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Composition-driven spin-reorientation transition in ferromagnetic alloy films
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A spin-reorientation transition upon a variation of the Fe concentratida observed in ultrathin fcc
Fe,Co, _, alloy films on CY001) for x>77%. For film thicknesses below 4 monolayers the magnetic easy axis
changes from in-plane on the Co-rich side to out-of-plane on the Fe-rich side. Since no structural transitions
accompany this spin-reorientation transition, varying the alloy composition can be interpreted as varying the
number of 3 electrons. Upon changing the averatypand filling by as little as 0.1 electron strong changes
of the anisotropy energy are observE80163-18208)51306-9

One of the most important issues in ultrathin film magne-(“blind band filling” 2) or a smoother behaviof state
tism is to understand the origin of the magnetic anisotropyfracking”*®. It has been argued in favor of the former that
which determines the direction of the magnetization easyipon alloying Ni with only a few percent of nonmagnetic
axis in ferromagnetic thin films. Because of technologicallyimpurities, experimental anisotropy energies already change
relevant applications for both magnetic thin films with adrastically}’ This has been objected by pointing out that in
magnetization in the film plane or perpendicular to it, muchthese systems not only the numbeddioles is modified, but
experimentd ™ and theoreticdl~*° effort has been dedi- that there is also a strong change in magnetic moment and
cated to the investigation of the fundamental mechanismgence in magnetosta’[ic enerﬁ&/[\]o experimenta| evidence
ruling the anisotropy in these systems. Special contributiongor the dependence of magnetic thin film anisotropy upon the
being connected to the presence of a surface or interface, Q,mber ofd holes exists to date, to our knowledge.
elastic strain, or other qhar_act(algistic structu_ral features, may Here we present a study of the orientation of the magnetic
become important in thin film? A perpendicular magne- gaqy axis in ferromagnetic alloy films as a function of com-
tization is observed if the resulting spin-orbit based anisot- osition. Using FeCo/Qa00), it is shown that in this system

ropy favors an out-of-plane orientation, and overcomes th n SRT occurs not only as a function of thickness and

magnet_ostz_itic demagneti;ing energy, which tries to a"gn.th?emperature—as found previously in single component
magnetization to the film plane. In that case spin-

. i - , , films—but also as a function of alloy composition. This SRT
reorientation transitiongSRT's) from in-plane to out-of- is solelv due to chanaes in the stoichiometry. and is not
plane as a function of film thickness or temperature y ied by st tg It " Varvi yt’h .
occur?*®-8They appear at the thicknesses or temperature&cc0MpPanied by structural transitions. varying theé composi-

at which the anisotropy energy and the demagnetizing ﬁe@on of the chemically disordered FeCo alloy films is. thus an
compensate each other. ideal means to altgr the average numbed bbles, having at
Up to now the phenomenon of SRT has been experiment-he same time a fixed structural arrangement of the atoms.
tally investigated only in single-component ferromagneticUpon increasing thel-electron count, a strong decrease of
thin films. For the technologically more relevant ferromag-the anisotropy energy is observed.
netic alloy films, to our knowledge no such effect has been The magnetic anisotropies of both constituents, grown in-
reported up to now. In particular, the role of alloy composi-dividually on Cu001), fcc Fe(Refs. 5-7, and fcc Co(Refs.
tion, which can strongly influence electronic, magnetic, and,10,19 have been extensively studied and can serve as a
structural properties, the anisotropy and the SRT has natference. Fcc Fe on Q01) exhibits an out-of-plane mag-
been examined. This brings us to the crucial question: Canetization in a certain thickness rantjé;?°whereas fcc Co/
an SRT be affected or even induced by varying the relativeCu(001) is magnetized in-plane for all thicknesse§:° A
concentration of the two constituents in a binary alloy? concentration-dependent reorientation transition may there-
Theoretical calculations of the magnetic anisotropy ardore be expected in fcc FeCo films on ©01), which was
usually based on the underlying electronic structure of thene reason to choose that system. Structural, magnetic, and
film, and must include all details of the film structure. Re-electronic properties of FeCo/(@01) have been investi-
sults for unstrained fcc FeCo alloy thin films with the Cu gated previously>?? In short, the films grow in a pseudo-
lattice parameter resulted in an in-plane orientation of themorphic fcc phase on GQLOO) over the entire range of thick-
magnetization for all compositions, but indicated a strongnesses and compositions investigated and form a chemically
dependence of the anisotropy energy on the Feandom alloy?! The films of interest here, i.e., Fe concentra-
concentratiort! Thin film anisotropies in 8@ transition met-  tions x>70% and film thicknesses<4 monolayergML),
als have been calculated as a function of the numbet of exhibit epitaxial layer-by-layer growtf, and are tetrago-
holes*?> ' There has been some dispute as to how the bandally expanded along the surface normal relative to the Cu
energies should be computEtt’® Different methods lattice spacing, with a constant value@f~ 1.042! This is
yielded either a rather complicated dependence of the anisoessentially the same as for pure Fel@d) films of 2—4 ML
ropy energy on the number dfholes with rapid oscillations thickness>?*No structural change was observed upon varia-
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B (Oersted) respectively. In the shaded region a temperature-induced spin-
reorientation transition from out-of-plane at low to in-plane at

FIG. 1. Hysteresis loops in out-of-plane and in-plane geometryhigh.l. is observed

for Fe Co, _, films of 3 ML thickness and different at 200 K. A

spin-reorientation transition from out-of-plane to in-plane occurs_ . | tizati b d. The SRT b
betweerx=82% andx=85%. an In-plane magnetzation was observed. e can be

triggered by either varying the concentratigme (a)], the

tion of either composition or thickness in the range men_thmkness[llne (b)], or the temperature. In the latter case it

tioned above. From magneto-optical Kerr effédOKE) falls within the shaded area in Fig. 2; the boundary between

measurements we found evidence for a linear dependence bic /€9i0ns of out-of-plane and in-plane magnetizaflt
. : . rdep Pc) at room temperatuleshifts to lower concentrations and
the magnetic moment of the alloy films in going from Fe to

Co2! higher thicknesses with decreasing temperature.

, . For the interpretation of the data we consider the mag-
o e o e ) oo et eI ansoiony enef, Wich s th diference of e
Y P . A ) g energies for out-of-plane and in-plane magnetization, defined
process was monitored and controlled situ by medium

: ) ) . as positive(negative for out-of-plane(in-plane magnetiza-
energy electron pllﬁ_‘ractlon, which allowed adjust_ment of thetion. As mentioned in the introduction, there are two contri-
film thickness within about 2—-5%. The composition of the

films was determined by Auger electron spectroscopy withbUtlonS toE:

an accuracy of 5%t Structural and morphological properties

of the films were checked by low energy electron diffraction. E=EgiptEsoc= — 3 moM&t+Esgqc, (1)
MOKE measurements were performed in a temperature

range between 120 and 300 K in polar and longitudinawhereEg;, is the magnetostatic energy, depending both on
geometry? the saturation magnetization per unit voluivig and the film

In Fig. 1 we present a series of MOKE hysteresis loopghicknesst (uo=4mx10"" Vs A~*m™1), and Eg, con-
for a constant thickness of 3 ML and varying composition attains the remaining anisotropy energy, mainly caused by
T~200 K. Starting from pure FexE100%) we find an  Spin-orbit coupling. Both terms in Eq1) have the units of
out-of-plane magnetization with rectangular hysteresis loop€nergy per area.
down tox~85%. Between 85% and 82% Fe the magnetiza- At the critical thicknesgline (c) in Fig. 2] the anisotropy
tion switches into the plane of the film, and the out-of-planeenergyEs,. can be calculated by using Ed), becausé ;,
direction becomes the hard axis. and Eg,. cancel out, which yield€,,.= —Edip=%,u,0M§t.

The MOKE results at various thicknesses and alloy comTo do so we assumed that the average magnetic moment per
positions are summarized in Fig. 2 in the form of a two-atom of the alloy films decreases linedfiyjrom 2.5ug to
dimensional phase diagram. For each film of a given thickd.6ug from Fe to Co. The value of 25 corresponds to
ness and composition investigated, the direction of the eastgtragonally expanded fcc Fé.The resultingEs, of the
axis of magnetization at room temperature is shown by fullalloy films is presented in Fig. 3 as open ovammbers
and open circles denoting out-of-plane and in-plane magnédndicate Fe concentratiax) together with the published val-
tization, respectively. The out-of-plane magnetization is onlyues of pure Fe/Q001) (diamonds: Ref. 6, filled circles: Ref.
found forx>70% and thicknesses below 4 ML. For all other 7) and Co/C001) (down triangles: Ref. 9, up triangles: Ref.
thicknesses/concentratiofaso those outside the plot range 10). The dashed lines are linear fits to the data for Fe and Co
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The data following a linear superposition of pure Fe and
Co anisotropies are consistent with a smooth variation of the
anisotropy energy with the band occupancy, as predicted by
calculations employing the state tracking mettidae must
89 emphasize that the concentration range covered by our data
corresponds to a change of only about 0.1 electron in the 3
band filling. Assuming this to be the exclusive origin, the
x(%): 77 corresponding increase in anisotropy energy would be about
70% of the value for FeCo,3, namely from 0.8 to 1.35 mJ/

Y3 m?. Together with the stoichiometry, however, also the criti-
or cal film thickness for the SRT is changed from 2.3 to 3.5
a i i ML. This change in film thickness may of course also affect

T the anisotropy and must be accounted for. An estimate can

be based on the behavior of the anisotropy endggy. in
-1 ! X ! : : pure Fe/C@00, which from 2.3 to 3.5 ML changes by
about 40%(cf. upper dashed line in Fig.)3lt is reasonable
to assume a similar thickness dependenceefgy, to hold in

FIG. 3. Dependence of the anisotropy enelgy,. on the thick-  the FeCo alloy films with high Fe concentration. This finally
ness for FgCo,_, alloy films (open ovals, this paperas well as  leaves a more than 20% increase of the anisotropy energy
pure Fe(diamonds: Ref. 6, filled circles: Ref) &and Co(up tri-  due to the reduction of theé-band filling by 0.1 electron.
angles: Ref. 10, down triangles: Ref. @ Cu001). The values of It is clear that a linear extrapolation &;,;, as it was
Esoc in the alloy films were determined at the critical thicknessesdone above, is surely only valid for a relatively narrow range
(T=300 K); the corresponding Fe concentrations are indicatedof thed-electron count. The strong dependence of the anisot-
Dashed lines are linear fits to the data for the single componentopy upon variation of the band filling, which is also much
films. The solid line represents a concentration-weighted average aftronger than the simultaneous change of the average mag-
these fits. netic moment, points towards a strong influence of the elec-

tronic structure at the Fermi edge, as comes out from calcu-
lations using the blind band filling methdé.It has been
shown recently by Lessardt al. from theoretical calcula-
on CU001). The same magnetic moment of 25has been tions that one of the most important contributions to the
used to convert the published Fe anisotropy fields to an ermagnetic anisotropy in thin films follows from band degen-
ergy per unit area. eracies right at the Fermi edge which are lifted for one di-

To compare our data to the pure Fe and Co anisotropietection of the magnetization, if these degeneracies run along
we calculated an average between the fitted data for Felline ink space"* Upon variation of the number of electrons
Cu(001) and Co/C001), weighted by the alloy composition in the valence band, these degeneracies shift across the Fermi
at the critical thicknesses. This weighted average is reproedge, which may vary their impact on the anisotropy ener-
duced in Fig. 3 as a solid line. It passes through all thegies substantially. In Ref. 14 several important contributions
experimental dat&ovalg for the alloy films. This suggests of such lifted degeneracies to the anisotropy energy have
that at the critical thickness the anisotropy energy of thebeen identified in the @ minority spin band of Fe/Q001).
alloy films may be obtained reasonably well by a linear su-n a rigid-band model with typical averageband density of
perposition of the anisotropy energies of the constituents, iftates of 2eV) ! (Ref. 25 we can estimate the addition of
taken from fcc films on C{®01). We recall that the structure 0.1 electron to be roughly equivalent to a band shift of about
of the pure Fe films up to 4 ML is very similar to the one of 0.05 eV for the center of the exchange split bands. Due to the
the alloy films, with a virtually identical tetragonal expan- simultaneous variation of the exchange splitting, minority
sion, while pure Co films on G001) are tetragonally com- (majority) bands are mor¢les9 strongly shifted. The esti-
pressed. One may consider the agreement with the averagethted shift is small, but may very well account for the ob-
pure element anisotropies accidental. However, as we are @erved variation irEg,. with alloy composition.
the Fe-rich side of the phase diagram the anisotropy of pure From the present data alone it can hardly be decided
Co enters with a relatively low weight, and does thereforewhether rapid oscillations or a smooth behavior of the an-
not have a strong influence on the exact value of thdsotropy energy withd-band filling is realized in alloy ultra-
weighted average. thin films. Our data are on the one hand consistent with a

Further support for our above ansatz comes, if we exsimple superposition of elemental anisotropies, but indicate
trapolate our FeCo anisotropy values as a function of conen the other hand that drastic changes of the anisotropy with
centration, irrespective of the thickness. A&£100% we only small variations of the number of electrons are pos-
reach a value of 1.8 mJAnwhich is in surprising accor- sible.
dance with the value of pure Fe/@@1) for a thickness of In conclusion, the SRT’s in fcc FeCo alloy films on
~4 ML (cf. upper dashed line in Fig.)3Extrapolating to Cu(001) have been investigated. In particular, a new type of
lower Fe concentrationsEg,. reaches zero aroundk  SRT occurs upon changing the stoichiometry, which has not
=60%. That means, assuming that the same structure Iseen observed previously in ferromagnetic alloy films. Since
present around that composition, that below 60% Fe onlyio accompanying change in film structure is observed, the
in-plane magnetization should exist at all. influence of the alloy composition must be due to changes in
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the electronic structure only. The effect is interpreted as duenagnetic structures and devices based on thin-film technol-
to shifts in the spin-split band structure upon changing theogy.

number of 3 electrons. The present work thus constitutes \ye are grateful for financial support by the BMBF under
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