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Origin of the magnetic reorientation transition in Fe/CuzAu(001)
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The origin of the magnetic reorientation transition in ultrathin Fe films ogAQ(00Y) is investigated in
terms ofab-initio calculations of the magnetic anisotropy energy of the system. We find that this reorientation
transition is mainly determined by two factors, nam@lysegregation of Au into the Fe film, ari#) relaxation
of the interlayer distances with respect to the semi-infinite substrate, whereby the balance between these two
effects crucially depends on the thickness of the Fe slab.
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I. INTRODUCTION magnetization as already has been reported for surface

. _ _ _ alloys? Although segregation of Cu can be ruled éuhere
The controlled deposition of ultrathin Fe films on differ- ;0" hints of the existence of Au—Fe intermixing at the

ent substrates allows one to stabilize phases different frorﬂe/CLgAu interface® In addition. evidence has been found

the ferromagnetic bce bulk system. A high-spin state ferros ihe presence of limited amounts of Aless than 0.1 MLs

magnetic fcc Fe phase has been stabilized at lattice constanse topmost surface layer, and lower concentrations in the
exceeding a critical value which is close to the Cu latt'ceunderlying layers. This trend has also been reported for

parametef=* In particular, such a phase can be formed byge, Ay 001) films, where disordered Au has been observed in
depositing a few monolaye(®1L’s) of Fe on a CgAu(001) the outermost surface plafe.

Substrate; zsaferromagnetic Fe phase is obtained for coverages gyged onab-initio calculations within the density func-
over 1 ML> The Fe/CyAu(001) system is characterized by iqna| theory(DFT), in here we study the dependence of the
a complicated behavior of magnetic and structural propertieghagnetic anisotropy of the systarfe/CuAu(001) with re-

as a function of the thickness of the Fe slab: initially theSpect to three different factorel) the number of Fe layers
magnetization is aligned perpendicular to the surface, a magn) (2) the segregation of Au, an@) the interlayer distances
netic reorientatiofMRO) transition to the in—plan(? direction. in the Fe slab. It should be noted that the present study fol-
occurs then at coverages between 2.5-3.5 MLs, depending,,s 4 previous one in which we demonstrated the dominat-

on the depo_sition temperatute. ing influence of the segregation of 0.1 ML's of Au at the
There exists some controversy about the structure of thguncace of the Ee slab on the MR®

Fe film: at the initial stages of growth Fe adopts the two-
dimensional lattice of the substrate, although with different
interlayer spacing. For Fe thicknesses under 4 MLs, this
phase has been identified as a pseudomorphie%€oy, as a All calculations are performed by using the fully relativ-
strained bcc structureThere is agreement, however, about ajstic Screened Korringa—Kohn—Rostokeé8KKR) method;
structural phase transition at coverages of 4—5 ML's towardgjetails thereof can be found elsewh&r&@he self-consistent

a bet phase, which evolves into a bcc lattice for Fe films ofeffective potentials and fields are first determined for a mag-
more than 20 ML'S:"®The interlayer distances reported for netic orientation normal to the surface and then, based on the
Fe films of less than 4 ML's coverage comprise a wide rangenagnetic force theorem, the magnetic anisotropy energy

of values, depending mostly on the growth conditions ang\AE) is calculated as the sum of the band enefd¥,)
the thickness of the film. Interlayer distances from 1.53 to3ng  the magnetic  dipole—dipole  energy(AEyq)

2.00 A, i.e., from approximately ~20% to +10% of the sub- ;ontriputions®12 Reliable convergence of the MAE is ob-
strate spacing(dl:l.85_ A and a two—dimensional lattice {zined with 30 energy points and more than $Q@oints in
parameter corresponding to the underlying substfa$®  the irreducible surface Brillouin Zone. The MAE is defined
=2.65 A) were reported’ as the difference between the energy of the system with a
The magnetic phase transition in Fe{G01) has been yniform in-plane magnetization and with the magnetization
correlated to the structural transformation from a fct to a fceperpendicular to the surface. Thus, a positiveegative
lattice! Due to the different critical thickness associated withyalue of the MAE indicates an easy magnetization axis nor-
the magnetic and structural transitions this does not apply fomal (paralle) to the surface. It should be noted that one of
Fe/CyAu(00D). An alternative source for the MRO in the the advantages of this method is that it naturally provides
Fe/CuyAu(001) system can arise from intermixing of the Fe one with the contribution of each lay&zomponentto AE,.
overlayers with the substrate, since chemical disorder can The CuyAu substrate is modeled as a statistically disor-
have a direct influence on the preferred orientation of thalered Cy,sAuq o5 alloy as described within the coherent po-

Il. COMPUTATIONAL DETAILS
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0.3l o\' ' ' ' i =n<7). In all cases, there is a limited charge transfer of
O\ o ~0.03 electrons from the Fe film to the adjacent®ulayer
005 5 Q at the interface, and a significant spillover of 0.3 electrons
\ towards the vacuum from the surface plane. The Fe atoms
< 03¢ . =—MAE . show a uniform spin-polarization of about 2§ being
2 S~ —O—AE, slightly enhanced at the interfa¢2.7ug) and in the surface
o oer N A AR, (2.9ug) planes. Only Cu and Au atoms closest to the Fe film
< 09k | are moderately spin-polarized and carry a magnetic moment
Z\ of 0.01 to 0.02ug; the rest of the substrate layers remain
12k \5 i unpolarized. Except otherwise stated, these trends are pre-
5 3 2 5 6 7 served for all compositional and structural variations of the

system presented here.

In Fig. 1 the MAE and its decomposition intE,, and
AEgq are shown. Of the two contributiondEyy decreases
linearly with n, while AE, displays a more complicated de-
pendence on the number of Fe layers. The balance between
AE, andAEy is governed byAEyy, resulting in an increas-
tential approximatioCPA),*® using however the lattice pa- ing dominance ofAE.4 as the thickness of the Fe film in-
rameters of the GjAu lattice. As compared to the ordered creases. This leads to a negative MAE for all Fe thicknesses
lattice of the substrate which corresponds to four sublatticeshat of course cannot explain the experimentally observed
this set-up considerably reduces the size of the matrices inRO.
volved in the calculations, thus facilitating a more extensive
analysis of the chemical and structural variations of the Fe
film.

Different numbers of Fe layers are placed on top of the |t has been observed by means of x-ray scattering mea-
substrate assuming the ferromagnetic configuration observegd,rements that Au tends to be enriched in the topmost layers

experimentally. First, a pseudomorphic structure for the F&y the hare CyAu(001) surfacel* We therefore first investi-

slab is assumed; then we study variations of the interlayeg iy the effect of a segregation of Au at the interface layers

distances within the experimental range, that is, from 1.55 /{)f the CuAu(001) substrate on the MAE. For this purpose
0 . 0 ; .
(16% contraction to 2.00 A (8% expansion Different e modeled several concentration profiles involving the two

amounts of segregated Au atoms in each Fe layer are consi Spmost substrate layers with a maximum of the Au concen-

ered, treat_ed within the CPA. At t_he mt_erface W'th.the Sub'tration of 50% per plane. Although significant changes in the
strate a wide range of concentrations, i.e., gAke_, inter-

face layer for =x=0.1. is considered while Au value of AE, were observed, still a negative MAE resulted

) for all Fe thicknesses. A similar conclusion had to be drawn
concentrations of less than 25%=0.79 are aIIoweq at the when extending the Au segregation to the interface layer of
topmost surface according to the experimental evidence.

the Fe slah(intermixing). As an example, the MAE of the

n (number of Fe layers)
FIG. 1. Calculated MAE and its componentst, andAEgq, as

a function of the numbern of Fe layers for the films
nFe/CyAu(001).

B. Influence of Au segregation

lIl. RESULTS system(n-1)Fe/FgAu,;_,/Cu;Au(00)) is shown in Fig. 2
. for the cases afi=2 and 3; thicker Fe films showed the same
A. Dependence on Fe thickness behavior of the MAE with respect t& as for n=3. AEyq

We first investigated the unrelaxed systemchanges smoothly upon variationsfwhile especially for
nFe/CuyAu(001) considering different Fe thicknesség2 n=2, AE, shows a more remarkable dependence against
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The sum of both, however, results in a negative value of theompensated by a high positive contributiom\®, from the
MAE. adjacent Fe layer which with increasing Au concentration in

Next, we considered the segregation of Au into the outerthe surface layer overweights the negative contribution from
most surface planes. As only limited amounts of Au of up tothat layer. As a result, the Fe-like contributions A=,

0.1 ML have been detected for the FeBu(001) system, summed over the layers increase as more Au is added at the
we restricted our study to a maximum of the Au concentrasurface plane. Fon>3 the negative values of MAE are
tions of 25%. The values and layerwise distribution of the Fecaused by the dominating magnetic dipole—dipole interac-
magnetic moments are similar to those for the pure Fe slaliion, AEyq which increases as the thickness of the Fe film
but—independent ofk—the segregated Au atoms exhibit increases. The case nE3 is quite similar, except that Fe-
now enhanced moments of 0.07-0.08 for all Fe thick- like contribution toAE, from the surface layer pertains its
nesses. As can be seen from Fig. 3 there is now a significastmall value even in the presence of segregated Au, while in
change an=3: only at this thickness the MAE attains a the interface planAE, increases with the surface concentra-
positive value. This would explain a MRO for a Fe coveragetion of Au. This causes a larger Fe-like contribution to the
between 3 and 4 layers provided there is more than 5% dbtal AE,, thus leading to a positive MAE, sinc&Eyy is
segregated Au in the topmost layer. The additional existencemaller than for thicker Fe films. The caserof2 must be

of limited amounts of Au throughout the Fe slab does notconsidered separately, since the ratio of the Fe-like contribu-
alter this picture, as shown in Fig. 3: although the variationtions to AE, of the surface layer and of the interface layer
of the MAE with respect tx is slightly reduced, the change differs from that of thicker films. In particular, fan=2 we

of sign betweem=23 andn=4 persists at similar Au concen- obtain an increasingly negative MAE as the amount of sur-
trations. face Au increases.

In the particular case of a surface segregation of Au at- In summary, segregation of Au to the surface gives rise to
oms, it is interesting to point out that this change of sign ofa MRO when increasing the thickness of the Fe slab from 3
the MAE is caused by contributions from the inner layers of
the Fe slab. This dominant role of the interface anisotropy TABLE I. Layer- and component-resolvesE, and totalAEyy
has been previously observed in other transition metals mukontributions (in  meV) for the structures FAu;/(n
tilayers and interface®. In Table | the layerwise contribu- -1)Fe/CuyAu(001) with n=5 and 3 and fox=1, 0.9, and 0.8. The
tions to AE, are shown for the film systems JPai;_,/(n layers are numbered from the surfadel) to the bulk; negligible
-1)Fe/CyAu(001) for n=3 and 5 at different values of contributions of the CyAu planes have been omitted.

The case ofn=5 serves to illustrate the evolution &fE,
within the film for all Fe thicknesses above 3 layers: in the" S 3

absence of Au segregatigr=1) the surface plane has the x 100 09 080 100 090 0.80

Ismallest contribution in magnitude tbE,, and at the inner AES(AU),, 0015 —-0.034 0015 -0.032
ayersAE, is negative. Only in the interface layer closest to

the substratd E,, assumes a large positive value which how-AEs(F&L. 0035 -0.023 -0.166 0059 0.110 0.072
ever cannot compensate for all negative terms, including‘Eo(F&2 -0.059 0.300 0.487 -0.024 0.318 0.392
AEgyq. When Au atoms are present in the surface plane, théEx(Fe)3 -0.087 0.026 0.075 0.194 0.269 0.275
total AE, is governed by contributions from the layers at AE,(Fe), -0.041 -0.013 0.008

both interfaces of the Fe slab: in the surface plaig is  AE,(Fe,s 0.180 0.198 0.210

increasingly more negative as _the Au concentration is inpg -0.884 -0.846 -0.815 -0.540 -0.510 -0.478
creased. The negative contribution from the surface layer is
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to 4 layers. However, the failure for=2 in obtaining a posi- D. Interlayer relaxations and Au segregation
tive MAE indicates that additional factors have to be taken _ _ _
into account to explain the experimental results. The combined effect of segregation of Au into the top-

most surface and variation of the interlayer spacing was fi-
) _ nally studied investigating systems of the typgeAg _,/(n
C. Influence of interlayer relaxations - 1)Fe/CuAu(001) for different values ofi, . The variation

In order to explore the differences between the cases aff MAE versusd, for the cases ofi=2 and 3 withx ranging
n=2 andn=3, we analyzed the effect of uniform variations from 1 to 0.75 is presented in Fig. 5. For2 the segrega-
of the interlayer spacing in the Fe slab on the MAE. As can
be seen from Fig. 4, in changing the interlayer distahEg,
remains almost unchanged, since a reduction in the interlayer
distance is compensated by an increase of the magnetic mo-
ments. In fact, the magnetic moments in the inner layers of
the Fe slab are strongly affected 8y, mainly in the case of
compression. Fon=2, e.g., as compared to the unrelaxed
system the magnetic moment of the surface Fe layer is by
0.7% larger for the case of the maximum expandiad,
=8%) and by 5.2% smaller for the case of the maximum
compressionAd, =-16%), while in the interface Fe layer
the enhancement of the magnetic moment amounts 2.5% for
Ad, =8% and is reduced by 12% fdrd , =-16%.

Contrary toAEy,, especially forn=2, AE, is extremely
sensitive to interlayer relaxation. In general a decreading
reducesAE,, leading thus to a negative MAE, while in the
expanded structuresk, is enhanced. In the casemmf 2 this
leads to a positive MAE for increaseld , which corresponds
to the most stable structures; while for 3 a decrease af |
tends to stabilize the system as expected due to a compensa-
tion of the in-plane lattice expansion with respect to the bulk
Fe lattice. This argument is supported by the fact the slopes
in the total energy difference with respectdo,

JE(d)) ~ E(d)] _] <0; n=2, 20 45 40 5 0 5 10
ad, >0; n=3, % ad (1)

whered? refers to the unrelaxed interlayer distance, are dis- FiG. 5. Calculated MAE as a function of uniform interlayer
tinctly different in these two cases. Thus, a MRO for a thick-distances in the Fe slab of the systems/Atg_/(n-1)Fe/
ness between 2 and 3 Fe layers occurs due to the relaxati@i,Au(001) with n=2 (upper panél and n=3 (lower pane) for

of the interlayer spacing of the Fe slab. different Fe concentrations

MAE (meV)

MAE (meV)
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tion of Au inverts the sign of the MAE in the expanded slab. This leads to a magnetization along the normal to the
structures. The occurrence of only 5% of Au in the surface isurface depending on the number of Fe layers and growth
sufficient to cause a negative MAE. The positive valuesconditions. The slabs formed by two Fe layers correspond to
found for reduced values af, at 75% Au most likely cor- expanded interlayer distances and are magnetized along the
respond to less stable structures. This implies thanfo2 ~ normal to the surface only in the absence of Au segregation.
only in the absence of Au segregation a magnetization pef-or systems with an Fe slab of three layers the segregation of
pendicular to the surface can occur. Au into the surface favors a perpendicular magnetization,
For the case of=3 the effect of Au segregation is oppo- which can be stabilized within a range of interlayer relax-
site: the addition of Au leads to positive values of the MAE ations from —5% to —10% with respect to the interlayer spac-
for a wide range ofAd, . The different atomic volumes of Fe ing of the ideal substrate.
and Au cause a competition between expanded and con-
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