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The magnetic and structural properties of highly chemically ordered epitaxial (Fe,_ Mn,)soPtsy (0=<x
<0.68) thin films were investigated. This study complements earlier experimental studies on pseudobinary
ternary and quaternary FePt-based alloys, providing a more complete picture of the dependence of the mag-
netization and magnetocrystalline anisotropy on structural properties and effective electron density in the
chemically ordered 3d transition metal-Pt L1, alloy system. Maximum anisotropy and magnetization are found
for the undoped FePt composition, and increasing Mn additions result in a steady reduction of magnetocrys-
talline anisotropy and saturation magnetization. Comparing the results of our experimental study to two recent
computational first-principles studies of pseudobinary L1 alloys, we find a significantly more rapid reduction
of magnetization and anisotropy with decreasing effective electron density than predicted by either of the two
theories. This reduction may be explained in part by the antiparallel alignment of Fe and Mn moments

observed in circular x-ray magnetic dichroism.
DOI: 10.1103/PhysRevB.73.214438
I. INTRODUCTION

Among the thin-film and superlattice systems exhibiting
high magnetocrystalline anisotropy, the L1, phases of the
binary alloy FePt and the related pseudobinary 3d-5d transi-
tion metal alloys of the type (XY)5Ptsq (X,Y
=Cr,Mn, Fe,Co,Ni) have in recent years attracted great in-
terest as a model system for fundamental studies of the mi-
croscopic origin of magnetic phenomena as well as for po-
tential technological applications. The L1, phase of the
binary alloys, often referred to as the face-centered-
tetragonal (fct) or CuAu(I) phase, consists of a monatomic,
chemically modulated natural superlattice of the two ele-
ments. In the pseudobinary alloys the superlattice consists of
Pt layers alternating with layers of randomly distributed 3d
transition metals. The unit cell of the L1, phase is a tetrago-
nally distorted face-centered-cubic cell with the ¢ axis de-
fined to lie perpendicular to the planes of the chemical su-
perlattice. The extent of this distortion, i.e., the ratio of the ¢
axis to the a axis (c/a ratio) is one of the important param-
eters describing the structure and influencing many of the
magnetic properties of the L1, phase.! In most cases for a
given composition the c¢/a ratio is inversely proportional to
the degree of long-range chemical order; for completely dis-
ordered materials, i.e., materials with the 3d transition met-
al(s) and the Pt randomly distributed on the lattice sites, a
face-centered-cubic unit cell with a c¢/a ratio of 1 is ob-
served, and with increasing chemical order the c/a ratio de-
creases. Specifically, for the series of alloys with a filled s
band for fully chemically ordered materials the c/a ratio
varies as a function of the 3d element as listed in Table I,
following the successive filling of the d bands from n.g="7
(3ds?) for MnPt to n.;=10 (3d%s?) for NiPt (note, only the
3d electrons are taken into account in this notation of the
effective number of valence electrons, n.y; the contribution
of the 5d electrons of Pt is assumed to be constant and there-
fore not included). The case of the antiferromagnetic L1,
phase of CrPt,>® n=6, deviates from the systematic
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changes observed in the other alloys due to the incompletely
filled s orbital of Cr (3d°s?).

The L1, phases of FePt and CoPt are ferromagnetic,*~°
and for highly chemically ordered films grown with the di-
rection of the ¢ axis normal to the film plane these structures
exhibit very large perpendicular magnetic anisotropy.” These
attributes make these alloys attractive base materials for fu-
ture ultrahigh-density magnetic recording applications such
as thermally or heat-assisted magnetic recording.® NiPt is
also ferromagnetic at low temperatures, but paramagnetic at
room temperature, with a Curie temperature of about 150 K.°
In contrast, MnPt is a well-known antiferromagnet'®-'? that
is widely used in thin-film technological applications, e.g., as
a pinning layer in magnetoresistive sensors.'>!# In recent
years the fundamental understanding of the correlation of the
structural properties, the electronic structure and magnetic
properties such as the magnetocrystalline anisotropy K, and
the Curie temperature T has started to emerge."!>1® This
has been accompanied by steady progress in the experimen-
tal capabilities to grow high-quality epitaxial and polycrys-
talline films with a wide range of desired properties such as
longitudinal'”'® or perpendicular'®?° orientation of the easy
axis of magnetization and high energy product or coercivity
(see, e.g., Refs. 21 and 22).

For a given FePt or CoPt composition the magnetization,
apart from a small contribution due to the polarization of the
Pt, is almost independent of the degree of chemical order. In
contrast, the magnetocrystalline anisotropy is proportional to
the degree of chemical order and for FePt ranges from below
1 X 10° erg/cm® for films with order parameter S=0 to 7
% 107 erg/cm? for films with S~ 1.2 In band structure cal-
culations using a linear muffin-tin orbital approach for fully
chemically ordered FePt and CoPt Sakuma found a direct
dependence of the magnetocrystalline anisotropy on the c/a
ratio, showing maximum anisotropy for the case of FePt and
a c/a ratio close to the experimental value of 0.96.! How-
ever, in a recent computational study using full-potential lin-
ear muffin-tin orbital and exact muffin-tin orbital ap-
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TABLE 1. Valence electron configuration, effective electron density ngg, ¢/a ratio, and room-temperature

magnetic phase of the four 3d"s2-Pt alloys and CrPt.

Alloy Configuration Negr c/a ratio Magnetic phase at 7=300 K Reference
CrPt 3d%s! 6 0.99 Antiferromagnetic 2 and 3
MnPt 3ds? 7 0.918 Antiferromagnetic 10-12
FePt 3d0s? 8 0.957 Ferromagnetic 4 and 5
CoPt 3d’s? 9 0.98 Ferromagnetic 6
NiPt 3d8s? 10 0.93 Paramagnetic 9

proaches, Burkert et al. reported that for the case of constant
c/a ratio and varying effective electron density n.y, Mn sub-
stitutions in FePt result in a further steady increase of the
magnetic anisotropy energy of up to 33% compared to FePt
for Mn concentrations up to x=0.25 (n.4=7.75).>* Such an
increase in anisotropy could potentially be very significant
for technological applications such as high-anisotropy media
for magnetic recording and permanent magnet applications.®
Experimentally the c/a ratio and n.; cannot be easily ad-
justed independently while maintaining full chemical order.
However, the c/a ratio and n. can be varied simultaneously
by substituting for Fe other 3d elements with a different total
number of 3s and 3d valence electrons ngy, where nggy
=6,7,8,9,10 for Cr, Mn, Fe, Co, Ni, respectively. In experi-
mental studies on a number of pseudobinary (XY)s,Pts al-
loys by Suzuki et al.?® (X,Y=Cr,Fe,Ni,Co) and Thiele et
al.’® (X=Fe,Y=Ni), it was found that indeed pseudobinary
alloys with almost complete chemical order can be grown
and that the lattice constants and c¢/a ratio change steadily
between the values of the respective binary alloys. In both
studies maximum anisotropy and magnetization was found
for ne~ 8, i.e., the FePt composition, confirming the results
of the band structure calculations in Ref. 1. However, few
experimental data have been published on the pseudobinary
alloy (FeMn)soPts,. In one earlier experimental study of the
structural and magnetic properties of (Fe;_,Mn,)Pt powder
samples using neutron and x-ray diffraction a rich magnetic
phase diagram with several collinear and noncollinear ferro-
magnetic and antiferromagnetic phases was found for
samples with reasonably high chemical order.?” The results
of this study, in particular the dependence of the saturation
magnetization Mg on n.g, show the same general trend as the
results on (Fe,_,Cr,)Pt thin films, namely, a steady drop of
Mg with increasing Mn content, even though My=0 is
reached for slightly different values of n.y, at n.;=7 for
(Fe,_,Cr)Pt and n.4=7.75 for (Fe;_,Mn,)Pt. This finding
contradicts the computational study of Burkert et al. where a
slight increase in magnetization and a strong increase in an-
isotropy are predicted for increasing Mn content in the range
0<x=<0.25.* Here we present an experimental study on
structural and magnetic properties of epitaxial (Fe;_ Mn,)Pt
thin films with very high degrees of chemical order, and high
crystalline quality, complementing the experimental data of
Refs. 25 and 27 and allowing a direct comparison with the
theoretical predictions of Refs. 1 and 24.

II. EXPERIMENT

FeMnPt (001) samples were deposited epitaxially on
MgO (100) substrates by magnetron cosputtering from two

alloy targets FessPtys and Mny;Ptsg, in a commercial sputter
system (AJA International). An Ar gas pressure of 3 mTorr
was used for sputtering, and the deposition rate was approxi-
mately 0.5 A/s. The substrate temperature was set at 550 °C
during deposition, and in order to minimize effects of inter-
diffusion on sample composition only very thin seed layers
of about 10 A Fe followed by 10 A Pt were used. For the
chosen alloy compositions of the targets and deposition pa-
rameters the resulting Pt content is 50+3 at. %, and the Fe
and Mn concentrations of the (Fe;_ Mn,)Pt films were varied
in the range 0 <x=<0.68. Film thicknesses and compositions
were measured by particle-induced x-ray emission (PIXE)
and Rutherford Backscattering (RBS). The composition
along with the structural and magnetic parameters of all
samples used in this study are listed in Table II.

The epitaxial quality, degree of chemical ordering, and
lattice constants for the epitaxial films were determined from
specular and grazing incidence (1° beam incidence angle)
x-ray diffraction using a PANalytical X pert system with Cu
Ka radiation (A=1.541 A). The lattice parameter perpen-
dicular to the film plane, ¢, was determined from the (001),
(002), and (003) peaks, and the in-plane lattice parameter a
was determined from the (200) peak. The long-range order
parameter was calculated from the ratios of the absorption-
corrected, integrated intensities multiplied by the square of
the full width at half maximum of the rocking scan of the
(001) and (003) superlattice peaks to the (002) fundamental
peak, following the procedures described, e.g., in Refs. 28,
23, and 29. The values reported below were taken as the
averages of the two values obtained from the two superlattice
peaks. It is worth noting that the theoretical maximum order
parameter varies as a function of 34 transition metal, i.e., the
sum of Fe and Mn, to Pt ratio and is given by S,..
=1-2Ax, where Ax is the deviation from equiatomic com-
position. For the composition range of 47 <Pt content
<53 at. % S,,.x varies from 0.94 to 1.

Hysteresis loops as well as saturation magnetization Mg
and anisotropy constant K; were measured in a maximum
field of 2 T using a commercial vibrating sample magneto-
meter (VSM, model DMS 10, ADE Technologies). The first-
order anisotropy constant K; of the uniaxial magnetocrystal-
line anisotropy K is defined as K;=K,*"+27M . K,*" was
measured using a 45° method and high-field extrapolation.

X-ray absorption spectra of the Fe and Mn L, ; edges
were taken through measurement of the total electron yield at
normal incidence using the vector magnet setup at beamline
4 of the Advanced Light Source (ALS).3" A magnetic field of
0.5 T was applied alternately parallel and antiparallel to the
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TABLE II. Composition, effective electron density, out-of-plane (c¢) and in-plane (a) lattice parameters,
c/a ratio, theoretical maximum Sy,,,,, and experimentally determined value Scy, of the long-range chemical
order parameter, saturation magnetization M, and uniaxial anisotropy K of the series of (Fe;_,Mn,)Pt films

discussed here.

M K
Composition nege ¢ (A a(A) Smax  Sexpt (emu/zm3) (107 ergI/ cm?)

Fes;Pty; 8 3705  3.858 0960 094 093 1130 4.4
(FegooMngo)5;Ptyy  7.99 3706 3.854 0962 094  0.90 1110 44
(FegosMngon)5:Plyg 799 3702 3.866 0957 096  0.90 1050 4.1
(FegosMng 03)5oPtyg ~ 7.97  3.702 096 0.86 1000 2.9
(FegosMng 5)5oPtyg ~ 7.95 3.701 096 091 1000 2.6
(FegooMng gg)51Ptag  7.93 3,700  3.879 0954 098 0.85 930 2.2
(FeggoMng 11)s0Ptso ~ 7.89  3.698 1 0.87 835 1.7
(FepsiMng 10)soPtsy  7.81  3.693 3904 0946 1  0.88 690 12
(Fep7:Mng29)4oPts;  7.70  3.680  3.920 0938 098 0.85 390 0.4
(Feps7Mng 43)4gPts,  7.57  3.674 3946  0.931 096 0.85 133 0
(Fep3oMngg)47Pts3  7.32  3.634 3964 0917 094 0.87 0 0

photon helicity to determine the x-ray magnetic circular di-
chroism (XMCD). To check for surface segregation and oxi-
dation effects in addition core level x-ray photoemission
spectra were taken in a commercial spectrometer (Phi Quan-
tum 2000 ESCA) using monochromatic Al K, (hv
=1486.6 eV) radiation at perpendicular and grazing emis-
sion.

III. RESULTS & DISCUSSION
A. X-ray diffraction

At equiatomic composition FePt in its chemically disor-
dered phase forms a face-centered-cubic unit cell with Fe
and Pt randomly distributed on the lattice sites. As men-
tioned above, the chemically ordered L1, phase of FePt com-
prises a natural superlattice of alternating Fe and Pt atomic
planes along the (001) direction, which here coincides with
the growth direction. The magnetic properties of FePt are
strongly correlated with the structural properties of the ma-
terial, i.e., the crystallographic orientation of the film, the
degree of chemical order, and the degree of epitaxy, which is
quantified by the mosaic spread. These can be determined
from specular (6-26 geometry) x-ray diffraction (XRD) mea-
surements. Figure 1(a) shows the XRD scans of Fes,Ptys,
(Feg9oMng gs)51Ptyg, and (Feg 57Mng 43)45Pts, films. A slight
line broadening is observed with increasing Mn content, and
the mosaic spread in the (002) reflection peaks increases
from 0.5° for the FePt film, comparable to that of high-
quality molecular-beam-epitaxy- (MBE-) grown FePt films
reported in the literature,3” to about 0.7° for x=0.43. The
intense (001) and (003) superstructure peaks observed in all
samples are characteristic of the chemically ordered L1,
phase. From the integrated intensities of the (001), (002), and
(003) peaks the degree of long-range chemical ordering, S,
along the ¢ axis can be quantified.” A high degree of chemi-
cal order with order parameters S>0.85, close to the theo-
retical maximum for the compositions used here, was ob-

served in all films. In the scan of the FeMnPt films in Fig.
1(a) an additional small peak at 20=47.2° is observed. This
peak can be assigned to the (111) orientation of the L1,
phase and is indicative of an inclusion of a small amount of
material with a different crystallographic orientation. From
the integrated intensity of the peak it can be estimated that
the volume fraction of these inclusions makes up less than
1% of the film. Similar or smaller amounts of inclusions
were found in all films included in the data analysis. To-
gether the high degree of chemical order and the almost
complete absence of additional diffraction peaks in specular
as well as in grazing incidence scans shows that indeed the
FeMnPt is growing in the same face-centered-tetragonal unit
cell as FePt with Mn substituting for Fe in the pseudobinary
alloy. This is further supported by the change in the lattice
parameters as a function of Mn content x, plotted in Fig.
1(b). For comparison, the lattice parameters of bulk samples
(open symbols) of Fes,Pts, (Ref. 28) and Mns,Pts, (Ref. 12)
and the powder sample data by Menshikov et al.?’ (dotted
line) are shown. Within the experimental errors good agree-
ment between all three data sets is found, showing with in-
creasing Mn content a steady decrease of the lattice constant
perpendicular to the film ¢ and a slightly steeper increase of
the in-plane lattice constant a approaching the bulk values of
MnPt at around x=0.6." Accordingly, the ¢/a ratio that de-
scribes the degree of distortion of the face-centered-
tetragonal unit cell decreases from 0.96 for the Fes;Pty; film
to 0.92 for the (Fej3,Mny¢g)47Pts3 film, again in reasonably
good agreement with the data of Ref. 27.

B. Magnetic properties

Figures 2(a)-2(c) show the hysteresis loops of FePt,
(Feg9oMng gg)5iPtyg, and (Fep7:Mng9)49Pts; films, respec-
tively. All three films exhibit the easy axis of magnetization
perpendicular to the plane. For the two films with x=0 and
0.08 the sharp drop of magnetization at the nucleation field
Hy and the low remanence are indicative of low resistance to
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FIG. 1. (a) 6-26 x-ray diffraction scans of 750-A-thick Fes;Pt;7,
(Feg 9:Mng g)s1Ptsg, and (Feq 57Mng 43)45Pts, (001) films grown on
single-crystalline MgO (100) substrates. (b) Lattice constants per-
pendicular to the plane, ¢, and in the plane, a, of the films as a
function of Mn content for part of the series of 750-A-thick
(Fe,_Mn,)Pt films listed in Table II, and (c) the c/a ratio for the
same series of films.

the movement of domain walls and, by implication, low den-
sity of pinning sites in the films.3* For the film with x
=0.29 the hysteresis loops measured perpendicular to and in
the plane of the film show only a weak perpendicular orien-
tation. Figure 3 shows Mg and K; at room temperature as a
function of the Mn concentration. Mg drops steadily from
1125+60 emu/cm? for the Feg;Pt,; film, reaching M =0 ap-
proximately at (FeysMn, 5)Pt, indicating a paramagnetic or
antiferromagnetic state. Similarly, the anisotropy constant K;
drops rapidly from about 4.4 X 107 erg/cm? for Feg;Pt,; to
1.7X 107 erg/cm? for (Fey,Mny og)5Pt,o, and reaches 0 at a
slightly lower Mn content, for the (Fes7Mng43)4gPtsy
sample. Note that the value of K;=4.4X 107 erg/cm? for the
Fes3Pty; film is consistent with that found in other films de-
posited under similar conditions,?® but somewhat lower than
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FIG. 2. Magnetic hysteresis loops measured in a vibrating
sample magnetometer of 750-A-thick FesyPts7, (Feg0Mng og)s1Ptao,
and (Fey7;Mng19)49Pts; films grown on single-crystalline MgO
(100) substrates. The solid symbols correspond to a field applied
perpendicular to the film, open symbols correspond to a field ap-
plied in the plane of the film.

that of MBE-grown films, where up to 7 X 107 erg/cm? has
been observed.*

To investigate the relative magnetic orientation of the Fe
and Mn moments XMCD measurements on a few selected
samples were performed. Surprisingly, for samples across the
whole composition range we see a sign change between the
dichroism observed at the Fe and Mn edges, indicating a net
antiferromagnetic alignment of the two moments, as shown
for a (Fepg,Mngg)s,Ptso film in Fig. 4. From the relative
areas of the absorption peaks it can be estimated that within
the experimental errors the composition within the informa-
tion depth of the XMCD measurements®* of about 25 A is
identical to that of the bulk of the film as measured by RBS.
Furthermore, we can exclude oxidation effects, since multi-
plet peaks indicating MnO in the L3, XMCD spectra® are
absent in our data. Based on these observations we can ex-
clude the possiblilty that the opposite sign of the XMCD
effect for Mn and Fe is an artifact due to, e.g., segregation of
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FIG. 3. Saturation magnetization and magnetocrystalline aniso-
tropy of the series of (Fe;_,Mn,)Pt films listed in Table II as a
function of the Mn content.
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FIG. 4. X-ray absorption spectra for opposite magnetic fields
(top curves) and difference spectra indicating the magnetic circular
dichroism (bottom curves) of a (FegoMny gg)5;Ptsg film. The differ-
ence spectrum of Mn was multiplied by a factor of 12.

one species toward the surface and the formation of Mn or
MnO clusters coupled antiferromagnetically to the ferromag-
netic film underneath. However, a comparison of the XMCD
intensities at the L;, edges of Fe and Mn shows the Mn
signal to be far lower than the Fe signal. Using simple sum
rule considerations,® assuming the ratio of numbers of 3d
holes of Mn and Fe to be 5:4, and neglecting orbital contri-
butions, we roughly estimate the net Mn moment per atom to
be only about 25-30 % of the Fe moment. According to the
neutron diffraction data measured by Menshikov et al. on
chemically ordered powder samples, the magnetic moment
per (Fe, Mn) atom should be higher for MnPt (4.3up) than
for FePt (3.0up), and for ternary (Fe,_Mn,)s,Pts, alloys a
ferromagnetic phase with intermediate moments was ob-
served for 0<x=<25 at. %.?’ In contrast, XMCD measure-
ments of submonolayer Mn on Fe(100) showed antiferro-
magnetic coupling between Mn and Fe even for very low
coverage, and a steep drop of the net Mn moment with in-
creasing coverage, approaching zero, i.e., complete antiferro-
magnetic coupling within the Mn layer, for a complete
monolayer.” Similarly a net antiferromagnetic alignment of
the Fe and Mn moments was observed here, but it is worth
pointing out that indeed this is a net effect, and local ferro-
magnetic coupling between a minority of the Fe and Mn
atoms cannot be excluded based solely on such XMCD data.

IV. DISCUSSION

In the following the results of the present study are dis-
cussed in the context of the earlier experimental studies and
specifically compared to the conflicting theoretical predic-
tions by Sakuma' and Burkert er al.?* As described above,
we do not observe in our experimental study the increase in
magnetization and magnetocrystalline anisotropy predicted
by Burkert et al. for Mn content up to x=0.25, but qualita-
tively our data do follow the theoretical prediction of Ref. 1.
Quantitatively, however, they also exhibit some significant
differences from both the predictions based on this theory
and the experimental data for (Fe,_,Cr,)Pt.”> Figure 5 shows
the saturation magnetization and the magnetocrystalline an-
isotropy, plotted here as a function of the effective electron
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FIG. 5. (a) Saturation magnetization and (b) magnetocrystalline
anisotropy of the same series of (Fe;_,Mn,)Pt films shown in Fig. 3
and listed in Table II (closed symbols) and a series of
(Fe,_,Ni,)s5Ptys films from Ref. 26 (open symbols) as a function of
the effective electron density. The dotted lines are the dependencies
predicted by the theory developed in Ref. 1 and adapted to pseudo-
binary alloys in Ref. 25.

density. Also shown are experimental data from Ref. 26 for a
series of (Fe;_,Ni,)ssPtys films and the theoretical curves
taken from Ref. 25. The effective electron density was cal-
culated using a linear interpolation between the values for
MnPt, neg="7, FePt, n.=8, and NiPt, n.;=10. Not shown in
this figure are the experimental data from Ref. 27. However,
we note that in the data presented here the vanishing of the
ferromagnetic moment occurs at a higher Mn content, about
x=0.5, compared to the earlier neutron diffraction data,
where antiferromagnetic order at room temperature was ob-
served for Mn content of only about x=0.25. Comparing the
data for the films of the present study to the experimental
data for (Fe;_,Cr,)Pt and the theoretical curve in Ref. 25,
evidently, the drop in both magnetization and anisotropy is
significantly steeper in the case of (Fe;_,Mn,)Pt. To under-
stand this difference it is helpful to look first at the differ-
ences between the MnPt and CrPt alloys. While both these
alloys form a chemically ordered, antiferromagnetic L1,
phase,'*3® the simple d-band-filling argument made in Ref.
25 for the series from Mn 3d°s* to Ni, 3d%s? does not apply
to Cr due to its different electronic configuration, 3d°s!, with
a half-filled s orbital but the same number of d electrons as
Mn. This difference is apparent in the trend of the c/a ratio
for these alloys given in Table I, with ¢/a~ 1 for CrPt, but
significant tetragonal distortion for the other alloys, and
MnPt actually exhibiting the smallest value of the series with
c¢/a=0.92. While no detailed structural data are reported in
Ref. 25, given the large difference in c¢/a ratio between CrPt
and MnPt and the general observation that the c¢/a ratio of
the ternary alloys tends to assume intermediate values be-
tween those of the respective binary alloys, it seems plau-
sible to assume that the c¢/a ratio will change in qualitatively
different ways with effective electron density for the ternary
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alloys (Fe,_,Cr,)Pt and (Fe,_,Mn,)Pt. Given the importance
of the tetragonal distortion of the fcc unit cell for the mag-
netocrystalline anisotropy of the L1, materials found in the-
oretical studies,"!? it further seems plausible to expect dif-
ferent magnetic properties of these ternary systems at
equivalent effective electron densities. It is interesting to
note in this context that in Sakuma’s original study' the ¢/a
ratio was varied but n.; was kept constant at the values for
FePt and CoPt.

According to Mryasov et al. the magnetic properties of
the chemically ordered L1, phase of alloys of Fe with a
nominally nonmagnetic 5d element like Pt are determined by
a “direct” Fe-Fe interaction term between an Fe atom and its
four nearest neighbors in the Fe layer, and an “indirect” Fe-
Pt-Fe interaction mediated by the polarization of the Pt in the
adjacent layers.3° The hybridization of the Fe 3d bands with
the Pt 5d bands and the resulting magnetic polarization of Pt
has been experimentally observed for submonolayer cover-
age of Pt on Fe using spin-polarized photoemission*’ and in
Fe-Pt multilayers using XMCD, where an induced moment
of about 0.5up has been estimated.*! The magnetic phase
diagram of the L1, structure of MnPt observed by neutron
diffraction is more complicated. As a function of temperature
and composition transitions between configurations with the
magnetic moment of the Mn parallel or in the plane perpen-
dicular to the ¢ axis of the L1 structure were observed, but
within the experimental errors no indication of an induced
moment in the Pt was found.'> Some of the features of this
magnetic phase diagram have been reproduced by linear
muffin-tin orbital band structure calculations by Umetsu et
al.* In this study also a large value of the magnetocrystalline
anisotropy of about 1.4 X 107 erg/cm? was reported for the
antiferromagnetic L1, phase, of the same order as that of
FePt and consistent with experimental studies of exchange
bias in bilayer systems. However, while this value was de-
rived assuming only exchange splitting and spin-orbit cou-
pling but no induced moment in the Pt as the origin of the
magnetocrystalline anisotropy, the exact value of the induced
moment in Pt still seems to be the subject of debate.*>*3

For pseudobinary 3d TM-Pt L1, alloys the 3d transition
metals are randomly distributed within the layer, so the net
direct and indirect interaction terms for a given site will de-
pend on the species of the four nearest neighbors within this
layer. Following Ref. 27 one would assume that the ex-
change between two Cr atoms, Jcp.c,, Of two Mn atoms,
Jyn-Mn» ON Neighboring sites in the same layer of the chemi-
cally ordered structure is always negative, i.e., antiferromag-
netic, while that between two Fe atoms, Jg. ., is always
positive, i.e., ferromagnetic. The properties of a ternary alloy
then depend critically on the value and sign of the exchange
between the two 3d elements, here Jg._pp,, and the probability
and distribution of possible combinations of nearest-
neighbor configurations for a given composition. The obser-
vation of a net antiparallel orientation of the Fe and Mn
moments in the XMCD spectra seems to suggest that the
exchange term Jg.,, 1S antiferromagnetic over the whole
concentration range. For example, assuming the values for
the Mn and Fe moments given in Ref. 27 for the
(Feg.9oMng o3)Pt film of Fig. 4 a purely collinear configura-
tion would require almost 40% of the Mn moments to be
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aligned parallel to the Fe moments. The remaining 60% of
the Mn moments would then be aligned antiparallel to the Fe
moment, resulting in an apparent reduction of the Mn net
moment as observed in XMCD.¥ It can be speculated that
the partial antiparallel alignment of the Mn moments is one
of the reasons for the experimentally observed reduction of
the saturation magnetization and the magnetocrystalline an-
isotropy compared to the predictions of Ref. 24. According
to the model outlined in Refs. 39 and 44 one of the main
contributions to the anisotropy in FePt is the polarization of
the Pt by the interactions with the neighboring Fe layers—to
first order these are proportional to the effective moment of
these layers. Partial antiparallel alignment within the FeMn
layer in the case of the pseudobinary alloy would then not
only result in a direct reduction of the saturation magnetiza-
tion, but also lead to a reduction in the polarization of the Pt
layer and consequently the magnetocrystalline anisotropy
mediated by this polarization. It should be noted that this line
of argument is strictly valid only for a collinear configura-
tion, and that in the geometry used here XMCD is only sen-
sitive to the perpendicular component of the magnetization.
However, in their neutron diffraction study Menshikov et al.
found a more complicated magnetic phase diagram with a
canted ferromagnetic (so-called FAF) phase in the range
0.2=x=0.26 at room temperature, and a canted antiferro-
magnetic (AF) phase for 0.26 <x<0.5. The FAF phase con-
sists of magnetic moments with a ferromagnetic component
along the ¢ axis and antiferromagnetic order in the plane
perpendicular to the ¢ axis.?” To reconcile the results of Ref.
27 with the XMCD data presented here as a next step a more
detailed investigation using XMCD measurements at vari-
able incidence angle probing both in-plane and out-of-plane
components of the magnetic moment combined with band
structure calculations to establish an estimate for Jg, \y, will
be required.

As for the qualitative discrepancy between the magnetic
properties of the (Fe,_,Mn,)Pt films presented here as well as
the (Fe;_,Mn,)Pt powder samples presented in Ref. 27 and
the theoretical predictions for this pseudobinary alloy in Ref.
24, we note that for the theoretical study the structural pa-
rameters compiled by Villars,* ¢=3.788 A, a=3.861 13\, and
c¢/a=0.981 for FePt were used across the whole composition
range. These values deviate significantly from the values
typically found in experimental studies on both thin film and
bulk samples. For FePt we find values of c¢=3.71A, a
=3.86 A, and ¢/a=0.96, very similar to the values found in
high-quality samples grown by sputter deposition under
similar conditions,? in high-quality MBE-grown samples,*’
and in bulk samples.?’ For the L1, phase of MnPt this dis-
crepancy between the structural parameters used in Ref. 24,
c/a=0.981, and the experimental value ¢/a=0.92,'2 be-
comes even larger. As demonstrated in Ref. 1 this could lead
to significant changes in the results of the theoretical calcu-
lation. Unfortunately, beyond a small range that can be in-
fluenced by using a controlled mismatch between the lattice
parameters of the film and the seed layer or substrate, experi-
mentally it is not easily possible to vary the lattice param-
eters independent of 7.

Furthermore, as Burkert et al. point out,* the degree of
long-range chemical order also has significant influence on
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the magnetocrystalline anisotropy. Following their estimate
in experimental samples with a degree of chemical order in
the range of 0.85 to 0.95 a reduction of the anisotropy com-
pared to the theoretical values by about 10% is predicted.
Together the values assumed for the c¢/a ratio in Ref. 24 and
the imperfections of the experimental samples studied here
may explain some of the quantitative discrepancy between
theoretical predictions and experimental results. However,
the antiparallel alignment of the Fe and Mn moments ob-
served in XMCD measurements of samples over the entire
composition range, the observation of canted magnetic and
antiferromagnetic phases in an earlier neutron diffraction
study,”’ and the absence of any indication for the enhance-
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ment of the magnetocrystalline anisotropy for x=<0.25 pre-
dicted in Ref. 24 seem to hint at a more qualitative and
fundamental discrepancy between theoretical description and
experimental realization.
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