL3L4

~q;e!#. ~4.1!

S(2)(q) is an integrated quantity and can also be written
terms of a sum81 over Matsubara frequencies,82 vn5(2n
11)pkBT,

S(2)~q;e!52kBT(
n

Re@F~q,n1 ivn ;e!#.

In Fig. 4 we show a plot ofF(q,«;@001#) calculated for
energies along the imaginary axis perpendicular to the Fe

level for q vectors~000!, ~001!, ( 1
2

1
2

1
2 ) and (101

2 ). The area
under these curves is indicative of the strength
S(2)(q;@001#) for theseq vectors and is obviously greate
for q5~100!.

Now we discuss the interplay between MAE and comp
sitional order. Again, the quantityK (2)(q) given by Eq.
~2.11! is an integrated quantity which can be written as
sum of contributions evaluated at the Matsuba
frequencies,81

K (2)~q!5
Im

p E
2`

`

d« f ~«,n!DF~q,«!

522kBT(
n

Re@DF~q,n1 ivn!#, ~4.2!

where

DF~q,«!5F~q,«;e1!2F~q,«;e2!. ~4.3!
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In Fig. 5 we show a plot ofDF(q,«) with e15@001# and
e25@111# calculated for energies along the imaginary a
perpendicular to the Fermi level forq vectors~000!, ~001!,

( 1
2

1
2

1
2 ) and (101

2 ). The area under these curves is indicati
of the magnitude ofK (2)(q) for theseq vectors. The striking
feature is that, unlike Fig. 4, the principal contributions f
mostq vectors are near the real axis indicating that the Fe
surface plays the dominant role in the enhancement of
MAE as well as the direction of easy magnetization. This c
be illustrated more convincingly if one calculatesDF(q,«)

FIG. 4. Real part ofF(q,«,@001#), as given by Eq.~4.1!, for

q5~100! ~full line!, ( 1
2

1
2

1
2 ) ~long-dashed line!, (101

2 ) ~short-dashed
line!, and~000! ~dotted line! at complex energies along the imag
nary axis perpendicular to the Fermi level for disordered Co0.5Pt0.5

alloy.

FIG. 5. Real part ofDF(q,«), as defined in Eq.~4.3!, with e1

5@001# ande25@111# for q5~100! ~full line!, ~001! ~long-dashed

line!, ( 1
2

1
2

1
2 ) ~short-dashed line!, and~000! ~dotted line! at complex

energies along the imaginary axis perpendicular to the Fermi le
for Co0.5Pt0.5 alloy. Note the different scales on thex andy axes of
this figure and Fig. 4.
1-8
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AB INITIO THEORETICAL DESCRIPTION OF THE . . . PHYSICAL REVIEW B 64 014411
for a range of energies just above the real axis. But si
calculation ofDF(q,«) for energies close to real axis is e
tremely demanding,36 we continue analytically the values o
DF(q,«) for complex energies to the energies just above
real axis. In order to achieve this, we first fit our data to
rational function,

DF~q,«!5U~q!

11 (
k51

M22

ak~q!«k

11 (
k51

M

bk~q!«k

.

The choice of the rational function ensures th
lim«→`DF(q,«);1/«2 as indicated by Eqs.~2.6!, ~2.7!, and
~2.11!. We find that very good fits are obtained with reaso
ably small M. We have calculated the imaginary part
DF(q,«) for real energies by the above procedure, and fi

that except forq5( 1
2

1
2

1
2 ) which has a long tail extending

beyond 0.1 Ry below the Fermi energy, most of the con
butions to MAE come from electrons in a very narrow regi
below the Fermi energy. This corroborates the above i
that the electrons around the Fermi surface play a major
in the enhancement of the MAE as well as the direction
easy magnetization.

Now we discuss the electronic origin of magnetic anne
ing effect in Ni0.75Fe0.25 alloy. The difference between
S(2)(q;@001#) and S(2)(q;@100#) for different q vectors is
quite small; it is large enough to be observed by diffu
x-ray, electron, and neutron scattering experiments. Beca
of the small difference in these quantities, in Fig. 6 we p
the real part ofDF(q,«) which is related to the differenc
betweenS(2)(q;@001#) and S(2)(q;@100#) for q5~001! for
energies along the imaginary axis perpendicular to
Fermi level ~left-hand scale!. We also plotF(q,«;@001#)

FIG. 6. Real part ofDF(q,«) as defined in Eq.~4.3! with e1

5@001# and e25@100# ~full line, left scale! and real part of
F(q,«;@001#), as defined in Eq.~4.1! for q5~001! ~dashed line,
right scale! at complex energies along the imaginary axis perp
dicular to the Fermi level for Ni0.75Fe0.25 alloy.
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which is related toS(2)(q;@001#) for q5~001! for the same
energies~right-hand scale!. We note that, these two quant
ties peak near the Fermi energy, i.e., when the imaginary
of the energy is very small. This is an indication that th
process is also governed by the electrons near the F
surface.

V. CONCLUSIONS

We have presented the details of ourab initio theory of
the connection between magnetocrystalline anisotropy of
romagnetic alloys and compositional order within the SP
KKR-CPA scheme. This theory has been applied to f
CocPt12c alloys. We found that when cooled from a hig
temperature, fcc-Co0.5Pt0.5 tends to order into anL10

layered-ordered structure around 1360 K and fcc-Co0.25Pt0.75

tends to order intoL12 structure around 935 K, in good
agreement with experimental observations. Also, we fou
that in L10 ordered CoPt the magnitude of the MAE is e
hanced with the@111#-stacked CuPt-likeL11 structure hav-
ing the largest MAE. By examining the dependence of
MAE upon lattice tetragonalization we have been able
confirm that the MAE enhancement in the ordered alloy
primarily due to compositional factors. In theL12 ordered
CoPt3 the MAE is very small comparable to that of its di
ordered counterpart. However, in case of directional order
along any of the@100#, @010# or @001# directions the MAE is
greatly enhanced. By analyzing the electronic structure of
disordered alloys near the Fermi energy we have found
the Fermi surface plays the dominant role in the enhan
ment of MAE. We have also carried out a study of the MA
of another alloy bcc-Fe50Co50 and have shown the MAE o
this magnetically soft alloy to be little affected by bo
compositional order and lattice distortion. Finally with
the same theoretical framework we explain the appeara
of directional chemical order in another magnetica
soft alloy, permalloy, Ni0.75Fe0.25 when it is annealed in
an applied magnetic field and linked that also to t
alloy’s Fermi surface. As a last remark, we look forward
future work in which the effects of compositional structu
are fully incorporated into micromagnetic modeling
transition metallic materials viaab initio electronic structure
calculations.
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