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Competition between ferromagnetism and antiferromagnetism in FePt
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FePt in theL10 ~tetragonal! phase is of interest due to its ease of synthesis as nanoparticles and because
superparamagnetism is suppressed by the large magnetoanisotropy energy~MAE! of the L10 phase. Here we
present the results of first-principles electronic-structure calculations that reveal a competition between ferro-
magnetic~FM! and antiferromagnetic~AFM! ordering of the alternating Fe planes, with energy differences less
than room-temperature thermal energy. We find that the FM state is stabilized relative to the AFM state asL10

tetragonal distortion decreases or chemical~antisite! disorder increases on Pt planes. Inherently, then, there is
a competition between stabilizing the FM state and maintaining the large MAE in FePt, and optimally maxi-
mizing both is important for nanomagnetic applications.

DOI: 10.1103/PhysRevB.68.052405 PACS number~s!: 75.50.Bb, 71.15.Mb, 75.50.Ss, 75.70.2i
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Equiatomic FePt is a material of great promise for nan
cale magnetic applications because it can be synthes
chemically as monodisperse particles with tunable diame
from 3 to 10 nm~Refs. 1 and 2! and its high magnetoaniso
ropy energy~MAE! suppresses superparamagnetism at th
volumes. Experiments find both bulk and nanoparti
samples to be ferromagnetic, and first-principles electro
structure calculations agree quantitatively for such proper
as the average atomic magnetic moment. However, these
culations havea priori assumed a symmetry for the magne
moments consistent with the ferromagnetic state. Here
present first-principles calculation results that do not assu
such high symmetry and find near degeneracy between
romagnetic~FM! and antiferromagnetic~AFM! ordering of
the alternating Fe layers in FePt. In fact, our calculatio
indicate that ferromagnetism is observed experimentally o
because of imperfect long-range ordering in sample crys

FePt orders from the disordered fcc (A1) structure to the
L10 ~face-centered tetragonal! structure, in which the Fe an
Pt atoms form layers occupying alternating~001! planes of
the original fcc lattice. The@001# direction acts as both th
tetragonal symmetry axis~hereafter thec axis! and the mag-
netic easy axis. The ordering is accompanied by a cont
tion along thec axis, changing the ratioc/a from the cubic
value of 1. Thermodynamically, real crystals are subjec
chemical disorder with substitution of Fe~Pt! atoms into
Pt~Fe! sublattice without changing the stoichiometry. The d
gree of chemical ordering can be characterized by a lo
range order parameterh5c@Fe#2c@Pt# where 0<h<1 and
c@Fe#(c@Pt#) is the site composition~or site probability! of
Fe on the Fe~Pt! sublattice.

Experiments in equiatomic FePt thin films have found t
chemical disorder,c/a, coercivity and magnetic anisotrop
are related to one another: ash increases,c/a decreases and
the coercivity and magnetoanisotropy for moments para
to the c axis increase.3,4 These properties can be controlle
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by annealing temperature for films deposited in theA1
phase4 or substrate temperature for films which order duri
deposition.3,5 The relative volume of FePt to B2O3 matrix in
nanocomposite films has also been found to changec/a.6

Furthermore,c/a is affected by the relative composition o
Fe and Pt, although the minimal valuec/a50.966 is found at
50 at % Fe.7 Coercivity and MAE are also affected by com
position, with maxima in samples which are shifted towar
the Fe-rich L10 stoichiometries.2,7,8 The coercivity has also
been shown to be strongly dependent on the defect struc
of the samples,9,10 which can be controlled by processing.

For magnetic materials with a single, easy anisotropy a
MAE is determined from the difference in total energy b
tween magnetic moments oriented parallel and perpendic
to thec axis. Since the energy difference between these st
is much smaller than their individual values, first-principl
calculations of MAE require extremely high precision. Th
computational resources for such calculations in FePt h
only recently become available, but several calculations h
now been completed.11–15 These calculations find that th
large anisotropy of FePt is related to itsL10 structure. Wil-
loughbyet al. found that the calculated anisotropy energy
linearly related toc/a for equiatomic FePt,13 and similar
behavior has been measured in thin films.3 However, these
MAE calculations have all implicitly assumed perfect F
order. In calculating exchange energies in FePt, Zenget al.
used a method which does not constrain moments to poin
the same direction6 and found AFM order forc/a less than
about 0.95. However, the authors catergorized these re
as ‘‘erroneous,’’ presumably since only FM order has be
observed experimentally. In this letter, we investigate
competition between FM and AFM in FePt, and particula
the stabilization of FM order via substitutional disord
which is present in all materials.

We performed first-principles calculations based on
local spin-density approximation~LSDA! to density-
©2003 The American Physical Society05-1



lk

a
ed

no

s,
r
io
ha
ull

n
f

-
s
v-

c

n

he

d

in
te

sti-

r-

.

d
-
ble

,

ical
air-
for
uple
as

ni-
ise
the

f

ng

al

-

the

BRIEF REPORTS PHYSICAL REVIEW B68, 052405 ~2003!
functional theory16 as implemented in the approximate bu
Korringa-Kohn-Rostoker17,18 ~KKR! and layered-KKR19

~LKKR ! methods, which use the atomic sphere approxim
tion ~ASA!, and the more accurate full-potential lineariz
augmented plane wave20 ~FLAPW! methods. The
generalized-gradient approximation21 ~GGA! was used
within the FLAPW as a check, but it was found to have
qualitative difference to the LSDA results.22 In general, GGA
is not more accurate than LSDA for magnetic calculation23

and specific cases exist where LSDA results are close
experiment, see, e.g., Refs. 24 and 25. The KKR calculat
use a new, variational definition of potential-energy zero t
often dramatically improves agreement with respect to f
potential results,26 which we quantify below. Both KKR
methods were used in combination with the cohere
potential approximation~CPA! to investigate the effects o
disorder on stability and structural properties.27 Charge-
correlation effects within~partially! disordered configura
tions were included within the bulk KKR-CPA calculation
to improve the CPA description of the configurationally a
eraged Coulomb energy.28

We calculated the difference in the total energies,EFM
2EAFM , between the FM and AFM state in FePt as a fun
tion of c/a. The LKKR and FLAPW~both LSDA and GGA!
results are presented in Fig. 1, where positive~negative! en-
ergy differences indicate stability of the AFM~FM! states.
We find that the energy difference separating the FM a
AFM states is less than room temperature for allc/a consid-
ered here. Both the FLAPW and LKKR calculations find t
FM state is stabilized asc/a→1, which is the same trend
found by Zenget al.However, the present LSDA results fin
AFM order stable for significantly higherc/a. Combined
with the fact that relaxingc/a→1 is known to reduce the
MAE,3,13 it is clear that the magnetic ordering of FePt th
films depends sensitively on the substrate lattice parame

FIG. 1. Total-energy difference between ferromagnetic,EFM ,
and antiferromagnetic,EAFM , states vs.c/a. The FM state is more
favorable asc/a→1. The AFM state is most favorable for nonide
c/a. All results are for perfectly orderedL10 FePt withh51, i.e.,
in the absence of chemical disorder.
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The impact of chemical disorder, i.e., the antisite sub
tution of Fe~Pt! into Pt~Fe!-rich layers, is calculated via the
KKR-CPA method,27 which also can be related to characte
ization experiments; see, e.g., Ref. 29. In Fig. 2,EFM
2EAFM versush is shown. The LKKR-CPA results~bulk
KKR! are the open~star-filled! symbols. The FLAPW-LSDA
results ath51 ~solid symbols! are included for comparison
We note in passing that, forc/a51, the KKR-ASA calcula-
tion with the improved definition of energy zero26 shifts
EFM2EAFM down by 1 mRy/atom, favoring the FM state an
bringing it in very good agreement with FLAPW. The KKR
CPA calculation finds the FM state becomes more favora
as the chemical disorder increases, i.e.,h→0. In fact, the
FM state is favored ath<0.8 for all thec/a considered here
corresponding to antisite substitution of only 10%.

The reason for enhanced ferromagnetism due to chem
disordering can be readily understood by investigating p
wise interactions between atomic moments. Intuitively,
example, Fe antisites on the Pt layer are expected to co
ferromagnetically to the neighboring Fe in an Fe layer,
seen in an alloy-expanded fcc lattice~see Ref. 30!. More
quantitative statements can be made. In the limit of infi
tesimal fluctuations in the moment orientations, the pairw
magnetic interaction energies can be calculated within
KKR31 and KKR-CPA formalisms.32 It is often useful to map
these energies onto the Heisenberg Hamiltonian

E52 (
i j ,iÞ j

Ji j ŝi• ŝj , ~1!

whereJi j is the interaction energy between thei th and j th
moments, andŝi is a unit vector describing the orientation o
the i th moment. LKKR calculations for the FM state ath
51 andc/a50.965, near the bulk value, have found stro

FIG. 2. Total-energy differences between ferromagnetic,EFM ,
and antiferromagnetic,EAFM , states vs the long-range order param
eter h for LKKR-CPA ~open symbols! and bulk KKR-CPA~star-
filled symbols! methods. Details are found in text, but severalc/a
with fixed unit-cell volume are used. The lines are a guide to
eye. The solid symbols are for FLAPW-LSDA results.
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ferromagnetic coupling between Fe within the Fe-rich~001!
layers. Nearly equal energies are contributed by the~100!
and ~110! neighbors, with J;1 mRy. The coupling
between Fe and Pt neighbors along the~101! direction is also
ferromagnetic as well, but significantly weaker,J
;0.15 mRy. However, the coupling between neighbor
Fe-rich planes is antiferromagnetic, the dominant contri
tion coming from Fe-Fe interactions along the~101! direc-
tion with J;20.5 mRy.

Thus, within KKR and FLAPW formalisms, the perfect
ordered FePt (h51.0) with c/a50.965 has the lowest en
ergy when the Fe layers have alternating magnetic orie
tion and there is negligible moment on the Pt atoms.33 How-
ever, as the chemical order is reduced~i.e., thermal antisites
with hÞ1), some Fe atoms are found in Pt-rich layers.
this case, using the KKR-CPA method, we find that the
teraction along thê101& direction between an antisite sub
stituted Fe atom and the neighboring Fe in the Fe-rich lay
is strongly ferromagnetic,J;1 mRy. These Fe atoms pro
vide a much stronger FM coupling between the Fe-rich l
ers than Pt atoms provide. As the chemical disorder incre
(h→0), the FM coupling due to the antisite Fe becom
stronger and can dominate otherwise AFM coupling.

Neutron scattering experiments have found a similar
pendence on chemical order in FePt3.34 There, disordered
~A1! FePt3 is ferromagnetic, while it occurs in one of tw
antiferromagnetic states in the perfectly orderedL12 crystal,
where the Fe atoms form a cubic sublattice in which no
are nearest neighbors. The observed FM state can be
plained by FM coupling between the neighboring Fe ato
that occur through antisite substitution. We note in pass
that, in agreement with the calculations presented here
has negligible magnetic moment in AFM states.34

First-principles calculations suggest some ways that
FM state is stabilized. We note that all these methods
likely decrease the MAE, so it is likely that some combin
tion would be best. First, as discussed above, thermodyn
cally favored chemical~antisite! disorder stabilizes FM. This
further suggests that FM stability may be enhanced
changing the composition to be slightly Fe-rich. That
Fe0.51dPt0.52d with 0,d,0.2 would help stablize the FM
state with Fe antisites mediating the FM coupling betwe
Fe layers. Calculations using the bulk KKR method confi
this, findingEFM2EAFM521.1 mRy/atom for Fe0.6Pt0.4 for
c/a51.0 and no Pt on Fe sites, compared
20.3 mRy/atom for perfectly orderedL10 FePt, see Fig. 1
We anticipate that this will have a similar effect on the MA
to increasing the chemical disorder, and that MAE will d
crease with increasingd. Finally, the FM is strongly favored
over AFM in CoPt, so substituting a small percentage of
ce
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for Fe may further stabilize the FM state. In CoPt withh
51.0 andc/a51.0, we findEFM2EAFM522.0 mRy/atom
using the bulk KKR method, compared to20.3 mRy/atom
for FePt in Fig. 1. Equiatomic CoPt is found experimenta
to have a MAE of 4.93107 erg/cm3 at its minimumc/a,
0.972, compared to 6.63107 erg/cm3 in FePt at c/a
50.966.10 Using a (Fe12xCox)Pt alloy with x;0.120.25
should maintain the high anisotropy of FePt while streng
ening the FM coupling. Kanazawaet al. have experimenta
evidence that forx,0.43 the MAE approaches that of FeP
as x→0.3,35 Bulk KKR-CPA calculations show that this
is also true for EFM2EAFM . With c/a51 and no Pt
antisites, we calculateEFM2EAFM510.7 mRy/atom for
(Fe0.75Co0.25)Pt, i.e., disordered Fe-Co layers between p
Pt layers with an effective two atoms per cell, indicating th
FM is not favored. With c/a51 and fully ordering
(Fe0.75Co0.25)Pt to eight atoms per cell Fe3Co1Pt4, however,
we calculate EFM2EAFM520.5 mRy/atom, where, of
course, by symmetry there are antisites. Although this is
an exhaustive thermodynamic search, it does indicate
antisite disorder is key to the stability of the FM state.

In summary, we have presented FLAPW and KKR resu
showing a near degeneracy between FM and AFM orde
alternating Fe layers in FePt previously undetected in ca
lations thata priori assumed FM order consistent with e
perimental observations. We find that the relative stability
FM order is enhanced by increasing chemical disorder, ei
via thermal Pt antisites~with h→0) or ordering that create
Pt antisites by symmetry, and FM order is enhanced by
creasing the tetragonal distortion ofL10 ~i.e., c/a→1). Ex-
perimentally, the effects of processing temperature favor
tisite disorder in FePt and, hence, ferromagnetism. On
other hand, in finite-sized~supported! FePt nanoparticles
~with singlec domains!, there will be an inherent tetragona
ity ~bond contraction, i.e.,c/a,1) in order to increase me
tallic density, which favors antiferromagnetism. In gener
there is an antagonistic relation between the stability of
ferromagnetic state and the increased magnetoanisotrop
ergy desired in magnetic recording, which appears to
somewhat mollified by the unavoidable occurrence of a
site defects. Even for FM FePt, the magnetic recording pr
erties may be affected if the AFM state provides a magn
reversal mode different from coherent rotation.

This work was supported by the DOE Office of Scien
through the Computational Materials Science Netwo
~CMSN!, through ASCR-MICS, and BES-DMSE unde
Contract No. DE-AC05-00OOR22725 with UT-Battel
LLC, and by UIUC through the Frederick Seitz Materia
Research Laboratory under U.S. DOE Contract N
DEFG02-91ER45439.
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