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We present theoretical and experimental results on the electronic, magnetic, and structural properties
of L1, FePd, FePt, and FegPd, , alloys. These alloys have large magnetizations and
magnetocrystalline anisotropies and as such are potentially technologically important for
applications as permanent magnets or high-density storage media. Results of first principles
electronic structure calculations show that the system is a strong ferromagnet with an almost full
majority Fe band, and that magnetization and magnetocrystalline anisotropy remain large over the
range of composition. Total energy calculations predict phase separation on the disordered Pd/Pt
layer at low temperatures. Experimental studies using energy dispersion x-ray line scans confirm
regions that are Pt rich and Pd rich forming at low temperatures20@2 American Institute of
Physics. [DOI: 10.1063/1.1450850

I. INTRODUCTION tetragonal transformation. Our total energy calculations show
Compounds that form in the lylcrystal structure have f[hat Pd and Pt obey a pseudobinary phase diagram, suggest-
ing phase separation at low temperatures. Sample alloys

potential appllcz_itlons in permanent magnets and high dens't\X/ere prepared by arc melting, then characterized by EDX
data storage since the structure produces useful magnetic

properties as a direct result of a natuf@01] superlattice. and studied by XRD and TEM.
This paper will consider L{ alloys of the form FeRPd,

that have disordered Pt—Pd planes sandwiched between o”r'— THEORETICAL RESULTS
dered Fe planes stacked along f@@1] direction. These L§ Lattice constants for FeRan a of 4.00 A, andc/a of
alloys have large magnetizations, resulting from the two di-0.918 and FePdan a of 3.855 A, andc/a of 0.963 were
mensional Fe layer, and large magnetocrystalline anisotrataken from Pearson$These are close to the values obtained
pies because of the natural layering in the crystal. from our density functional theory calculations using the Vi-

The layer Korringa—Kohn—Rostoker methgdKKR) ennaab-initio simulation packag@The values fom andc/a
was used for all of the electronic structure calculatibibe  for the disordered alloys were linearly interpolated between
disordered layer is dealt with via the coherent potential apthe values of the two pure alloys. As a direct result of the
proximation(CPA), which has been successfully used in thestructure, density of states calculations of the alloys show
past to calculate properties of disordered magnetic afloysthat the majority Fe band is nearly full, leading to strong
Using the CPA in the LKKR method allows the calculation ferromagnetism. The Fermi energy passes through a local
of the disordered FefRd, _, alloys within the same set of minimum in the minority band, providing a rational for the
approximations as both ordered FePt and FePd. Usinglthis stability of the structure. Unlike the density of states of many
initio approach we have calculated the magnetization, elealloys, the sharp structure of the ordered compounds is pre-
tronic structure, anisotropy, and enthalpy of mixing for theserved, reflecting the electronic similarity between Pt and Pd,
whole range of alloys from FePd to FePd. consistent with the ease of formation of these alloys.

We have explored partitioning of Pt and Pd in alternate  The calculated magnetization varies somewhat slowly
[100] planes for ternary FefRd,_, materials. These Ll  through the entire series, with a value of 1050 emd/éon
alloys are made by quenching from the high temperaturé&ePd and 1070 emu/Cnfior FePt. As expected the magne-
disordered cubic phase. The kinetic driving force is depentism is dominated by the Fe moment. As the series crosses
dent upon the transformation temperature. One possibility ifrom FePd to FePt tha lattice constant increases slightly,
that the alloys containing Pd/Pt may have several low temand thec/a ratio is reduced. A larger separation of the Fe
perature L} phases, one with a disordered Pt/Pd layer, ancitoms gives rise to a small increase in local moment as seen
others with phase separated FePt and FePd. Our hypothesisthe calculations.
was that maybe these hlalloys may be easier to make The magnetocrystalline anisotropy as a function of com-
experimentally than either FePt or FePd. While we have noposition is shown in Fig. 1. The calculations were performed
studied the full cubic to tetragonal order—disorder transitionusing the force theorehwith spin—orbit coupling included.
it is still of interest scientifically to study the ordering in the The magnetocrystalline anisotropy was determined based on
Pt/Pd layer. Work is in progress on the studies of the cubic tahe difference in band energies between the hard axis and
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FIG. 3. Synchrotron XRD patterns for FePdPt after annealing treatment; the
inset shows th€002) peaks with the slow scan rates. Specimens are an-

easy axis of magnetization The anisotropy does not remai ealed ati) 500 °C for 120 hours and annealed(i} 700 °C for 60 hours
) n%wr homogenization. Specimens are water quenched from homogenization

constant throughout the series; there is a peak aroun@mperature.

FePtPdyy. The experimental anisotropy of pure FePt is 66

x 10° ergs/cni (Ref. 6 while the anisotropy of FePd is 6.6

X 10P ergs/ci.” These can be compared to the calculated=eptPd, _, and Fg_,CoPt (Ref. 8 alloys. The driving
values of 70<10° ergs/cni and 21x 10° ergs/cni, respec-  force for phase separation is greater in KBB{ , than
tively. The overall trend is a decrease in the anisotropy WltrFe17XCq<Pt as indicated by the greater energies of m|X|ng
increasing Pd content as might be expected simply from thehe |arger energy of mixing seen in the FgRY _, system
strength of the spin—orbit coupling. Though théattice con- s attributed to the greater difference in size between Pt and

stant decreases, titéa ratio increases in going from FePt to pq. Substituting Co for Fe is energetically easier than substi-
FePd, causing the layers to spread apart. These materialsing Pt for Pd.

have a large magnetostriction, so the anisotropy is expected

to be sfensmve to the lattice constan_ts. The anlsof[ropy of PUrE: Ey PERIMENTAL RESULTS AND DISCUSSION

FePt rises nearly linearly as the lattice constant is contracted

andc/a expanded. The composition dependence of the an- To compliment our theoretical work we have also stud-

isotropy reflects the competing effects of structure and spin-ed these alloys experimentally. Alloys of fBt,sPdhs Were

orbit coupling. prepared in an argon atmosphere from high purity starting

We now discuss the possibility of phase separation in thenaterials using an arc-melting method. The chemical com-

disordered Pd/Pt layer. The free energy is constructed frorposition of the alloy was determined to be,fRsPdg by

the total energy calculated for the alloys and ordered comenergy dispersive x-rajEDX) analysis. The initial process

pounds, and a simple entropy of mixing term. Using a com-of the as-cast alloy involved annealing for homogenization at

mon tangent construction, one can form a pseudobinarg400 °C for 5 hours. The samples were water quenched from

phase diagram. We predict phase separation below 650 °C, tite homogenization temperature. The as-quenched materials

which point the Pt—Pd layer will separate into Pt rich and Pdwere disordered, showing fcc phase in XRD patterns. These

rich regions. Figure 2 shows the change in enthalpy of mixmaterials were subsequently annealed at 500°C for 120

ing versus composition for Fefd,_, as well as for hours and 700 °C for 60 hours to obtain theglLtetragonal

Fe _Co/Pt. As can be seen, the positive energy of mixingordered structure, removing all the fcc phase.

suggests phase separation at low temperatures for both the XRD spectra using Synchrotron radiati@ostech con-
firmed the full ordering, showing the clear splitting of 002
and 200 reflections without any remaining fcc phase as seen

FIG. 1. Magnetocrystalline anisotropy for FeiPd, _, (Fe,_,CoPt).

006 . X ’ ' in Fig. 3. These experiments use mainly Ni K edge as a
005 - . | radiation source which has a wavelength of 1.151 196 A. The
X x inset in Fig. 3 shows x-ray spectrum around the nominal 002
0.04 L | peak determined with a slow scan rate. This peak indicates
> X . the possibility of phase separation as evident from the peak
S o0mf 1 splitting as well as peak broadening due to the overlapping
/ y I R of several 002 reflections. However, this broadening makes it
0.02 ¢ * X difficult to identify the individual peaks. Indeed, FePd and
* % FePt have similar lattice parameters. Therefore, the angular
001+ & . difference @ (6: Bragg angle of 002 peakbetween 002
‘ . peaks in each is~0.1°. The specimen annealed at 500 °C
0 0 02 04 06 ()ig 1 shows a large amount of peak broadening, implying overlap-
FePd (FePt) FePt (CoPt)

ping of several peaks. Further x-ray data taken using the
FIG. 2. Energy difference versus composition for Fet , (x) and  longer wavelength Cr radiation source shows similar results.
Fe,_,CoPt (*). The shift in the 002 peak at these two different annealing
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temperatures cannot be quantitatively determined. Howeve! g
it can be attributed to the higher degree of order in the
500 °C(smaller lattice parameter afaxes directiopn assum-
ing these alloys are in equilibrium states.

Detailed TEM analysis was performed to investigate the [
possibility of phase separation and determination of where'
the chemical segregation occurs. Theoretically, the phast
separation of the LJ phase lowers the free energy in the
ternary L1 system as discussed in the preceding section e e .
(though the electronic structure calculations only rigorously = o
predict a two dimensional miscibility EDX studies were (c)
carried out using scanning transmission microscopy using ¢
Philips Technai STEM Polytwinned structure which has a
hierarchy of microtwin® that can be observed by TEM
analysis.

Three structural variants are observed in selected arei ' T
diffraction (SAD) patterns. In the inside of a single structural
variant, a fine fringe with the length scale of6 nm was
observed in the bright field image. To exclude the possibility ., |
of Moire fringe contrast by overlapping with another struc- 173
tural variant, we have chosen only one structural variant re-  40% A
gion[as confirmed by SAD patterns at high magnification, as
seen in Fig. 4a) and 4b)]. On the[101] zone axes of the 20% g ¢
SAD patterns diffuse satellites are observed around eacl :
main reflection close to th¢l01] direction. Spatially re-
solved chemical analysis is difficult on this small length
scale, especially with small differences in compositions.
However, there is evidence for phase separation in the L1FIG. 4. (a) Bright field image, SAD patterns, as well @9 HRTEM image
phase, though the amount of chemical segregation is difficufor the specimens annealed at 700 °C for 120 hours. With the same speci-
to determine. Fluctuations in the Pd and Pt concentration§€n: (¢) shows a chemical analysis with the line scan method. EDX in
can be observed in Fig.(@ by means of EDX(STEM TEM was used for analysis method.
mode line scans of 50 nm across the modulated fringe re-
gion. Two distinct regions can be observed from this analyiemperature, though we cannot resolve if they occur directly
sis. One is a Pd enriched region and the other is a Pt enrichdtbm the disordered cubic alloy, or from the in-plane order-
region. This feature is evidence for the decomposition possing in disordered L FeP{Pd, _, .
bly from an unstable ternary Llto two stable L} phases
which are approaching their respective binary composition& CKNOWLEDGMENTS
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