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Perpendicular magnetic anisotropy of binary alloys: A total-energy calculation

I. Galanakis, M. Alouani, and H. Dreysse´
IPCMS-GEMME, UMR CNRS-ULP 7504, 23, rue du Loess, F-67037 Strasbourg Cedex, France

~Received 20 December 1999; revised manuscript received 14 January 2000!

Using the state-of-the-art relativistic full-potential version of the linear-muffin-tin orbital method we have
performedab initio calculations to study the magnetic properties of eight transition-metal binary alloys~FePt,
CoPt, FePd, FeAu, MnPt3 , CoPt3 , VAu4, and MnAu4). Both the local-spin-density approximation~LSDA!
and the generalized gradient approximation~GGA! to the exchange-correlation potential are used in the
computation. The resulting spin and orbital magnetic moments of both approximations are similar and agree
nicely with experiment, however, different values are found for the magnetocrystalline anisotropy energy
~MCA!, especially for MnPt3 , CoPt3, and MnAu4. For all the other alloys the difference between the MCA
values calculated within LSDA and GGA is less than 1 meV. The volume shape anisotropy is found to be
important for the FePd and MnPt3 thick films, while it is negligible for the other binary alloys.
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I. INTRODUCTION

Magnetic films with strong perpendicular magnetic a
isotropy ~PMA! are greatly attractive and promising fo
magneto-optical recording devices. Recently, a numbe
chemically ordered binaryd-metal layered systems with pe
pendicular magnetization have been elaborated.1

The interpretation of the magnetic anisotropy ene
~MAE! is a difficult task because it involves a small chan
in the total energy of the order of themeV to the meV at the
most, and it was shown2 that not only states in the vicinity o
the Fermi surface contribute to the MAE, but states far aw
make an equally important contribution. In the case of fil
the calculation of the MAE is an even more difficult task d
to the low dimensionality. In 1988, Draaisma and de Lon
described the MAE of one-element unsupported film mak
use of its structure but did not take into account physi
effects like the interlayer interaction.3 For enough thick films
we can consider that the MAE does not depend on the s
strate and the film has the same properties with an un
ported film with the same lattice parameters.

The early phenomenological model of Ne´el4 for analyzing
the MAE of magnetic films is still widely applied to interpre
experimental data. In this model three major contributio
are taken into account:~1! the magnetocrystalline anisotrop
~MCA! arising principally from the spin-orbit interaction
which is a bulk property, the contribution of the magne
dipole interactions to MCA is negligible;5 ~2! the volume
shape anisotropy~VSA! due to magnetic dipole interaction
that favors always an in-plane orientation of the magnet
tion axis, and~3! the so-called magnetosurface anisotro
~MSA! due to the low dimension of the surface geometry
which both spin-orbit coupling and dipole-dipole interactio
contribute. The MSA decreases with the thickness of the fi
and for a film that is thick enough it is negligible compar
to MCA. On the other hand the MCA for 3d ferromagnets is
of the order ofmeV while for binary alloys it is of the orde
of meV. For binary alloys presenting PMA, the MCA
much larger than VSA and so the MAE of these films can
more suitable described using bulk calculations.

In addition, the disorder might also affect the MCA r
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sults as was shown by Razeeet al. in the case of the
Co12xPtx compounds using a fully-relativistic version of th
Korringa-Kohn-Rostocker method in conjunction with th
coherent potential approximation.6 For the disordered
Co12xPtx fcc compound the easy magnetization axis is alo
the @111# direction for all Pt concentrations and the calc
lated MCA decreases with temperature.6,7 It was also shown
that different ordering can change both the value of the M
and the direction of the easy magnetization axis.8 They com-
pared their results on the MCA for the Ni12xPtx compound
up to 25% concentration of Pt atoms with available expe
ments and showed that the calculated MCA follows the
havior of the experimental data.7 Finally it is worth mention-
ing that the calculated MCA atT50 K in the case of the
disordered fcc CoPt is only 3.0meV,6 three orders of mag-
nitudes smaller than both the calculated and the experime
MCA in the case of the ordered CoPt alloy.9 The large MCA
in the case of the ordered compound is due to the comb
effect of the tetragonalization and atomic ordering.

Bruno formulated a relation that connects the orbital m
ment anisotropy to the MCA in the case of the 3d transition
metals.10 This approach becomes valid only for system
where there are no holes in the spin-up band and the cry
line field parameter is much smaller than the spin-orbit c
pling. Van der Laan generalized this approach to the c
where holes are also present in the spin-up band.11 Neverthe-
less, a relation that strictly relates the MCA, or more gen
ally the MAE, to the orbital moments is not yet develope
and so the discussion for low-dimension systems like fil
or surfaces, is only valid at the qualitative level.

In this contribution we address the question of wheth
electronic structure calculations for bulk materials could
used to describe the magnetic properties of such thick fi
of binary alloys presenting PMA. Our calculation of th
MAE is based on the determination of the total energy, us
a relativistic linear muffin-tin orbital method,12 so that the
spin-orbit coupling originated MCA is implicitly included
Nevertheless, we do not take into account the explicit ma
body interaction of spin magnetic moments13 but this contri-
bution, as mentioned above, has negligible contribution
the MCA. We will use a phenomenological model to es
6475 ©2000 The American Physical Society
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mate the VSA for thick films and compare experimen
MAE results on films with calculated values. We have a
calculated the magnetic moments and especially the an
ropy of the orbital moments, that is intrinsically correlated
the MAE.

To test the sensitivity of the MCA to the different trea
ments of the correlation effects of the Kohn-Sha
equations,14 we have used both the local-spin-density a
proximation~LSDA!15 and the generalized gradient approx
mation~GGA!16 to approximate the exchange-correlation p
tential. To our knowledge, this is the first study that chec
both the LSDA and GGA for the computation of the MCA

II. DETAILS OF THE CALCULATIONS

We studied four systems that crystallize in theL10 struc-
ture ~see Fig. 1!: FePt, FeAu, CoPt, and FePd. In Table I w
have gathered the experimental lattice parameters in Å fo
the systems~Ref. 17 for FePt, Ref. 18 for FeAu, Ref. 9 fo
CoPt, and Refs. 17 and 19 for FePd!. For FePd we performed
calculations using two different sets of lattice paramete
one set obtained by Kampet al.,19 which corresponds to a
film of FePd grown on top of a MgO~001! substrate at 623 K
that we denote as FePd~1!, and second the parameters fou
in the book of Villars and Calvet17 that we denote as
FePd~2!. The second group of systems consists of the Co3
and MnPt3 alloys, which are the only systems of the XP3
family that are collinear ferromagnets.20,21 Figure 1 shows
theL12 structure of CoPt3 and MnPt3; the bravais lattice is a
simple cubic with the X atoms at the corners and the
atoms on the center of the faces. Most of the experime
work done for the XPt3 compounds concerns films grow

FIG. 1. Schematic representation of theL10 andL12 structures.
Note that theL10 along the@001# and the@110# directions and the
L12 structure along the@111# direction can be viewed as consistin
of alternating layers of pure X and Y atoms. TheL10 presents
high-uniaxial anisotropy contrary to theL12.
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along the@111# axis. These samples can present PMA wh
the spin align along the@111# direction. The in-plane@11̄0#
direction in the case of films is equivalent to the@110# direc-
tion in our bulk calculations. The lattice parameters used
our calculations for these two systems are measured
Lange et al.,22 a53.857 Å for CoPt3 and 3.910 Å for
MnPt3. Finally the VAu4 and MnAu4 systems crystallize in
the Ni4Mo crystal structure~see Fig. 2!.23

To compute the magnetic properties of these systems
use the relativistic full-potential linear muffin-tin orbital~FP-
LMTO! method.12 Because of the hybrid nature of the bas
set of this method the space is divided in two regions:~1! the
nonoverlapping muffin-tin spheres centered at each atom
~2! the interstitial region. The muffin-tin potential is deve
oped over the lattice harmonics of the system and the res
the potential is treated using fast Fourier transform. The c
electrons are spin polarized and their electronic states
obtained by solving the Dirac equation at each iteration
the self-consistent loop. Whereas for the valence electr
the Dirac Hamiltonian is expanded in first order of 1/c2 (c
being the speed of light!, so that the total Hamiltonian in
cluding the Darwin and kinetic-energy corrections, as well
the spin-orbit coupling, is solved self-consistently. As sta
in the Introduction, we use both the local-spi
density approximation15 ~LSDA! and the generalized grad
ent approximation16 ~GGA! to the exchange-correlation po
tential of the Kohn-Sham equations.14 The GGA is a rather
new functional and it has not been thoroughly tested
calculating very sensitive properties like the MCA. In th

FIG. 2. The VAu4 and the MnAu4 adopt the Ni4Mo structure.
The vanadium or the manganese atoms occupy the positions
body-centered-tetragonal structure with four gold atoms aro
each one of them. With circles we represent the atoms at thez50
layer and with diamonds thez5c/2 layer. Thec/a ratio is 0.624 for
VAu4 and 0.625 for MnAu4 very close to the ideal one for which
each vanadium or manganese atom would have 12 equidistant
atoms as first neighbors. Notice that among the next-nearest ne
bors only two are vanadium or manganese atoms.
from

7

TABLE I. Structure and experimental lattice parameters for all the studied binary alloys. Values are
Ref. 17 for FePt and FePd~2!, Ref. 9 for CoPt, Ref. 19 for FePd~1!, Ref. 18 for FeAu, and Ref. 22 for CoPt3

and MnPt3. The VAu4 and Mn4 lattice parameters are quoted in the Ref. 43.

VAu4 MnPt3 MnAu4 FePd~1! FePd~2! FePt FeAu CoPt CoPt3

Structure Ni4Mo L12 Ni4Mo L10 L10 L10 L10 L10 L12

a ~Å! 6.382 3.910 6.45 3.89 3.860 3.861 4.08 3.806 3.85
c/a 0.624 1.0 0.625 0.938 0.968 0.981 0.939 0.968 1.0
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paper we compute the MCA in both approximation and co
pare the results with experimental data whenever availab

MCA calculations strongly depend on the number ofk
points for performing the Brillouin-zone~BZ! integration.
The number ofk points needed to converge the value of t
MCA depends strongly on the interplay between the con
butions to the MCA from the Fermi surface and the rema
ing band-structure contribution to the total energy.24 When
the former contribution to the MCA is important, a larg
number of k points is needed to describe accurately
Fermi surface. For the CoPt, FePt, FePd, and FeAu sys
we found that 6750k points in the BZ are enough to con
verge the MCA within 0.01–0.1 meV. For the CoPt3 and
MnPt3 compounds we used 4096k points and for the VAu4
and MnAu4 compounds 1000k points. To perform the inte-
grals over the BZ we use a Gaussian broadening method
convolutes each discrete eigenvalue with a Gaussian func
of width 0.1 eV. This method is known to lead to a fast a
stable convergence of the spin and charge densities c
pared to the standard tetrahedron method.

To develop the potential inside the MT spheres we cal
lated a basis set of lattice harmonics including functions
to l 58 except for the CoPt3 and Mn3 compounds wherel
56 is found to be enough because of the higher symmetr
theL12 structure compared to the other two. To perform t
FFT we used a real-space grid of 16316320 for theL10
compounds, and a grid of 32332332 for all the others. For
the L10 andL12 compounds we used a double set of ba
functions, one set to describe the valence states and on
the unoccupied states. For the valence electrons we us
basis set containing 33s, 33p, and 23d wave functions,
and for the unoccupied states 23s, 23p, and 23d wave
functions. We used five different values for the kinet
energy parameter in the interstitial regionk2 used to calcu-
late the basis wave functions (k2521.5 Ry,20.3 Ry, and
10.5 Ry for the valence electrons andk2520.8 Ry and
10.6 Ry for the unoccupied states!. In the case of MnAu4
and VAu4, we used a basis set with 23s, 23p, and 23d
wave functions (k2520.4 Ry and10.5 Ry) to describe
the valence electrons. We also treated the 5p electrons of Au
and the 3s and 3p electrons of V as semicore using tw
wave functions for each case withk2521.3 Ry and
20.9 Ry.

III. MAGNETIC ANISOTROPY ENERGY

As we have already mentioned the MAE for a thick fil
is the sum between the MCA and the VSA. The MCA
defined as the total-energy difference between the hard
the easy magnetization axis, and is directly calculated fr
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our ab initio results. For theL10 systems the easy axis i
along the@001# direction, the axis of film growth, wherea
the hard axis is along the@100# direction. For theL12 sys-
tems we define the@110# direction to be the hard axis and th
@111# orientation to be the easy one. For VAu4 and MnAu4
we have the same definition as for theL10 systems. A posi-
tive MCA or MAE value means that our calculation favo
the easy magnetization axis. To compare our results w
experiments on films, we have to estimate the VSA using
expression VSA522pMV

2 in cgs units, whereMV is the
mean magnetization density, which can be obtained from
calculated spin magnetic moments.5

In Fig. 3 we present the calculated MAE for a thick-film
structure within both LSDA and GGA and the available e
perimental results, and in Table II we have gathered the
culated MCA and VSA values. We can deduce directly fro
Fig. 3 that both LSDA and GGA produce the same tend
cies as we pass from one system to another. But there
systems like MnPt3 , CoPt3, and MnAu4, where the two
functionals present strong deviations. For all the other bin
alloys, the MCA values calculated within the two approx
mations differ less than 1 meV, but when the values are cl

FIG. 3. XY, XPt3, and Mn~V!Au4 thick films calculated MAE
using both LSDA and GGA, as a sum of the calculated MCA and
the estimated VSA. The easy axis for theL10 structure alloys and
the V(Mn)Au4 is the @001# and for XPt3 the @111#. In the case of
the FePt, CoPt, FeAu, and VAu4 alloys the theory always favors th
perpendicular axis. The other binary alloys show different behav
depending on the type of the approximation to the exchan
correlation potential. The experimental MAE results obtained
Kamp et al. ~Ref. 19! for FePd, by Thieleet al. ~Ref. 31! for FePt,
by Eurin and Pauleve~Ref. 30! and Grangeet al. ~Ref. 9! for CoPt,
and Adachiet al. ~Ref. 50! for VAu4 are presented with diamonds
ept
n axis

7

TABLE II. Estimated VSA and calculated MCA energies for the XYn binary alloys~X5V, Mn, Fe, or
Co, and Y5Pt, Pd, or Au!. In most cases, the VSA contribution to the MAE is smaller than the MCA. Exc
for FePd~1!, VSA does not change the magnetization orientation with respect to the magnetizatio
favored by the MCA.

VAu4 MnPt3 MnAu4 FePd~1! FePd~2! FePt FeAu CoPt CoPt3

VSA 20.01 20.09 20.07 20.13 20.13 20.10 20.10 20.06 20.04
MCA-LSDA 1.78 20.10 0.36 0.06 0.18 3.90 0.25 2.20 0.2
MCA-GGA 1.85 25.41 21.41 20.34 20.61 4.09 1.24 1.92 22.38
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6478 PRB 62I. GALANAKIS, M. ALOUANI, AND H. DREYSSÉ
to zero, as is the case for FePd, it is possible that the LS
and GGA predict a different magnetization axis.

A. FePt and CoPt

FePt and CoPt are the binary alloys that are the m
studied both experimentally and theoretically. Our calcu
tions for them show that the magnetization axis is inde
along the@001# direction and that the GGA and LSDA pro
duce similar results for both systems. For FePt, LSDA p
duced a MCA value of 3.90 meV and GGA a value of 4.
meV. For CoPt, LSDA and GGA produced values of 2.
meV and 1.92 meV, respectively. In Fig. 4 we present
convergence with the number ofk points of all the binary
alloys with theL10 structure and within LSDA. We see tha
6750 points are enough to converge within 0.1 meV.

These results are in good agreement with previousab ini-
tio calculations by Solovyevet al.24 using a real-space
Green’s function technique within the LSDA and treating t
spin-orbit coupling as a perturbation~3.4 meV for FePt and
2.3 meV for CoPt!. However, work by Sakuma25 using the
LMTO method in the atomic sphere approximation~ASA!26

in conjunction with the force theorem27 found slightly
smaller values~2.8 meV for FePt and 1.5 meV for CoPt!.
Daalderopet al. found the values 2 meV for CoPt and 3
meV for FePt in agreement with our results. Oppeneer28 used
the augmented spherical wave method and found 2.8 m
for FePt and 1.0 meV for CoPt. Finally Ravindranet al.29

found, using an earlier version of the code used also by
2.7 meV for FePt and 1.0 meV for CoPt. The value for Co
is in perfect agreement with experimental values but exp
ments are carried out at room temperature. So theory sh
predict much larger values as is the case for our results.
discrepancy between the two calculations possibly ar
from the basis set used in the calculations~Ravindranet al.
used only 8 basis wave functions contrary to 14 in our c
culations!.

Our PMA values for CoPt are compared with the expe
mental results at ambient temperature of Eurin and Paule30

FIG. 4. Convergence of the MCA in meV with respect to t
number ofk points in the Brillouin zone for the fourL10 com-
pounds within LSDA. For FePd we present the result with the str
ture of FePd~2! ~see Table I!. We see that for all of them 6750k
points are enough to converge the MCA. Even for FePd and F
that present small values of MCA, the convergence is within 0
meV.
A

st
-
d

-

e

V

s,
t
i-
ld

he
s

l-

-

~1.3 meV!, and of Grangeet al.9 ~1.0 meV!. Eurin’s value is
for a monocrystal of CoPt so this value can be directly co
pared to our calculations. Grangeet al.’s experiment is on a
film of CoPt. For CoPt the VSA is20.06 meV, which is
two order of magnitudes smaller than the experimental M
value, and hence it does not influence the magnetization
entation. In agreement with the theoretical finding, the
perimental MAE value for FePt films of 1.76 meV is larg
than the values for CoPt~see Fig. 3!.31 Ivanov et al. found
for FePt a MCA value of 1.2 meV and predicted that VS
would be one order of magnitude smaller than MCA.32 This
is in agreement with our estimated value of VSA for FePt
20.1 meV ~see Table II!. Here again the VSA does no
influence the magnetization orientation.

B. FePd and FeAu

FePd films are known to present different magnetic pr
erties depending on the deposition conditions. We have c
sen to calculate the magnetic properties for lattice parame
corresponding to a film grown by Kampet al. at 623 K,
because it is higly ordered~90% of the atoms were at th
correct site!,19 which we denote as FePd~1! and for the struc-
ture given in the handbook of Villars and Calvet, which
used in all the otherab initio calculations cited in this section
and we denote as FePd~2!.17 In this particular case both th
LSDA and GGA produced about the same MCA values
both systems. The LSDA produced 0.06 meV for FePd~1!
and 0.18 meV for FePd~2!, while GGA produced
20.34 meV and20.61 meV, respectively. Contrary to th
other two compounds with theL10 structure, the LSDA and
GGA MCA values are in disagreement. GGA favors a d
ferent magnetization axis than LSDA. The absolute LSD
values are one order of magnitude smaller than the ones
the XPt compounds.

Previous calculations of Solovyevet al.24 found a MCA
value that varies from 0.1 meV to 0.3 meV depending on
treatment of the spin-orbit coupling in agreement with o
LSDA values of 0.06 and 0.18 meV. Daalderopet al.33 cal-
culated a value of 0.51 meV using the LMTO-ASA in co
junction with the force theorem. Finally Oppeneer found
value of 0.55 meV,28 and Ravindranet al. found a value of
0.15 meV for the same lattice parameters with FePd~2! and
their value is very close to our value of 0.18 meV.29 It is
worth noticing that even methods that calculate total energ
like ours and the one used by Oppeneer produce for F
considerably different results underlining the sensitivity
the MCA not only to the density functional used but to t
details of theab initio method as well. Trends of the MCA
for different systems convey more physics than the abso
values.

Kamp’s MAE experimental value for a FePd thick film o
0.37 meV is larger than our calculated LSDA values. T
VSA for a FePd film is20.13 meV in both cases, so tha
the total MAE for a FePd~1! thick film is 20.07 meV,
within the LSDA and20.47 meV, within the GGA, and
both LSDA and GGA predict the wrong magnetization ax
In the case of FePd~2!, the MAE within the LSDA is 0.05
meV and within the GGA is20.74 meV. The fact that the
LSDA predicts the correct magnetization axis for t
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u
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TABLE III. Calculated spin magnetic moments within both the LSDA and GGA in units ofmB for the
XYn binary alloys~X5V, Mn, Fe, or Co, and Y5Pt, Pd, or Au!. The magnetism on Pt~Pd or Au! site is
induced by the hybridization between the Fe~Co, or Mn! 3d orbitals and the 4d(5d) orbitals of Pd~Pt or
Au!. The vanadium and gold in their bulk forms are paramagnets but their binary alloy is a weak ferr
net. All results except for the VAu4 and FePd agree nicely with the experimental data. The experime
results are taken from Ref. 17 for the FePt, Ref. 9 for the CoPt, Ref. 46 for the CoPt3, Ref. 47 for the MnPt3,
Ref. 19 for the FePd~1!, Ref. 39 for FePd~2!, Ref. 18 for the FeAu, Ref. 50 for the VAu4, and Ref. 51 for
MnAu4.

mspin X-LSDA X-GGA X-Exp Y-LSDA Y-GGA Y-Exp

VAu4 1.67 1.79 1.00 ,0.01 .20.01
MnPt3 3.66 3.78 3.60 0.12 0.12 0.17
MnAu4 3.96 4.04 4.0 0.02 0.02
FePd~1! 2.90 3.02 2.04 0.35 0.36 0.62
FePd~2! 2.96 3.02 0.35 0.34 0.4
FePt 2.88 2.96 2.80 0.33 0.34
FeAu 2.95 3.00 2.75 0.05 0.04
CoPt 1.74 1.83 1.76 0.35 0.37 0.35
CoPt3 1.82 1.89 1.64 0.22 0.24 0.26
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FePd~2! thick film is relevant because the calculated MA
value of 0.05 meV is really small and is very sensitive
thermal effects.

In the case of the artificial alloy FeAu, both LSDA an
GGA produce the same easy magnetization axis, the@001#,
and MCA values of about 0.25 and 1.24 meV, respective
The estimated VSA is20.10 meV and is not enough t
rotate the magnetization axis in-plane. These results a
with the experiments of Takanashiet al.18 that also predicted
the easy axis along the@001# direction. The MAE values for
FeAu are larger than in the case of FePd but remain con
erably smaller than the FePt values.

C. MnPt3 and CoPt3

For the MnPt3 and CoPt3 the situation is more compli
cated than the above binary alloys. The GGA favors
@110# axis and its MCA values are at least one order
magnitude larger than the LSDA values. In particular,
CoPt3 the LSDA slightly favors the@111# axis while for
MnPt3 the @110#. In contrast, the GGA favors the in-plan
axis for both systems. One plausible explanation for th
conflicting results is that the GGA strongly favors one ma
netization axis for all XPt3 materials. The GGA calculation
should not be considered as an improvement over the LS
and only a good comparison with experiment for each s
tem and property justifies its use instead of the LSDA.
seems then that in the case of these two alloys, and in
absence of experimental results, it is hard to justify eithe
the two approximations to the exchange-correlation pot
tial. The only available experimental information34 concerns
CoPt3 films grown along the@111# direction, where PMA is
obtained for a certain range of temperatures. It is then hig
desirable to study the temperature dependence of the M
by extending our theory, which is now restricted toT
50 K. The estimated VSA for these two compounds
20.04 meV for CoPt3 and 20.1 meV for MnPt3. The
CoPt3 VSA is weaker than the MCA values. The MnP3
VSA is comparable to the LSDA MCA value
.
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(20.09 meV). In this latter case the addition of the VSA
the MAE does not change its sign, and the magnetiza
remains in-plane~see Fig. 3!.

D. VAu4 and MnAu4

The VAu4 compound is particularly interesting because
is the first ferromagnet, discovered in the sixties, which c
sists of elements that are paramagnetic in their bulk for
MnAu4 is also known to be a ferromagnet.35 Our LSDA and
GGA calculations show that VAu4 presents a PMA assumin
that the film growth is along the@001# direction, which in-
deed is the highest-symmetric axis. The GGA MCA
slightly larger compared to the LSDA~1.9 meV compared to
1.8 meV!. The estimated VSA for a VAu4 thick film is about
20.01 meV and is negligible compared to the MCA. T
reason for such a weak VSA is that the four gold atoms ca
practically no spin moment so that only the magnetism of
vanadium atom contributes to the average magnetiza
density.

In the case of MnAu4 things are more complex. LSDA
still favors an out-of-plane axis~MCA50.36 meV!, but
GGA favors an in-plane axis with a quite large value
MCA of 21.41 meV. The estimated VSA is20.07 meV,
and so it does not change the magnetization axis neithe
the case of LSDA or GGA.

IV. MAGNETIC MOMENTS

In this section we will present our calculated spin a
orbital magnetic moments. Spin moments are insensi
with respect to the magnetization axis and in Table III w
have gathered the values for all the systems within both
proximations LSDA and GGA together with the experime
tal results. For all systems the LSDA and GGA produ
similar results, so both functionals describe the spin m
netic moments with the same accuracy. The most impor
part of this section is the orbital moments because their
isotropy with respect to the magnetization axis is direc
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TABLE IV. Orbital moments for both magnetization axis for all the binary alloys that crystallize in
L10 structure. In all cases LSDA and GGA produce similar results, and hence the discrepancy in the
values whenever it occurs cannot be explained in terms of a different estimation of the orbital m
anisotropy between the two functionals. We also remark that the Pt, Pd, and Au atoms, although the
spin moment compared to Fe and Co, present comparable orbital moments, principally due to the
spin-orbit coupling.

morb FePd~1! FePd~2! FePt FeAu CoPt

X-LSDA @001# 0.07 0.07 0.07 0.07 0.11
X-GGA @000# 0.07 0.07 0.07 0.06 0.09
X-LSDA @100# 0.06 0.07 0.07 0.05 0.06
X-GGA @100# 0.06 0.06 0.07 0.05 0.07
Y-LSDA @001# 0.03 0.03 0.05 0.03 0.06
Y-GGA @001# 0.03 0.03 0.05 0.03 0.06
Y-LSDA @100# 0.03 0.03 0.05 0.04 0.08
Y-GGA @100# 0.03 0.03 0.06 0.04 0.07
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correlated to the MCA. In the part that follows we wi
present our results for each studied system.

A. FePt and CoPt

Iron based alloys are strong ferromagnets and this is
flected on much higher spin magnetic moments compare
Co based alloys, as can be seen in Table III. The hybrid
tion between Fe 3d orbitals and Pt 5d orbitals is much
weaker than in the Co compounds leading to a smalle
induced spin magnetic moment in FePt. For the 3d ferro-
magnets, the GGA is known to produce more atomicl
description compared to the LSDA, and as a consequenc
resulting magnetic moments are slightly larger~see Table
III !. Nevertheless, we found it surprising that the GGA
spin moments are slightly larger than the correspond
LSDA values. It seems that the 3d ferromagnetic momen
increase leads to a stronger spin polarization of the Ptd
electrons, in spite of the decreasing hybridization caused
a more atomiclike description of the 3d metal.

Our calculated magnetic moments are in excellent ag
ment with previous calculations using the LSDA b
Sakuma,25 Solovyev et al.,24 Daalderop et al.,33 Osterloh
et al.,36 and by Kootteet al.37 for FePt and CoPt compound
By comparing our results to the available experimental v
ues by Villars and Calvet for FePt17 and by Grangeet al.9

and Laar38 for CoPt we see that both GGA and LSDA d
scribe accurately the spin moments. It is however expec
that a mean-field theory should overestimate slightly the
perimental spin moments due to the neglect of spin fluct
tions caused by thermal vectors and because the meas
moments are the projections of the total spin moments on
magnetization axis.

In Table IV we have gathered the orbital moments for
the L10 type binary alloys within both approximations an
for both the hard and easy magnetization axis. The orb
moment anisotropy is more important in the case of cob
than in the case of Fe in FePt. The LSDA cobalt orbi
moment changes by 0.048mB and the GGA moment by
0.027 mB as we pass from the easy axis@001# to the hard
axis @100#. The LSDA iron moment changes by 0.002mB
and the GGA moment is the same for the two high-symme
directions. We see that the GGA produces larger mome
e-
to
a-

t

e
the

t
g

y

e-

l-

d
-
-

red
e

l

al
lt
l

y
ts

than the LSDA for platinum in FePt contrary to CoPt. Th
platinum moments are in general smaller than the mome
of the 3d ferromagnets, and the difference between the v
ues calculated within LSDA and GGA are small. The abs
lute values for platinum are comparable to cobalt~iron! or-
bital moments even though the spin moments on platin
are one order of magnitude smaller than for cobalt~iron!. The
large orbital moments for platinum are due to a much lar
spin-orbit coupling for thed electrons of the platinum com
pared to the 3d ferromagnets.

The orbital moments of FePt and CoPt have been pr
ously calculated by Oppeneer28 for both magnetization axis
and by Daalderop and collaborators33 and Solovyev and
collaborators24 for the @001# direction using the LSDA. The
L10 structure is close packed and we expect the ASA
perform as well as our full-potential method. Oppeneer u
the LMTO-ASA method and found values slightly larg
than ours but the orbital moment anisotropy is similar to o
for both FePt and CoPt compounds. The orbital momen
the cobalt site was found to be 0.12mB by Daalderop and
0.09 mB by Solovyev. The value of Daalderop is closer
our LSDA value of 0.11mB . For the iron site, Daalderop
found a value of 0.08mB and Solovyev 0.07mB , in good
agreement with our LSDA value. The platinum orbitals m
ments have been calculated by Solovyev. He found a va
of 0.06 mB for platinum in CoPt and 0.044mB for platinum
in FePt, close to our values of 0.06mB and 0.05 mB , re-
spectively.

B. FePd and FeAu

Fe spin moments in FePd and FeAu compounds show
same behavior as in FePt. Fe spin magnetic moments in
compounds are larger than for the Fe atom in FePt leadin
a larger polarization of the Pd-4d electrons and consequent
to a larger Pd spin magnetic moment compared to the
atom ~Pd has the same number of valence electrons as!.
The Au atom has its valenced states filled contrary to Pd an
Pt and consequently an induced spin magnetic moment
is one order of magnitude smaller than these of Pt and
The GGA Fe spin moments are slightly larger than t
LSDA values while the Pd and Au spin moments are pra
cally the same for both functionals.
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TABLE V. Our calculated spin and orbital moments for CoPt3 and MnPt3 compounds together with
previous calculations using the LSDA by Oppeneeret al. ~Ref. 44! ~values between parentheses! using the
LMTO-ASA and Kulatov et al. ~Ref. 20! ~values between accolades! using the relativistic ASW for the
magnetization along the@111# direction. All ab initio results are in agreement except for the Pt orb
magnetic moments. For the@110# direction the three Pt atoms are inequivalent and so they have diffe
orbital moments. The first value concerns the two Pt atoms withz5c/2 ~see Fig. 1! and the second value th
Pt atom withz50.

X atom Pt atom
mspin morb @111# morb @110# mspin morb @111# morb @110#

MnPt3–LSDA ~3.71! 3.66 ~0.03! 0.03 0.03 ~0.12! 0.12 (;0)20.04 ;0
20.01

MnPt3–GGA @3.70# 3.78 @0.03# 0.03 0.02 @0.12# 0.12 @;0#20.04 ;0
.20.01

CoPt3–LSDA ~1.68! 1.82 ~0.05! 0.04 0.04 ~0.26! 0.22 ~0.05! 0.02 ;0
0.04

CoPt3–GGA @1.80# 1.89 @0.07# 0.05 0.05 @0.24# 0.24 @0.05# 0.02 ;0
0.05
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Kamp’s experimental spin magnetic moments for Fe
differ considerably from our calculated values as can be s
in Table III.19 From first sight, it seems that both approxim
tions, LSDA and GGA, strongly underestimate the hybr
ization between the Fe-3d and the Pd-4d electrons, predict-
ing larger Fe spin magnetic moments and smaller Pd o
This is strange regarding both the experimental and theo
ical results for the Pt-based compounds. We believe that
main reason for this discrepancy comes from the experim
This point of view is strengthened by the fact that Kam
found surprisingly that the Fe magnetic moment for the d
ordered sample is much larger than for the ordered one. C
et al.measured the XMCD at the PdL2,3 edges and extracte
a Pd spin magnetic moment of 0.4mB in good agreemen
with our values.39 Finally for the FeAu only the Fe spin
moment has been measured and was found to be 2.8mB
close to our value of;3.0 mB .18

Orbital moments show the same behavior as in the cas
FePt. Fe orbital moments are comparable in all Fe co
pounds, but in the case of FeAu they exhibit a larger anis
ropy. The in-plane Fe orbital moments are smaller than
out-of-plane orbital magnetic moments, and the LSDA p
duces slightly larger values compared to the GGA. We
mark that both orbital and spin moments present minor
ferences between the two FePd compounds, especially th
ones. Both the LSDA and GGA produce the same value
Pd orbital moments and, contrary to Fe moments, the
plane values are larger. The Au orbital moments have
same behavior as the Pd ones, but the absolute value
larger than for the Pd atom, while they stay smaller th
these of the Pt atoms. Globally both the GGA and LSD
produce a similar orbital moment anisotropy for both Fe
and FeAu, thus we are unable to connect the difference o
MCA values obtained by using the two density functionals
that of the orbital moments.

Regarding the Fe site orbital moment in FePd, Ka
found it to be 0.4260.05mB ,19 much higher than the calcu
lated value. These experimental values are about five ti
larger than the values for the bulk bcc Fe. This difference
surprisingly large in spite of the fact that the orbital mome
is mostly an atomic property. Croset al.39 applied the sum
d
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rules and obtained an orbital moment of 0.004mB for Pd site,
about one order of magnitude smaller than our calcula
values. But because the error on the values of the orb
moment obtained from the sum rules exceeds easily 0.01mB ,
we believe that our result is in qualitative agreement w
experiment.40 No information on the experimental sample
available but we suspect that the discrepancy comes from
effect of the disorder in the sample and from the limit
applicability of the sum rules to the 4d system.

As was the case for FePt and CoPt our calculated m
netic moments along the@001# direction are in agreemen
with previous calculations using the LSDA by Solovye
et al.,24 Moruzzi and Marcus,41 and Daalderopet al.33 for
FePd. Oppeneer used the LMTO-ASA method and obtai
orbital moments for both magnetization axis of the Fe
slightly larger than ours; but his orbital moment anisotropy
close to ours.28 Concerning the FeAu compound, Nakataet
al. calculated only the Fe spin moment and found a value
2.75 mB , which is slightly smaller than ours.42 Oppeneer
calculated also the Fe and Au spin and orbital magnetic m
ments for a magnetization along the@001# direction by
means of the ASW-ASA method.43 His values are similar to
ours with the exception of the orbital moment of Fe
0.09 mB that is larger than our value by 0.02mB .

C. CoPt3 and MnPt3

Table III presents the calculated spin magnetic mome
of the CoPt3 and MnPt3 compounds and in Table V we hav
also gathered the orbital moments. As was the case for
iron based compounds, manganese based alloys are s
ferromagnets and this is reflected on much larger spin m
netic moments compared to Co based alloys. The hybrid
tion between Mn 3d orbitals and the Pt 5d orbitals is much
weaker than in the Co compounds leading to a smaller
induced spin magnetic moment in MnPt3. Especially in the
case of MnPt3 where Mn spin moment is practically twic
the spin moment of Co in CoPt3, the induced spin moment a
the Pt site is halved compared to that in CoPt3. Co in CoPt3
is more atomiclike than in CoPt, which is reflected in sligh
larger spin moment. Because the number of cobalt’s Pt
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TABLE VI. Spin and orbital magnetic moments for the MnAu4 and the VAu4 systems. Vanadium atom
do not obey the Hund’s 3rd rule. Both functionals produce similar values except for the V atom that L
predicts a larger orbital moments anisotropy compared to GGA.

X atom Au atom
mspin morb @001# morb @100# mspin morb @001# morb @100#

VAu4–LSDA 1.67 0.16 0.06 ,0.01 20.01 20.01
20.01

VAu4–GGA 1.79 0.08 0.05 ,0.01 20.01 20.01
.20.01

MnAu4–LSDA 3.96 20.01 .20.01 0.02 0.01 0.01
0.01

MnAu4–GGA 4.04 20.01 .20.01 0.02 0.01 0.01
0.01
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neighbors is greater for CoPt3 than CoPt, the induced polar
ization of Pt 5d orbitals in the former compound is muc
smaller than the latter one, leading to a 30% decrease in
spin magnetic moment.

Our calculated spin magnetic moments are in agreem
with previous LSDA calculations.20,44,45Tohyamaet al. cal-
culated also the spin moments using a semiempirical me
and overestimated the spin moments with respect to all
ab initio calculations.21 By comparing our results to th
available experimental values,46,47 we notice that, the theory
slightly underestimates the hybridization between
Mn~Co! and Ptd orbitals leading to slightly larger Co an
Mn spin moments and slightly smaller Pt moments. A to
moment of Mn of 3.92mB has been measured by Lang
et al.22 for a polycrystalline powder, which is close to th
value of 3.9 mB of a completely ordered sample measur
by Auwärter and Kussman,48 and slightly smaller than othe
experimental values measured by Pickart and Natha47

(4.11 mB) and Antoniniet al.49 (4.04 mB). Our calculated
value of 4.08mB agrees well with the experimental value
In the case of CoPt3, Langeet al.22 found for a polycrystal-
line powder a total Co moment of 2.80mB larger than our
LSDA value of 2.48 mB but Menzinger and Paoletti46 found
a value of 2.42mB by neutron scattering for a complete
ordered sample, much closer to ours.

The most important feature for these two compounds
the orbital moments as they may give a plausible explana
for the large discrepancies of the calculated MCA valu
using LSDA and GGA. Unfortunately no conclusions can
drawn. For both compounds, LSDA produces no orbital m
ment anisotropy for the Mn and Co atoms. In the case
MnPt3 the orbital moment for the@110# axis is practically
zero for the two Pt atoms withz5c/2, while the Pt atom at
z50 present an orbital moment that is one order of mag
tude smaller than the value for the@111# axis. So along the
@110# direction Pt orbital moments show a large anisotro
In contrast the GGA produces for the Mn atom an anisotro
of 0.01 mB that is very small, and for the Co an anisotro
of 0.07 mB . For the Pt atom the GGA and LSDA produc
similar results. So although both LSDA and GGA produ
similar orbital magnetic anisotropy values for the Mn(Co)P3
compounds they produce large discrepancies for the M
showing that the calculation of the MCA is a much mo
difficult and sensitive task than the calculation of the orb
moments.
he
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In Table V we have gathered also the orbital mome
calculated by Kulatovet al.20 and Oppeneeret al.44 In the
case of the Co and Mn atoms, their calculations agree nic
with our results, especially for the Mn atom. For the Co ato
they predict a larger orbital moment compared to our cal
lations. Discrepancies occur in the case of the Pt sites.
MnPt3 both calculations by Kulatovet al.20 and by Oppeneer
et al.44 produce a practically zero moment contrary to o
value of about20.036 mB . The tendency is reversed in th
case of CoPt3 where they predicted a magnetic moment
about twice our value. Finally Iwashitaet al. calculated also
the orbital magnetic moments using the full-potential line
augmented plane wave~FLAPW! method.45 Their calculated
Pt orbital moments agree with the calculations of Kulat
et al.,20 and Oppeneeret al.,44 but their values of Mn and Co
are practically zero contrary to all otherab initio results. This
discrepancy can arise from the small number ofk points
Iwashita et al. have used in their calculations~just 20 k
points in the irreducible part of the first Brillouin zone!.

D. VAu4 and MnAu4

As was the case for all the other alloys, both the LSD
and GGA spin magnetic moments are similar. Vanadi
spin magnetic moments are much larger than the experim
tal value of 1.0 mB ,50 and as it was the case for the oth
alloys the GGA overestimates the vanadium spin mom
compared to the LSDA (1.79mB compared to 1.67mB).
The gold site has a weak induced spin magnetic moment
absolute value is less than 0.01mB . As expected the man
ganese spin moment is more than twice the value of
vanadium one and slightly larger than in the case of MnP3.
Experimentally the Mn spin magnetic moment was measu
to be 4.0 mB , near both our LSDA and GGA values.51 The
larger Mn spin moment compared to the V one leads t
larger polarization of the Aud orbitals and thus to a large
Au spin moment of 0.02mB .

In Table VI we have gathered the orbital moments
both compounds. For the magnetization axis along the@100#
direction the four gold atoms are inequivalent and we g
both orbital magnetic moments values. We see that LS
and GGA produce different values of the orbital mome
but both of them predict a large orbital moment anisotro
for the V atom, while in the case of the Mn atom the anis
ropy is too small. What is astonishing is that V atoms do n
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obey the third Hund’s rule concerning the relative orientat
of the spin and orbital magnetic moments. This can be
plained in terms of the influence of the spin-orbit coupling
the Au ligand states.52 LSDA produces larger Au orbital mo
ments in the case of VAu4, while the situation is the opposit
for MnAu4. As was the case for the other compounds diff
ences in the orbital moment anisotropy calculated wit
LSDA and GGA cannot justify the different values of MC
for the MnAu4 compound.

Previous calculations have been carried out by Ku¨bler23

for VAu4 and by Oppeneeret al.43 for both compounds. Both
found large vanadium spin magnetic moments that ag
with our value. Oppeneer calculated also the total mom
for the Mn atom, 4.02mB , that is larger than our LSDA
value of 3.78 mB . Oppeneeret al.43 have also calculated
total Au moment in VAu4 of 20.006 mB that agrees per
fectly with our LSDA value of20.007 mB when the mag-
netization is along the@001# direction.

V. CONCLUSIONS

We showed that the full-potential linear muffin-tin orbit
method within either the LSDA or the GGA to the exchang
correlation potential describes accurately the spin and orb
magnetic moments. Nevertheless, these two approximat
produced different results for the MCA energy. In particul
while for FePt, CoPt, FeAu, and VAu4 the LSDA and GGA
results seem to be consistent, it is not the case for the o
binary alloys where the discrepancy between the two
proximations is at the qualitative level. For FePd, the LSD
produced a positive MCA, and the MAE becomes sligh
negative when the volume contribution to the shape ani
y
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ropy is added to the MCA. Consequently, for bulk FePd
LSDA predicts PMA while GGA predicts an in-plane ma
netization, but for thick films both methods produced an
plane magnetization axis. For the XPt3 and MnAu4 com-
pounds the lack of experimental evidence does not allow
to decide whether LSDA or GGA is more adequate for t
computation of the MCA. Finally we estimated the volum
contribution to the shape anisotropy for a thick film a
found that it is important compared to our calculated MC
values in the case of FePd and MnPt3. For the other six
compounds this contribution to the MAE is much weak
than the MCA, and hence it plays no role for the orientati
of the magnetization axis

The MCA results obtained using the LSDA and GGA a
in most cases different, which led us to the conclusion t
there is no general rule favoring either LSDA or GGA for
better description of the MAE of magnetic alloys. The ca
culated orbital moment anisotropy is similar for both LSD
and GGA and cannot explain the differences in the calcu
tion of the MCA. Nevertheless, from this paper it seems t
the LSDA results are slightly in better agreement with t
available experimental results. To confirm this claim furth
experimental data are needed.
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