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Ab initio theoretical description of the dependence of magnetocrystalline anisotropy
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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. Lett82, 5369(1999] and showed that in the GgP1, 5 alloy compositional order enhances
the magnitude of magnetocrystalline anisotropy endM®E) by some two orders of magnitude. Here we
describe our scheme in detail and study some more transition metal alloys. InghfEe; alloy we find the
perfectL 1, structure to be magnetically soft whereas imposition of directional order greatly enhances its MAE.
We also present the effect of lattice distortigetragonalizationon MAE on the same footing and find that in
the Cq Pty 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 Fg Caq, 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.
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. INTRODUCTION in films22~3 Very recently’®® we developed a “first-
principles” theory of the interrelationship between magneto-
In recent years, owing to the technological implicationscrystalline anisotropy and atomic short-range or@esRO).
for high-density magneto-optical storage meliidthere has In this theory the electronic structure is treated within the
been great interest in the magnetocrystalline anisotropy apin-polarized fully relativistic Korringa-Kohn-Rostoker
ferromagnetic materials containing transition metals particucoherent-potential approximatith (SPR-KKR-CPA and
larly in multilayered and thin film form. Areal densities of the compositional order is modeled using the framework of
information storage systems are increasing continuously anstatic concentration wav&sand is an extension of our ear-
are expected to reach 40 Gbits per square inch by the yedier work®*#° on the magnetocrystalline anisotropy of disor-
2004 requiring a grain size of less than 10 nm. For sucldered alloys. Within this scheme we showed that in a fcc-
applications the films and multilayers need to exhibit a veryCaq, sPf 5 alloy ASRO has a profound influence on the mag-
strong perpendicular magnetic anisotropyPMA) to avoid  netocrystalline anisotropy, especially in the way it disrupts
destabilization of the magnetization of recording bits by ther-cubic symmetry. In this paper, we describe our scheme in
mal fluctuations and demagnetizing fiefdé/hereas in ultra- some detail and provide an in-depth study of this effect in
thin films and multilayers the PMA is due to surfddeand  some more transition metal alloys and also demonstrate the
interfacé®!! effects, respectively, in thicker films of transi- electronic origin of the enhancement of the magnetocrystal-
tion metal alloys it is the strong intrinsic bulk magnetocrys-line anisotropy energyMAE).
talline anisotropy which leads to PMA. Thick films of tran-  We have studied the effects of compositional modulation
sition metal alloys are particularly interesting for magneto-on the MAE of fcc-CgPt;_. for c=0.25 and 0.5 alloys.
optic recording because they are chemically stable and eaghick films of these alloys are potential magneto-optical re-
to manufacture. To design magnetic materials for futurecording materials because of their large perpendicular
magneto-optic recording applications a detailed understandxnisotropy??~2®*Ylarge magneto-optic Kerr effect signals for
ing of the mechanism of magnetocrystalline anisotropy isa range of wavelength&00—-820 nm compared to those
needed. A significant effort has been directed towards sucfiom Co/Pt multilayers and TbFeCo films which are cur-
an understanding from a first-principles electronic structurgently used>? suitable Curie temperatuf®s(~700 K),
point of view but since magnetocrystalline anisotropy ariseiigh oxidation and corrosion resistance as well as their
from spin-orbit coupling, essentially a relativistic efféét®>  chemical stability and ease of manufacture. We use our
a fully relativistic electronic structure framework is desir- ASRO calculations to extrapolate to the observed ordered
able. structures as well as some hitherto unfabricated structures of
Several experimental observations on ferromagnetic althese alloys with same stoichiometry. This is pertinent now
loys indicate a correlation between compositional order andhat it is possible tdailor compositionally modulated films
magnetocrystalline anisotropy in bulk sampfeé'as wellas  to obtain better magneto-optic recording characteriéfiés.
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We find that compositional ordering can enhance the size dior the homogeneously disordered ferromagnetic alloys is
MAE by some two orders of magnitude. Of particular inter- provided in Ref. 39, and will not be repeated. Here, we de-
est is the case of GodPty ;5. The MAE for the perfect.1,  scribe in detail our new framework to investigate the effects
ordered alloy is very small as in the homogeneously disoref ASRO on magnetocrystalline anisotrofaybrief summary
dered alloy. However, breaking this symmetry by directionalof the approach has already been given in our recent letter
chemical order and creatinigternal interfacesgreatly en-  Ref. 36. In Sec. Il A we give a brief outline of the theory of
hances the MAE, in agreement with the experimentalcompositional ordering within the SPR-KKR-CPA formal-
observations® By analyzing the electronic structure of these ism and in Sec. Il B we describe the scheme for studying the
alloys we find that the electrons near the Fermi surface areffects of ASRO on the MAE and show how this provides a
largely responsible for the enhancement of MAE by compo+theory of how directional compositional order can be in-
sitional ordering. duced into a magnetically soft alloy when it is annealed in a

Also, it is known experimentally that, upon ordering, the magnetic field. We also show how the calculations can be
equiatomic CoPt alloy undergoes a modest tetragonal latticesed to infer the MAE of ordered magnetic alloys.
distortion (c/a=0.98) which can also enhance the MAE. We
have calculated the MAE of disordered fccyGBt, 5 alloy A. Compositional order
for differentc/a ratios and find that this 2% tetragonalization
would contribute only about 20% of the observed MAE. This
is a clear indication that in CoPt system, the enhancement
MAE is primarily due to compositional order. This inference
gets further credence from the fact that the fcG 6Bt 75
alloy, which retains its cubic lattice structure upon ordering,
also shows an enhancement of MAE when compositiona!
order is introduced.

The Fg sCqy 5 alloy also has important magnetic proper-
ties, both from fundamental as well as a technological poin
of view. In this alloy, both the disordered phase as well a
the orderedB2) phase exhibit very low MAE and easy axes
along the[111] direction®® Our calculations are in agree-
ment with these experimental observations. This FeCo allo
is known to have a large linear magnetostrictfofi® By ex-
amining the MAE of this alloy under modest tetragonal lat-
tice distortions we also investigate this feature.

Using the same theoretical framework, we have also stud- 1
ied another soft alloy and have looked at phenomenon of ci=ct5 > [cqe'Q-Ri+c§e*'Q<Ri],
magnetic annealing in Ri.F&, »5 permalloy, which develops a

uniaxial magnetic anisotropy when annealed in a magnetigherec, are the amplitudes of the concentration waves with
field.” " Because of its high permeability and low coerciv- waye vectors), andR; are the lattice positions. Usually only
ity, permalloy is a good soft magnet and can be used for lovy few concentration waves are needed to describe a particular
switching fields in sensors. Also, a large difference in thegrgered structure. For example, the CuAu-llké, layered-
conductivity of majority and minority Sp'_ﬁé makes it a  ordered structuréFig. 1) is set up by a single concentration
good candidate for spin-valves, spin transistors and magnetigaye with cq=3% andq=(001), the[111]-layered CuPt-like

turlmel j‘é_”Cti?”S- IOnhma_ngatic c?é](r‘lgalwgﬁ the permall%ll der 1, ordered structure is set up by a concentration wave with
velops directional chemical ord8® which is responsible - _ 1o 40 (1111 and the CyAu-fike L1, ordered struc-

for the uniaxial anisotropy. In the previous wdtkwe wre i ; by th trat f identical
showed from first-principles theoretical calculations that ure 1s se Lip y three concentration waves of identical am-
litude cq=7 and wave vectors); =(100), g,=(010), and

magnetic annealing can indeed produce directional chemic# o . . .
order. Here we isolate the electronic origin of the effect. d3=(001) (q is in units of 2r/a, a being the lattice param-

The outline of the paper is as follows. In Sec. Il, we etey. . . . . .
present the formulation and some numerical and technical The grand potentlal_for the Interacting electrons In an in-
details. Afterwards, we present our results in Sec. lll and in*0Mogeneous alloy with _composmqru:i} ?”d_magne}'};gd
Sec. IV we investigate the electronic origin of the MAE en- 2/0ng the directiore at a finite temperaturg is given by

We consider a binary allop.B;_. where the atoms are
%rranged on a fairly regular array of lattice sites. At high
Qemperatures the alloy is homogeneously disordered and
each site is occupied by & or B-type atom with probabili-
ties ¢c and (1-c) respectively. Below some transition tem-
erature,T., the system will either order or phase separate.

compositionally modulated alloy can be described by a set
of site-occupation variablds;}, with &=1(0) when theith

ite in the lattice is occupied by af(B)-type atom. The
hermodynamic averagé;), of the site-occupation variable

Is the concentration; of an A-type atom at that site. At high
temperatures where the alloy is homogeneously disordered,
?zc for all sites. When inhomogeneity sets in beldw,

he temperature-dependent inhomogeneous concentration
fluctuations{ 6c;}={c;—c} can be written as a superposition
of static concentration wavés.e.,

hancement as well as of the magnetic annealing. Finally, in w
Sec. V we draw some conclusions. Q{ci};e)= Vz—f de f(e,v)N({ci},&;6) + Qpc({ci};e),
(2.1
Il. FORMULATION

where, v is the chemical potential is the total valence
Our theory is based on the relativistic spin-polarized localcharge,f(e,v) is the Fermi factorN({c;},e;€) is the inte-
density functional theoR}=>? and its solution by the SPR- grated electronic density of states, afigc({c;};€) is the
KKR-CPA method?>3 A detailed description of the method “double-counting” correction to the grand potentrdl The

014411-2



AB INITIO THEORETICAL DESCRIPTION OF TH . .. PHYSICAL REVIEW B 64 014411

derivatives of the grand potential with respect to the concen- . 5 "
tration variables give rise to a hierarchy of direct correlation 5 5 .
functions. In particular, the second derivative evaluated atfec-AB: |°|, |° ‘. ° °ly |°
the equilibrium concentrations, o . 5 /
$P(e 7Q{c};e) Ll q=(001) Ll q=(3 3 3) q=(103)
k(&)= =, ,
(9CJ JdCy {¢,=c}
o
is the Ornstein-Zernike direct correlation function for our o %,
. 4-58 fCC—ABg : o
lattice model*~8(so called by the way of the close analogy
with similar quantities defined for classical flutd$9. These °
are related to the linear response functiang(e), through? Liy qi=(100)
q2:=(010)
5 q;=(001)
1+§ S ayi(e) |aij(e)
=pc(l—c)| i+ e e 2.2
=pe(1-c)| o+ 2 S@a(e)|, @2 | o . . .

where 8= (kgT) "%, kg being the Boltzmann constant. The
linear response functions; (€), describe the resulting con- By: q=(111) q=(03 3) a=(03 —3)
centration fluctuations{éc;}, which are produced when a , )
small inhomogeneous set of external chemical potentials, FIG. 1. Some ordered structures and their representative concen-
{8v;}, is applied at all sites. Via the fluctuation d|SS|pat|0ntrat'°n wave vectors. For thaB-type stoichiometnq=(001) and
theorem these are proportional to atomic pair-correlatiorfi=(227) generate respectively the CuAu-type, layered ordered
functions. i.e. ;= Bl{& §]> (& ><§]>] . Upon taking the structure with layers perpendicular to th@01] direction and the
lattice Fourier transform of Eq2.2) we obtain a closed form CuPt-typelL 1, layered-ordered structure with layers perpendicular
of equation§,4‘58 to the[111] direction andq=(103) generates a layered structure
with planes of an ordered structure AdfandB atoms stacked along
the [001] direction. For theABs-type composition, a combination
Bc(l—c) of q;=(100),q,=(010), andy;=(001) generates the GAu-type
a(q,T;e)= , (2.3 : = _
1—,8c(1—c)[8(2)(q'e)—/\ (0] L1, ordered structure. For this composition, a single wave vector
’ ¢ g=(001) generates a superstructure of alternating monolayers of

pure B atoms and disordered, sBo 5 perpendicular to th¢001]

where, the On r cavity correcti is given by®
ere, the Onsager cavity correctidn(e) is give b)? direction. Similarly,q= (;%;) generates a superstructure of mono-

layers of pureB atoms and disorderedi, sB, 5 perpendicular to the
1 1 D)t ) [111] direction. The full circles denota& atoms, open circles denote
Aq(e)= Bc(1—c) V_f dq'S“(q";e)a(q’,T;e). B atoms, and a full circle inscribed by an open circle denotes a CPA
Bz effective atomAy gBg 5.

Here, a(q,T), the lattice Fourier transform of;;, are the 1
Warren-Cowley ASRO parameters in the disordered phase. Fe=0({c;=ch;e)+ =[cInc+(1—c)in(1—c)]
The Onsager cavity correction in E€R.3) ensures that the B
spectral weight over the Brillouin zone is conservédf®! 1
so that, in other words, the diagonal part of the fluctuation —u( c— _) —Zc(1-c)A (e
dissipation theorem is honored, i.e;; = 8c(1—c). 2
The spinodal transition temperatufe below which the
alloy orders into a structure characterized by the concentra- +— _f dq’ In{1—pBc(1—c)
tion wave vectorm),,, is determined by8'®)((max;€), Where 2BV
Omax IS the value at whict8(®)(q;e) is maximal. We can X[S2(q;6)~ AL} 2.4
write®%° ’ ¢ ' '
The parameteu ensures that the number A{B) atoms in
the alloy is conserved.
:c(l—c)[S(z)(qmax;e)—Ac(e)] Within the SPR-KKR-CPA scheme, if we neglect charge
¢ Kg ' rearrangement  effects arising from compositional
fluctuations® we obtain the following expression f&7)(e)
The free energy for the disordered phase which is consisteritom the Lloyd formul&® for the integrated density of states
with this description of ASRO can also be written dé@n  in Eq. (2.1):
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SP(e)= ——f de f(e,v) Tr| {X"(e)— XB(e)}

X >, riMer"e)rMi(e)|, (2.5
m#j

where
XA (e)=[{tam (&) —t; *(e)} 1+ %Ye)] *

and

MK(e)= 8, {X (e) - XB(e)}

-XAe) >,

m# |

M@K e) FMi(e)XB(e).

Heret,g)(€) andt.(€) are thet matrices for electronic scat-
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that the electronic structure around the Fermi level is some-
times the driving force behind unusual compositional order-
ing in some alloys*°®

B. Magnetocrystalline anisotropy

The MAE of a compositionally disordered ferromagnetic
alloy in the presence of ASRO can be evaluated from Eq.
(2.9), A Fyae= F(e)) — F(ey). This difference is small com-
pared to the magnitude of and can be written approxi-
mately as

AFune=~[Q({c;

1 1 Jd/ /T.
" 26 Vay q'a(q’,T;e)

X[S®(q';e)—SP(a';e)].

=che) - Q({ci=c};e)]

tering from sites occupied b4(B) atoms and CPA effective The flrst term describes the MAE of a randomly disordered

potentials respectively, and"/(e) are the path operator ma- alloy,%°

Kcpa(€), with the ASRO effects contained in the

trices for the CPA effective medium in real space obtainedsecond term. When the alloy has significant ASRO

by a lattice Fourier transform of(k;e), where

m(k;e)=[ts (®—g(k)] %,

g(k) being the KKR structure constants mattfxNow tak-
ing the lattice Fourier transform of E.5), we get

Im [
S@)(qg;e)=— ?J de f(e,v)

>

Lilolal,

X (@@ (a8,

[{(XAe) - XP(e)}L,L,
(2.6
where

ML, (9:8) = {XA(e) = XB(e)} 1,

-

L3lalsle

XXP (O, (a:9)],

[Xt\lLs(e) Itgit,L,(0:€)

and

1
IL5L3;L4L6(q:e)=V—f dk 7 (k+ag;e)m . (K;e)

(2.7

_TL L (e)TL4|_ (e).

Experimentally, the instability of the disordered phase to or-

a(q,T;e) is a structured function af with peaks located at
Omax,» Wave vectors of the concentration waves which char-
acterize the ordered phase the alloy can form at low tempera-
tures at equilibrium. Now the second term becomes
~— %C(l_ C)[S(z)(qmax;el) - S(z)(qmax;ez)]-

The MAE of alloys with long-ranged order can also be
estimated from calculations &?)(qg,e) as we now show.
For an inhomogeneous alloy the MAE can be characterized
by the change in the electronic grand-potential arising from
the change in the magnetization direction. Thus

K({ci)) =Q({ci};e) —Q({ci}; &),

wheree,; and e, are two magnetization directions. We as-
sume that the double-counting correctiélyc({ci};€) is
generally unaffected by the change in the magnetization di-
rection, and therefore, only the first two terms of E2.1)
contribute to the MAE,

Kol =(n=r)Z- | de f(emNeeie

+ [ de temaNal e,

where v, and v, are the chemical potentials of the system

when the magnetization is alomeg ande, directions, respec-

tively. The change in the chemical potential originates from

a redistribution of the occupied energy bands in the Brillouin

zone in the event of a change of magnetization direction. A

Taylor expansion off(e,v,) aboutv; and some algebra
eads to

dering can be observed in diffuse electron, x-ray, or neutro
scattering experiments. The experimentally measured inten- w
sities are proportional to the ASRO parameter. In previous K({ci}):f de f(e,v)[N({ci},e;e1) —N({ci},e;6)]
work, the ASRO parameter(q,T) and ordering temperature -

T. have been calculated for many alloys, both nonmagnetic
and ferromagnetic, and compared with diffuse x-ray and neu-
tron scattering dat&:>® However, in those studies, relativis- Note that the effect of the small change in the chemical po-
tic effects were largely ignored. These studies have revealemntial onK({c;}) is of second order ini; — v,), and can be

+ O(Vl_ V2)2.
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shown to be very small compared to the first téfriVe now
expandK ({c;}) aroundKcpa(c), the MAE of the homoge-
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TABLE I. Direct correlation functionSt®(q;[001]) for differ-
ent q vectors for Cg,sPt 75 and Fg:Coy 5 alloys (the respective

neously disordered allog.B; ., ordered structures are shown in Fig. 1

5 aK{ch) Alloy q Structure  S?(qg;[001]) (eV) T, (K)
K{c})=K o)+, ——— OC;
({eh)=Kepd )+ 2 9 lgg (100 L1, 0.43 935
. 2K(lo) ' (010 L1, 0.43 935
o> 5¢; 8¢, +0(8c)s.
2 7% acick |1 g 7%k (311 0.22
It is clear from Eq.(2.8) that we are considering only the (100 B2 0.44 1286
effects of two-site correlations on the electronic grand potenge,Co,,  (001) B2 0.44 1286
tial and MAE. However, in principle it is possible to include (111 B2 0.44 1286
higher order correlations, but computationally it will be (110) 0.02
prohibitive. 22
Within the SPR-KKR-CPA scheme, a formula for
Kcpa(C) is obtained by using the Lloyd formfafor the 1
integrated density of states, K(q)=Kepa(C) + §|cq|2K(2)(q), (2.10
Im (= 1 wher
Kepa(€)=——| def(e,r) Vo, dk ere
K@O(q)=-[S(qie)-Sgie)].  (2.1D)

X1 +{ts H(ex) —tc e} r(k;ey)||

+c(In|DA(ey)||— In[|[DA(ey) )+ (1—c) Equation(2.10 thus shows a direct relationship between

the type of compositional modulation and the MAE. Also, by

B B B 2 calculatingS?)(q;e) for different q vectors, while keeping
X (IN|D(ey) [ = In[DZ(ey)[) |+ O(v1=v2)%, the magnetic field and magnetization direction fixed, one can
2.9 study the effect of an applied magnetic field on the compo-

sitional modulation of a solid solution, and thus can describe
the phenomenon of magnetic annealing. In this casegthe
vector for which S®)(q;e) is maximal will represent the
compositional modulation induced in the alloy when it is
annealed in the magnetic field.

Note that Eq.(2.9) is the finite temperature version of the  The technical and computational details are discussed in
expression of MAE of disordered alloys given in Ref. 39. Refs. 36 and 39. The convolution integral given by E2j7)
Now, the variation of the MAE with respect to the change inis evaluated using the adaptive grid metffoith a relative

the concentration variables is accuracye= 10", which means that the values 8¥)(q;e)
andK(q) are accurate to within 0.4eV.

where

DAB) (@) =[1+ 7% e){tai(e) —t; (&)} ™

dK({ci})
Jc

Im (=
=—— de f(e,
i =g wf,m efe.v1) ll. RESULTS AND DISCUSSION
I

A. CosPtsg and Co,sPty5 alloys

We have studied G®t;_. alloys for c=0.5 and 0.25.
The results for CgsPty 5 alloy were presented in our previ-
Qus publicatiors® where we showed that compositional order
enhances the MAE by some two orders of magnitude. In
particular, our calculated value of the MAE of thd, or-
dered structur€s8.6 ueV) is comparable to the experimental
value“*~1%(~130 ueV) as well as to the calculated value of
the L1,-ordered tetragonal CoPt all3y Also, we predicted
that the[111]-layeredL 1, structure will have a larger MAE
than that of aL1, ordered structure. This is confirmed by
whereS{?)(e;(,)) are the Ornstein-Zemike direct correlation recent experimenf&®® Recent first-principles theoretical
functions” when the magnetization is alorg,,. Now tak-  calculation$®’* of the MAE of superstructures of CoPt on
ing the Fourier transform of E2.8), we get the MAE of the  Pt001) and P¢111) substrates also are in agreement with our
compositionally modulated alloy with wave vectgy results.

X[In|D*(ey) |~ InD(ey)l|
—In|DA(ey) | +In[DB(e) 1,

which is independent of the site index and so the second ter
in Eq. (2.8) vanishes if the number && andB atoms in the
alloy is to be conserved;éc;=0). Also, we have

PK{ci})

=_rg@ —g2)
3¢, ¢, =—[Si’(e) =S’ (&) ],

{ci=c}
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60 T T T 1 I

TABLE II. Magnetocrystalline anisotropy enerd§(q) for sev-
eral compositionally modulated gaPt, ;5 alloys characterized by
different g vectors(the respective ordered structures are shown in
Fig. 1). HereK(q) are calculated with respect to the reference sys-
tem which has the magnetization along f8€1] direction (i.e., e;

50

>
[«5]
=
:;Tj
E
o=
=[001]) of the crystal. Thus, wheK(q) <0 the easy axis is along &i 40
[001] and whenK(qg)>0 the easy axis is alongp. =
£ 30
q Structure K(q) (neV) Easy E
e,=[111] e,=[100] axis <
o 20
(100) [100-Layered —29.0 —-83.6 [001] =
(010 [010]-Layered —29.0 0.0 Z 10
(001 [001]-Layered 54.6 83.6 [100] g
(100),(010),(001) L1, -34 0.0 [001] 2
(120) 54.0 0.0 [111] ién
(10%) -98.6  —152.5 [001] < 10 , , , , ,
097 098 099 1 101 1.02 1.03
The results for Cg,P1 75 are presented in Tables | and c/a Ratio

1. Our calculated value 08)(q) has maxima fog=(100), . , ,
(010, and (001 implying that aL1, ordered structure is FIG. 2. Magnetocrystalllne anisotropy ener@yiAE) of disor-
favored with a transition temperature of 935 K in excellentdéred volume-conserving face-centered tetragtiodlCop :P s al-
agreement with the experimental value of 960Ref. 72. 0¥ as a function of the/a ratio.
Note that, a combination of three wave vectqggs=(100),
0,=(010), andyz;=(001) generates the isotrofdid, order-  Co, Pty 5 alloy as a function of the/a ratio. The results are
ing, while a single wave vector, for examptp,=(001) gen-  presented in Fig. 2. We point out that in these calculations
erates a layered structure with directional compositional orwe have used the atomic-sphere approximation for the
dering along the[001] direction. This is a superstructure single-site potentials and that the potentials and the Fermi
consisting of alternating monolayers of pure Pt andenergy are those of the disordered fcg;@Rt, 5 alloy. To
Coy Pl 5, as depicted in Fig. 1. In this structure, therefore,estimate the magnitude of the effect of tetragonalization we
there are no out-of-plane Co-Co bonds, only in-plane Co-Cdave “frozen” these potentials as th&a ratio has been
bonds which can produce in-plane Co-Co nearest neighbaltered. We observe that the MAE is a monotonically de-
pairs. We find that for this structure the MAE is quite large creasing function of the/a ratio, and that it is positive for
(~84 weV). In a recent experimeri,it was found that the c/a<1.0 and negative foc/a>1.0. This is consistent with
[001]-textured thick films of Cg,s 1 75 alloy deposited at  the experimental observations that the magnetostriction con-
670 K do have this type of structure, i.e., there are stacks aftant,A 4o, is positivé?”3for the disordered GoPt, s alloy,
Pt and CgsPt s monolayers perpendicular to tfi601] di-  because, as shown by, e.g., Freeraanl.’4, Ay, is propor-
rection, and these films exhibit PMA. It should be empha-tional to the rate of change of MAE with respect to ttia
sized, however, for the perfettl, structure, where all the ratio with opposite sigrinote that, there is a sign difference
three wave vectors, namelg; =(100), g,=(010), andqg, in our definition of MAE and that of Freemaet al). There-
=(001) contribute, the MAE is very small, comparable tofore, our results are in qualitative agreement with the experi-
that of the disordered alloy. We are not aware of any experimental observations. The MAE at the experimental value of
mental results on the bulk ordered 3Pt 75 system. How-  c¢/a (0.98 is about 25ueV which is less than 20% of the
ever, it is reported thafll1]-textured thick films grown experimentally observed MAE. Most importantly, the sign of
around 690 K having anisotropic compositional order exhibitMAE for a tetragonally distorted compositionally disordered
large uniaxial anisotrop$i*>** whereas films deposited Ca, 5Pty s with this value ofc/a is positive which means that
around 800 K with &_1,-type isotropic chemical order ex- the magnetic easy axis is not along th@01] direction
hibit no anisotropy. These observations are clearly in goodc-axis) in direct contradiction to the experimental observa-
agreement with our results. tions. Consequently, we conclude that in the ordered alloys
It is well known that disordered fcc-GgPt s undergoes a  of Co and Pt lattice distortion is not the major factor in
phase transformation into a CuAu-typé, ordered tetrago- enhancing the MAE rather it is the compositional order
nal structuré*®® with a c/a ratio of 0.98 and Cg,Pt75s  Which is primarily responsible for the large MAE.
orders into a CyAu-type L1, cubic structuré? Thus, in
CoysPty5, there is a tetragonalization of the lattice which B F I
also lowers the symmetry and contributes to MAE enhance- - F&5C0o 5 alloy
ment, whereas in Ga Pt 75 there is no such additional ef- FeCo alloys exhibit high saturation magnetizations, low
fect, owing to the lattice remaining cubic even in the orderednagnetocrystalline anisotropies, and high Curie tempera-
phase. With this in mind we have calculated the MAE oftures, and therefore are potential candidates for high tem-
disordered volume-conserving face-centered-tetragonalerature magnets in such applications as rotors in electric
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TABLE lll. Magnetocrystalline anisotropy enerd§(q) for sev- 5 . T T . T
eral compositionally modulated F€Cq, 5 alloys characterized by
different g vectors(the respective ordered structures are shown in
Fig. 1). HereK(q) are calculated with respect to the reference sys-
tem which has the magnetization along f8@1] direction (i.e., e;
=[001]) of the crystal. Thus, wheK(q) <0 the easy axis is along
[001] and whenK(qg) >0 the easy axis is along.

Magnetocrystalline Anisotropy Energy (ueV)

q Structure K(q) (neV) Easy axis .
e,=[11]] e,=[100]
(100 B2 -0.2 0.0 [001] T i
(007 B2 -0.2 0.0 [001] 2k i
(112 B2 -0.2 0.0 [001]
(320 12.0 [111] 2t
(—330) -94.6 [001] B e
087 0.98 099 1 m 1.02 .03
(%0%) 74.8 [1171]
1A1 —
(—303) 31.9 [001] ¢/a Ratio

; ; 5,76 : ) FIG. 3. Magnetocrystalline anisotropy ener@AE) of disor-
aircraft engine$>’® The bcc disordered feCay s alloy un dered volume-conserving body-centered tetragéha) Fe, (Cop «

dergoes a phase transition to an ordeBsl structuré®4® o as a function of the/a ratio
below 1000 K, and both the ordered as well as the disorderei‘il y :

phases have a very low magnetocrystalline anisotropy but ) o
somewhat large magnetostrictiéh'® The experimental We have also studied the effect of tetragonalization of the

valug® of the MAE [E(001)—E(111)] for the disordered lattice on the MAE of the disordered F¢C0y s alloy. The
phase is less than 1,0eV per atom with the easy axis is calculations are similar to those for the {581 5 alloy dis-
along the[111] direction of the crystal and for thB2 or-  cussed in the previous section. We show the MAE as a func-
dered phase the MAE is almost zero. Our results are summaon of the c/a ratio in Fig. 3. In this case we observe that
rized in Tables | and Ill. Our calculated value of the order-lattice distortion enhances the MAE slightly. The slope of
disorder transition temperatu(@286 K) is comparable to the the MAE versus th&/a ratio curve is negative implying that
experimental value of 1000 K. The agreement is quite goodhe alloy has a positive magnetostriction constant consistent
considering that ours is a mean-field approach. Also there iwith the experimental observatioffsAssuming the total en-
good agreement between the calculated value of MAE of thergy of the system to be a quadratic functionsefc/a—1,
disordered phaseK(pp=0.3 ueV) and the experimental the tetragonal distortion, i.eE=Ey+as+bés?, it can be
value (it is difficult to compare the absolute values of the showr{* that the magnetostriction constant is proportional to
theoretical and experimental values of MAE, because, thosthe ratio of thes-rate of change of MAE to the elastic con-
are of the order of 0.JueV, which is the accuracy of our stantb. Evidently the fairly moderate value of the former
calculations. Nevertheless, we predict the correct easy axidndicates that the large linear magnetostriction of this alloy
for the disordered phase. For thi&, ordered phase, the must be linked directly to the softness of the latter. We note
K®@)(q) [for q=(100), (010), (001, and (111)] is negative that the average number of valence electrons per atom in this
while the absolute value is comparablekgp,. Therefore, alloy is close to that in the famous NiFe invar alloys and
the MAE of the B, phase is even smaller than that of the consequently we are planning a studybcds a function ot
disordered phase, in good agreement with experiment. Herfer Fe.Co, .. alloys.

again, we emphasize the role of symmetry and layer stacking Another soft magnetic alloy, permalloy NisFe, ,5 orders

in the determination of the easy magnetization axis. Noténto aL 1, structuré’ below 820 K in which phase it retains
that g=(100), g=(010), g=(001), as well a;y=(111), its soft magnetic properties. However at this stoichiometry
generate the sam®2 structure, unlike the case in a fcc lat- when annealed in a magnetic field, this alloy can develop a
tice. Our calculation does show that the results are also idersignificant uniaxial magnetic anisotropy depending on the
tical. This is an indicator of the accuracy and robustness oflirection of the applied field with respect to the crystallo-
our computational procedure. Since tBe structure, unlike graphic axe$%?! This phenomenon can be interpreted in
the L1, structure in the fcc lattice, has cubic symmetry, theterms of the creation of directional chemical order in the
ordering in this case does not enhance the magnitude of theaterial®®4® A recent study based on magneto-optic Kerr
MAE. The easy axis for this structure seems to be along oneffect measuremerftsalso reveals that magnetic annealing
of the [100] axes. We have also calculated the MAE for can induce uniaxial anisotropy. Previous studies based on
some hypothetical structures shown in Fig. 1. These strucronrelativistic electronic structure calculatiéhand Monte
tures do not seem to be layered structures, however, tharlo simulation®’ have shown that in this system composi-
MAE of some of these structures is some two orders of magtional and magnetic ordering have a large influence on each
nitude larger than the equilibrium ordered structure as welbther. However, to describe magnetic annealing a fully rela-
as the disordered phase. tivistic treatment is needed. In Ref. 36, we produced the first
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guantitative description of magnetic annealing framinitio 2.0 T . T .
electronic structure calculations in \Ni&, 5. We found =
that ordering is favored along the direction of the applied =
field. =,

.. 10

W
IV. ELECTRONIC ORIGIN OF MAGNETIC ANISOTROPY \g"; 0.5

In elemental solids and the disordered alloys the MAE E o b

originates from a redistribution of electronic states around C
the Fermi level caused by the change in the magnetization £ o5} .
direction® The electronic structure of the disordered phase <
around the Fermi level is also partly responsible for the ten- —_ 10F .
dency to compositional order in some allo}$® We expect 3
therefore that the enhancement of MAE in the composition- I il
ally modulated alloys is also related to this aspect of the 20 i , . ,
disordered phase’s electronic structure and demonstrate it in “o 0.1 0.2 0.3 0.4 0.5

this section.
First we consider the electronic mechanism underlying

the composnpnal ordgnng tendency. As presented in Table FIG. 4. Real part of(q,=,[001]), as given by Eq(4.1), for
[, our calculation predictt 1,-type order in CgsPty 5 which B ull 111y dashed [ 1) (short-dashed
is in excellent agreement with experiment. The quantit Iir;e()l(;?:d( (l(J)ool)n(ed)ét(té : zliLéoa;géorisplzx elrrir(glig_z)a(ks)n(;rtt-h:?mZgi

(2)( y- ; ; , -
S™(a;e) given by Eq.(2.6) can be rewritten as nary axis perpendicular to the Fermi level for disordered £6 5
alloy.

Imaginary Part of Energy (Ry)

S®(a;e)=— Imf de f(s,1)F(q,¢;8),

T J e In Fig. 5 we show a plot ofAF(q,e) with e, =[001] and
e,=[111] calculated for energies along the imaginary axis
perpendicular to the Fermi level far vectors(000), (001),
(333) and (1G). The area under these curves is indicative
of the magnitude oK (?)(q) for theseq vectors. The striking
feature is that, unlike Fig. 4, the principal contributions for
X ,_2,_3;|_4|_1(q;e))\,_sl_4(q;e)]. (4.3) mostq vectors are near the real axis indicating that the Fermi
surface plays the dominant role in the enhancement of the
MAE as well as the direction of easy magnetization. This can
be illustrated more convincingly if one calculatas(q,¢)

where

Fla,ei00= 2 [{XAe)-X%(e)} L,

L1lolaly

S®@)(q) is an integrated quantity and can also be written in
terms of a suffl over Matsubara frequencié%,w,=(2n

+ 1)7TkBT,
0.08 T T T T T
S®(a;e)=2ks T, REF(q,v+iwy;e)]. a=(i0)
n . 0.06 |- a=(001) —--——---- T
In Fig. 4 we show a plot of(q,e;[001]) calculated for ‘L 004 “f(iii) __________________ o
energies along the imaginary axis perpendicular to the Fermi E', -
level for q vectors(000), (001), (333) and (1G). The area 2 o0z _ i
under these curves is indicative of the strength of - 0 BT
S®@)(q;[001]) for theseq vectors and is obviously greatest S
for q=(100. g oo2r s T
Now we discuss the interplay between MAE and compo- ‘f 0.08 |/ ]
sitional order. Again, the quantitK(®(q) given by Eq. — |
(2.17) is an integrated quantity which can be written as a T 00s H .
sum of contributions evaluated at the Matsubara s i
frequencie$! eeF ]
Im (= 0 002 004 006 008 010 0.12
K(Z)(Q):?f wdfﬁ f(e,v)AF(q,e) Imaginary Part of Energy (Ry)

FIG. 5. Real part oAF(q,e), as defined in Eq(4.3), with e,
= —2kBTE RAF(q,v+iw,)], (4.2 =[001] ande,=[111] for g=(100 (full line), (001 (long-dashed
: line), (333) (short-dashed ling and(000) (dotted line at complex
where energies along the imaginary axis perpendicular to the Fermi level
for Coy 5Pty 5 alloy. Note the different scales on thkeandy axes of

AF(q,e)=F(q,e;6;)—F(q,e;8). (4.3} this figure and Fig. 4.
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0.002 ' ' ' 30 which is related toS5®)(q;[001]) for q=(001) for the same

energieqright-hand scale We note that, these two quanti-

0.001 ties peak near the Fermi energy, i.e., when the imaginary part

of the energy is very small. This is an indication that this
process is also governed by the electrons near the Fermi

surface.
-0.001

-0.002 V. CONCLUSIONS

Real Part of AF(q,¢)

-0.003

Real Part of F'(q,¢;[001])

We have presented the details of @l initio theory of
0004 , S , o the connection between magnetocrystalline anisotropy of fer-
0 0.05 01 0.15 02 romagnetic alloys and compositional order within the SPR-
Imaginary Part of Energy (Ry) KKR-CPA scheme. This theory has been applied to 'fcc-
Co.Pt;_. alloys. We found that when cooled from a high
FIG. 6. Real part ofAF(q,e) as defined in Eq(4.3) with e, temperature, fcc-G@Pt s tends to order into anLlg
=[001] and e,=[100] (full line, left scalg and real part of layered-ordered structure around 1360 K and fcg-Jet, ;5
F(q,e;[001]), as defined in Eq(4.1) for q=(001) (dashed line, tends to order into_1, structure around 935 K, in good
right scalg at complex energies along the imaginary axis perpen-agreement with experimental observations. Also, we found
dicular to the Fermi level for Nizse 55 alloy. that in L1, ordered CoPt the magnitude of the MAE is en-
hanced with thd111]-stacked CuPt-likd-1, structure hav-
ing the largest MAE. By examining the dependence of the
R/IAE upon lattice tetragonalization we have been able to
confirm that the MAE enhancement in the ordered alloy is

for a range of energies just above the real axis. But sinc
calculation ofAF(q,¢) for energies close to real axis is ex-
tremely demandind® we continue analytically the values of ~> """ .
AF(q,e) for complex energies to the energies just above th@rimarily due to_ compositional factors. In thel, ord_ered_
real axis. In order to achieve this, we first fit our data to aCOPt the MAE is very small comparable to that of its dis-
rational function, ordered counterpart. However, in case of directional ordering

along any of th¢100], [010] or [001] directions the MAE is
greatly enhanced. By analyzing the electronic structure of the

M2 ‘ disordered alloys near the Fermi energy we have found that
1+ gl adq)e the Fermi surface plays the dominant role in the enhance-
AF(q,e)=U(qQ)—y———. ment of MAE. We have also carried out a study of the MAE

of another alloy bcc-RgCosy and have shown the MAE of
this magnetically soft alloy to be little affected by both
compositional order and lattice distortion. Finally within
The choice of the rational function ensures thatthe same theoretical framework we explain the appearance

lim, ..AF(q,s)~1/s? as indicated by Eq$2.6), (2.7), and of directional chemical order in another magnetically

(2.11). We find that very good fits are obtained with reason-s’o‘ct aIIo_y, permalloy, ’\5-75':90-25 when it is annealed in
ably small M. We have calculated the imaginary part of an applied magnetic field and linked that also to the

AF(q,e) for real energies by the above procedure, and fin lloy’s Ferm_l S“rf*’?‘ce- As a last remark, We.l.OOk forward to
111 uture work in which the effects of compositional structure

that except forq=(3323) which has a long tail extending 416 fylly incorporated into micromagnetic modeling of

beyond 0.1 Ry below the Fermi energy, most of the contriyransition metallic materials viab initio electronic structure
butions to MAE come from electrons in a very narrow regionajculations.

below the Fermi energy. This corroborates the above idea
that the electrons around the Fermi surface play a major role
in the enhancement of the MAE as well as the direction of
easy magnetization.

Now we discuss the electronic origin of magnetic anneal- We thank B. L. Gyorffy and G. A. Gehring for helpful
ing effect in Np,dFe&,5 alloy. The difference between discussions. This research was supported by the Engineering
S@)(qg;[001]) and S®)(q;[100]) for different q vectors is and Physical Sciences Research CourftiK), National
quite small; it is large enough to be observed by diffuseScience FoundatiofUSA), and the Training and Mobility
x-ray, electron, and neutron scattering experiments. Becaus# Researchers Network on “Electronic structure calculation
of the small difference in these quantities, in Fig. 6 we plotof materials properties and processes for industry and
the real part ofAF(q,e) which is related to the difference basic sciences.” We also thank the Computing Services for
betweenS®)(q;[001]) and S®)(q;[100]) for q=(001) for ~ Academic ResearciCSAR) at Manchester University as
energies along the imaginary axis perpendicular to theoart of the calculations were performed on their Cray T3E
Fermi level (left-hand scale We also plotF(q,e;[001]) machine.

1+k2 by(q)eX
=1
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