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The magnetic anisotropy energy of Fe films, FePd surface alloys, as well as ordered and interdiffused
(Fe,Pd,), superstructures on PD0O and Pdl1l) are evaluated using a fully relativistic spin-polarized
screened Korringa-Kohn-Rostoker method. It is found that only an ordergedfFsuperstructure grown on
Pd100 exhibits perpendicular magnetism, while for all other systems under investigation the magnetization is
oriented in plane. By using the inhomogeneous coherent potential approximation for layered systems, the effect
of ordering into(repeatefisuperstructures can be descrilzdginitio. It is found that already small amounts of
interdiffusion can be decisive for the actual value of the magnetic-anisotropy energy. The present theoretical
results as compared to experiments indicate that changes in the magnetic-anisotropy energy related to chemical
order might arise either through changes in the crystallographic structure or through changes in the electronic
structure and Pd-induced spin-orbit coupling.
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. INTRODUCTION Pd100), recent experimentd'* explored a face-centered-
tetragonal(fct) structure related to the in-plane lattice con-
Iron-palladium systems raised early interest as it has beestant of Pd100), with a corresponding high-spin Fe phase
discovered that palladium becomes magnetically active ifaused by an enlarged atomic volume of Fe. This volume
the presence of magnetic impuritie$In particular, Fe im-  effect has been nicely demonstrated in a previous theoretical
purities in bulk Pd showed a high net magnetic morhémat ~ work by dos Santos and KuhnéhAlso recently, chemical
has been partially confirmed by first-principles calculationsdisorder such as interdiffusion and surface alloying has been
within the local spin-density approximatidhSDA).* Later ~ understood to influence the perpendicular magnetic anisot-
on the atomic, electronic, and magnetic structure of Fe filmgopy (PMA) in these systems:*° Especially, for FgsPth s
grown on Pd111) and P@100) have been intensively inves- thin films it has been established that only the totally ordered
tigated experimentally=® Remarkably, ultrathin Fe films L1, phase exhibits a PMA?®
on Pd100 revealed ferromagnetic ordering with the The purpose of this paper is to present a computational
magnetization oriented parallel to the surface when growrstudy of the magnetic-anisotropy ener@¢AE) of Fe films
at 300 K, while at 10 K a magnetization perpendic and Fe/Pd superstructures on(BaD and Pd111) focusing
ular to the surface was observed for thicknesses up to thrgBainly on effects of alloying and interdiffusion. The main
monolayers and parallel for larger thicknes&esin ac- question to answer is by which mechanism chemical disorder

cordance with these observations, also FePd nanomultilayet@fluences the MAE in these systems. In Sec. Il we briefly
showed an increasing tendency towards perpendicular magescribe the method of our calculations, in Sec. Il we
netization with decreasing thickness of the Fe layBidow- ~ Present and discuss our results, while in Sec. IV we give a
ever, depending on the growth conditions and the film thick-comparison to available experiments and draw our conclu-
ness the atomic structure of the Fe films was predicted to bg/Ons-

quite different in different experimental studié$even gﬂn

fcc-like phase of Fe in the nanomultilayers was detected.

Furthermore, for Fe/Rd11) superlattices interatomic diffu- Il COMPUTATIONAL ASPECTS

sion at the interfaces restricted to about three atomic layers All calculations were performed using a fully relativistic
has been found to be consistent with x-ray andsstmuer spin-polarized version of the screened Korringa-Kohn-
spectrat! while Fe/Pd,(100) multilayers grown by Rostoker methodf In all cases the effective potentials and
molecular-beam epitaxy are claimed to have nearly perfeatffective exchange fields were obtained self-consistently
interfaces= For Fe films as thin as 1-3 atomic layers onbased on the exchange-correlation functional given in Ref.
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19, by making use of surface Brillouin-zone integrations Pd(100)/Fe, Pd(111)/Fe,
with 45k, vectors per irreducible wedgéSBZ), and a 05 0.5
“buffer” of at least three Pd layers to the semiinfinite Pd - "
substrate. This was indeed necessary since x-ray magnetic 0.0 all 0.0 ‘\\ S
circular dichroism studies revealed that Pd atoms carry a _| .\A\ -/\ .
magnetic moment up to four layers from the Fe/Pd % e A
interface'? Similarly, three to four empty sphere layers were & -05{ °51 ™AL
treated self-consistently in order to relax the potentials to the 1w >.\:
ideal vacuum. For describing disord@lloying, interdiffu- < 1.0 \x 1.0 \
sion) the coherent potential approximation CPA for layered i. ¢
system&’ was applied using the same numerical parameters .
just mentioned. All calculations refer to the experimental lat- T T e s . 15 T 2 3 4 5 &
tice_ szalc_ing &o=17.3530 a'l.J') of a Pd .fCC “parent n, number of layers n, number of layers
lattice,”<" i.e., no layer relaxations were considered although
in principle this would be possibfé.It should be noted that
in the case of a RA00) substrate théconstant interlayer Pd(100)/(Fe Pd,,), Pd(111)/(Fe,Pd,,),
spacing (3.6765 a.y. is substantially shorter than for a 0] 03] 4
Pd(111) substratg4.2454 a.u. R
According to the magnetic-force theorem the magnetic- 02 02 \
anisotropy energA E, of layered systems, as defined by the o 911 A\ P 0.1 1 TR,
difference of the total energy between a uniform in-plafe ( ? 00 0.0
and perpendicular-to-plane § orientation of the magnetiza- E 01 S, 011 O\K\
tion, is approximated within the LSDA by the corresponding Y .l * N\ 0 ] * A
band-energy difference ) RN ) . S
0.3 1 \.\A -0.3 .\.\A

AE;S=Ep(l) — En(L). (D) 04 ] el 0a o
Although LSDA, in strict sense, merely implies a differential 12 3 4 56 123 45 6
form of the force theorerf® many applications in the past n, number of layers n, number of layers

proved the usefulness of the approach in @g. Note that a
self-consistent calculation is carried out only for thelirec-
tion of the magnetization, keeping then the potentials an(?t
effective fields fixed when evaluating Eq.). For the case of
a Fe monolayer on R#00 we computedAE, based on
self-consistent calculations corresponding to a perpendiculqﬁg the classical magnetic dipole-dipole contribution

as well'as an in-plane orientation of the magnetization;' th%Edd,m usually referred to as shape anisotropy A6,
respective results are 0.133 meV and 0.136 meV. The differ-

ence between these two values lies well within the range of AE,=AE,+AEyq. (4
the error arising from the Brillouin-zone integratith. . _
If cP denotes the respective concentrations of the constituNote that in the case of disordered systems we used

entsA andB in layerp then in terms of théinhomogeneoys ~concentration-averaged magnetic moments in the expression
CPA for layered systemiSAE, is given by of AE4q4 derived in Ref. 18, that is, we neglected all vertex

corrections when averagiffythe product of two single-site
quantities such as magnetic moments. It is also important to

FIG. 1. Band-energy contributiofsquare magnetic dipole-
ipole energy contributiofcircles to the MAE and the total MAE
riangles of pure Fe and disordered £ d, 5 films on Pd100) and
Pd111) substrates. Solid lines serve as a guide for the eye.

N

AE,= 21 ZAB CRAED, (2) mention that because of the definition given in Ef) a
Pt am positive/negative value of the MAE implies perpendicular/
where the in-plane magnetization of the film.
AEE=f "AnP(€)(e—ep)de 3) Ill. RESULTS

® We first performed calculations for thin Fe films on

refer to component- and layer-resolved contributions to thed100 and Pd111) substrate. The calculated MAE is de-
grand-potential aT =0. In Eq.(3) AnP(e) is the difference picted in the upper panels of Fig. 1 together with the corre-
of the component- and layer-projected density of states witlsponding band energy and magnetic dipole-dipole contribu-
respect to the orientation of the magnetization evaluated usions. Note that, as will be clear from the figures showing
ing 99 vectors per ISBZ guaranteeing a reliable layer-resolved contributions, in our convention the semi-
convergenc¥ for AE,, €, denotes the bottom of the va- infinite substrate is to the left, therefore, we will write in the
lence band andg is the Fermi energy of the nonmagnetic following the substrate to the left, i.e., in this case
substrate. The Breit interaction missing in the Kohn-ShamPd(hkl)/Fe, with (hkl)=(100) or (111). For Fe films on
Dirac Hamiltonian is taken into accouatposterioriby add-  Pd(100 AE, is positive with an increasing magnitude up to
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0.3 Pd(111)/(Fe Pd, ),,
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FIG. 2. Band-energy contributioffull square$ to the MAE for 01 -
disordered (F&Pd;_ )1 films on Pq111) as a function of the con- : : :
centrationc. The contribution of iron and palladium components in 5 10 15
the disordered layers is also displayed as open circles and squares,
respectively. Solid lines serve as a guide for the eye. 02 1 ¢=1.0
. . S 041
n=3, then changes sign suddenlynat 4 and remains nega- 2
tive for thicker films. However, by taking into account the E 00 loo oo o __Aaa
strongly negative magnetic dipole-dipole energy contribu- ué" o
tions AE4q, the theoretical MAE'’s are negative irrespective 0.1 -
of n.
As can be seen from the corresponding entries in Fig. 1 -0.2 : o s

the characteristic differences in the calculated MAE'’s with
respect to the growth direction arise from the differences in
the band-energy contributions\E,. In the case of FIG. 3. Layer- and component-resolved contributigaiscles,
Pd(111)/Fg larger variations inAE, can be observed for re; squares: Pdto the band-energy part of the MAE in
small n values than for Pd(100)/Fe AE, jumps from a  (Fe.Pd_.), films on Pd111) for c=0.8, 0.9, and 1. The contri-
positive value an=1 to a large negative value far=2,  butions of the “buffer” Pd(squaresand empty sphere layeffi-
whereas fom=3 AE, is slightly positive. From an analysis angles are also shown. The thin solid line indicates the shape of the
of layer-resolved contributions afE,, (see Fig. 3we find total layer-resolved contributions &fE, . The Pd substratéorigin
that the abrupt decrease &E, fromn=1 ton=2 is related of counting is to the left, vacuum to the right.
to the strongly negative band-energy contribution of the sub-
surface Fe layer. With the exception of=1, by adding AE, with respect to the concentration is dominated by the Fe
AE4q to AE,, we again get an in-plane magnetization for contribution. The nearly linear increase of thd=,, of Fe
Pd(111)/Fg films. from c=0.5to 0.8 is easy to understand as the amount of Fe
Next we compare our results for pure Fe films to those foiis gradually increasing. However, for concentrations larger
homogeneously disordered J=Pd, 5 films (lower panels of than 0.8 theAE, of Fe drops dramatically leading to almost
Fig. 1): for the (100 as well as thg111) growth direction negligible contributions at=1, i.e., at the pure Fe-film
AEy is now positive for all values ofh considered, fom limit.
=3 it is larger even than those of the corresponding pure Fe The above nontrivial behavior can be understood by fur-
films. Since the average magnetic moment per layer is alther resolvingA E,, with respect to layers as shown in Fig. 3
most halved as compared to the pure Fe filhEyq is sub-  for c=0.8, 0.9, and 1. As can be seen, the most important
stantially decreased in magnitude. It is, however, largecontributions toAE arise from the Fe atoms at the interface
enough to result in an in-plane magnetization fiex2 for  and in the two layers next the surface, whereas buried layers
both substrate orientations. do not play a role in the actual size of the MAE. As dis-
In order to see clearly the effect of alloying we performedcussed in Ref. 26 this is a direct consequence of the nearly
calculations for a rather thick filmn(=10) on Pd111) by  cubic “local symmetry” in such layers. Interestingly, the Pd
varying the Fe concentration from=0.5 to 1. The band- buffer layers have non-negligible contributions to the MAE.
energy contribution to the MAE is displayed in Fig. 2 to- The AE, of Fe at the interface decreases monotonically with
gether with its componentlike resolution. Note that in thisthe concentration of the Fe component and, thus, cannot ex-
figure the fairly constant contribution of the “buffer” Pd plain the anomalous behavior &E, for 0.8<c<1. Pro-
layers toAE, are not considered. Apparently, the change ofnounced changes witb in the contributions of Fe tAE,

Layers
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Pd(100)/(Fe,Pd.), Pd(111)/(Fe,Pd)), Pd(111)/(Fe,Pd,),
r, number of repetitions r, number of repetitions r, number of repetitions
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FIG. 4. Upper panels: Band-energy contributisquarels magnetic dipole-dipole energy contributisircles to the MAE and the total
MAE (triangles of ordered FePd superstructures. Lower panel: the same quantities as in the upper panel, however, divided by the film
thickness. Solid lines serve as a guide for the eye.

can, however, be detected at the surface and subsurface lagpetitions of units built up froom Fe andm Pd layers de-

ers. Forc=1 the subsurface Fe atoms show large negativeosited on a Pd{kl) substrate. Consequently, such a film is

contributions, whereas the surface Fe atoms have only a tinyuilt up from N=r(n+m) atomic layers of thicknessl

positive one. Substituting 10% of the Fe atoms by Pd atoms=d, N, whered, denotes the€uniform) interlayer spacing.

the surface Fe atoms immediately show large posititg,, Clearly, from the point of view of high-density magnetic-

while the magnitude of the negative contribution of the sub+ecording media a large PMA is desired, therefore the aim is

surface Fe atoms simultaneously decreases. This effect ie maximize the value of the MAE per repetition or per unit

still increased for a 20% substitution of Fe atoms by Pdthickness

Thus, increasing the Pd concentration, the abrupt increase of

AE, can be directly related to changes in the electronic k=IlimAE,(r)/r or k=IimAE,(d)/d. (5)

structure of the surface Fe atoms. A possible mechanism r—e d—e

might be associated with spin-orbit coupling of the Fe atoms

induced by an increasing amount of surrounding Pd at@ms Based on above studies of Fe and & _.) films the

systematic study of this effect can be found in Ref).25 largest positivek has to be expected for smailand m val-
We turn now to the investigation of Pakl)/(Fe,Pd,), ues. Therefore, we restricted ourselves to the cases-df

multilayers, that is, multilayers consisting of a numbemrof andm=1 for both P¢100 and Pq111) (1<r<10), and in
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0.5
0.4 | Pd(100)/(Fe,Pd,),,

layers are about 0.03 meV and-0.08 meV, respectively.

Concerning the Pd(1)A(Fe;Pd;) 4 system it is interesting to

note that the innermost Fe layer in each of the §labs has

practically a vanishing contribution. On the contrary, the out-

ermost Pd layers of the Rdlabs exhibit a nearly zemvE}

whereas the innermost Pd layers retairA&) of about

—0.05 meV, indicating that the “local-symmetry argu-

. , , , , , ment” mentioned above has to be applied with care. As a

0 5 10 15 20 25 30 result a largek for Pd(111)/(FgPd;), is obtained than for

0.5 Pd(111)/(FePd)), (see Fig. 4.

0.4 { Pd(111){(Fe,Pd,),, As already pointed out chemical ordering plays a crucial

0.3 - role for the size of the MAE of Fe/Pd thin films and multi-

02 1 layers. To trace this effect we used a model of interdiffusion

01 | Z\]\A]\A]&]\A for the (FgPd,)5 film: in each of the units R&d, we sub-

00 stituted the same amount of Fe atoms by Pd atoms in the first

s ] [\_[‘ yrrrry M (originally pure F¢ layer as that of Pd atoms by Fe atoms in

the second(originally pure Pdl layer. This leads to a se-

o s 10 15 20 25 a0 quence of (FgPd, _./Fe,_Pd.)s, which for anyc obviously

05 keeps the total amount of Fe and Pd atoms to be fixed. Fur-

Pd(111)/(Fe Pd,), thermore, forc=0.5 andc=1 the homogeneously disor-

dered 50%-50% alloy and the orderddl() superstructure

is restored, respectively. For both growth directions, we per-

formed calculations for 055c=<1 simulating thus a continu-

ous transition between the above two limiting cases.

0.0 - v The corresponding results for the MAE are displayed in

01 1 Fig. 6. As the shape-anisotropy contributidvEyy varies

. . . . . . only little with c, the variation of the MAE is governed by

0 5 10 15 20 25 10 the corresponding variations &fE,. For the case of films
Layers grown on Pd100 (upper panel of Fig. BAE,, monotoni-

cally decreases with decreasingAs can be read off from

Fig. 6, an interdiffusion of as little as 7% € 0.93) turns the

magnetization from out-of-plane to in-plane. Obviously, the

Gecrease of the Fe contribution is ultimately responsible for

layers. Triangles represent the contributions from empty-sphere Ia)}he decrease of the band-energy part to the MAE as the in-
ers. Thin solid lines serve as a guide for the eye. The Pd substrafgrd'ﬁus'on is increasing. For films grown on @d1) (lower
(origin of counting is to the left, vacuum to the right. panel of Fig. 6 the MAE is negative in the whole range of
however a maximum oAE, at aboutc=0.9 can be de-
order to investigate larger units we also -calculatedtected resulting from an interplay of both the Fe and Pd
Pd(111)/(FePd;), for 1<r<5. The corresponding results contributions.
for the MAE as well as foA E, andAE 44 with respect to the In Fig. 7 the layer- and component-resolved contributions
film thickness(repetitions are shown in the upper panels of to AE, in the above systems are displayed ¢6¢ 0.8, 0.9,
Fig. 4, whereas in the lower panels the same quantities a@nd 1. As can be seen from this figure, for the growth direc-
depicted as normalized to unit thickness. From this figurdion (100 (left panel$ the chemical disorder clearly reduces
one can see that although the band-energy contribution to thtee AE,, of predominantly Fe-like layers, whereas the Fe
MAE is positive for each system, only in the case ofatoms interdiffused into the Pd layers exhibit an even smaller
Pd(100)/(FePd,), it is sufficiently large to keep the MAE negative contribution. In addition to the common belief that
positive, whereas superstructures grown ofilB#) exhibita  changes in the electronic structure due to disofdestoring
negative MAE, i.e., an in-plane magnetization. Healues, degeneracies of bandgenerally decrease the MAE one can
Eq. (5), for the MAE that can be read off from Fig. 4 are as also recall the argument based on spin-orbit coupling in-
follows: k=0.02 meV/A for Pd(100(FePd,),, k= duced by Pd: in the ordered sample the interior Fe atoms
—0.02 meV/A  for Pd(11)/(FePd),, and k= have eight nearest-neighbor Pd atoms, whereas in the pres-
—0.013meV/A for Pd(11(Fe;Pd;), . ence of interdiffusion this number is reduced té 4¢ on the
Figure 5 shows the layer-resolved contributions to theaverage. Interestingly enough, the average number of
AE, for Pd(100)/(FePd,)o, Pd(111)/(FePd,),, and nearest-neighbor Pd atoms around an interior Fe atom re-
Pd(111)/(FgPd;),. A distinct difference between the first mains constantactually siy for films grown along the¢111)
two multilayers can be established from inspecting the condirection. This explains that the contributions Adc,, from
tributions of the interior Fe layers: they are about 0.3 meVFe atoms in the originally pure Fe layers are much less af-
and 0.2 meV, respectively, while those of the interior Pdfected by a small interdiffusion for th&111) growth

03 +

0.2 -

0.1 4

AE, [meV]

0.0 -

-0.1 A

AE, [meV]

-0.2

0.4 -

03 4

0.2 -

0.1 -

AE, [meV]

-0.2

FIG. 5. Layer-resolved contributioftircles, Fe layers; squares,
Pd layers to the band-energy part of the MAE for selected super-
structures. In the upper and middle panel the first four and in the
lower panel the first three layers correspond to the “buffer” Pd
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FIG. 6. Band-energy contributiorsolid squares magnetic o T AR A AR
dipole-dipole energy contributiosolid circleg to the MAE and the Layers Layers

total MAE (solid triangle$ of interdiffused (FgPd,_.)s films on

Pd100 and Pd111) substrates. The contributions of the Fe and Pd ~ FIG. 7. Layer- and component-resolved contributigaiscles,
components in the disordered layers are also shown by open circlé$: squares, Bdo the band-energy part of the MAE in interdif-
and squares, respectively. Solid lines serve as a guide for the eydused (FgPd, )5 films on Pd100 and Pd11)) for ¢=0.8, 0.9,

and 1. The first four layers correspond to Pd “buffer” layers, tri-
angles represent the contributions of empty-sphere layers. Thin
solid lines indicate the shape of the total layer-resolved contribu-
tions of AE, . The Pd substratéorigin of counting is to the left,
vacuum to the right.

direction—in fact for c=0.9 they are even slightly
increasing—than those in the case of (h60) growth direc-
tion.

IV. CONCLUSIONS . o .
for Pd(100)/Fg are in good qualitative agreement with

Finally we discuss our results by making comparisons tdhe experiments of Liu and Badewho for films grown at
available experiments and try to answer the question put itow temperature$100 K) observed perpendicular magneti-
the Introduction concerning the mechanism of chemical orzation up ton=2.6 and an in-plane magnetization beyond.
dering. The theoretical and computational method used iy adding AEyq4 the total MAE predicted by theory, how-
this paper seems to be so far the only one that has beeaver, becomes negative. The most possible reason for this
applied to studying the MAE of realistic thin films and mul- disagreement between theory and experiment is the fact that
tilayers of disordered alloys. Among the approximations in-in our calculations an fcc geometry with the lattice constant
volved, we believe that the most serious one is the neglectingf pure Pd was used while in Ref. 7 a bct structure for Fe
of short-range order and concentration fluctuations that cawas deduced. Quite clearly, this structural difference might
be particularly important for the 50%-50% alloys. In prin- give rise to pronounced changes both in the band-energy and
ciple these fluctuations can be taken into account by extendhe shape-anisotropy contributions to the MAE. On the con-
ing, for example, the method of concentration waé%to  trary, grown at room temperatuf800 K), a strong in-plane
inhomogeneously disordered two-dimensional invariant sysanisotropy is found even for ultrathin Fe films on
tems, an approach, which however, would lead to rathePd100),"*3which has been related to the “interface alloying
complicated mixed partial derivatives of the grand-canonicaknd tetragonalized fct structuré® Our results for an fcc
potential with respect to layer-dependent concentrations. related structure of Pd(1DdFe, sPd, 5),, (lower left panel of

Regarding merely the band-energy contributions to thd-ig. 1) that shows a tendency for an in-plane magnetization
MAE (see left upper panel of Fig.) bur calculated results seems to support this experimental finding. Therefore, we
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conclude that in this case interface alloying controls thegrowth direction we made throughout in this work might be
MAE by changing the structure of the Fe films from bct to interesting from theoretical point of view.
fet.

For an equiconcentrational FePd alloy deposited onto
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