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Artificially ordered FeCu alloy superlattices on Cu(001).
Il. Spin-resolved electronic properties and magnetic dichroism
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Spin-resolved electronic and element-resolved magnetic properties of artificial fcc FeCu alloy thin films,
grown epitaxially by pulsed-laser deposition in the ordetdd phase on C@01), were studied by spin-
resolved valence-band photoemission and soft x-ray circular magnetic dichroism. Valence-band photoemission
reveals bands which are present due to the reduced periodicity of the layered alloy films. Dichroism measure-
ments attest that the Fe atoms in FeCu are all ferromagnetic, and carry magnetic moments similar to those of
ultrathin fcc Fe films on C@01). The Fe orbital moments are found to be significantly enhanced with respect
to pure Fe, with an orbital to spin moment ratios0.12. An increase in the number of Cd Boles in the
FeCu films as well as induced @Qumoments are observed, which amountt6.11 u .
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[. INTRODUCTION in accordance with theoryf, ruling out the presence of a
nonferromagnetic fcc Fe phase. A recent calculation for dis-
The characterization of magnetic alloys with respect toordered fcc FeCu alloys yielded nonferromagnetic fcc iron
their magnetic and electronic properties merits great atterenly for more than 80% Fe content, and about constant Fe
tion both because of fundamental interest and because afioments for lower Fe concentratiohs.
having, via the composition, an additional adjustable param- In magnetic multilayers in which ultrathin Cu layers are
eter for tailoring materials with technologically desired prop-sandwiched between ferromagnetic layers, and also in CoCu
erties. Chemically ordered phases of magnetic alloys can balloys it has been observed that small magnetic moments are
stabilized by ferromagnetislmand may exhibit magnetic induced in the Cu atoms by the vicinity of the magnetic
properties which differ significantly with respect to the dis- atoms. Cu d-band moments of 0.Qg; in Co/Cu
ordered phas&ln ultrathin films the situation is even more multilayers'®° 0.14ug (Ref. 18 and 0.1z (Ref. 19 in
complex due to the occurrence of substrate-induced strai@oyCuy, as well assp-band moments of-0.02ug (Ref.
and the enhancement of magnetic anisotrop@imce fcc Fe  20) have been determined. Theoretical calculations affirmed
ultrathin films have turned out to be one of the most complexhis finding, yielding moments for the interfacial Cu atoms in
and thus most widely studied systems in thin-film Co/Cu multilayers of 0.02g,%* 0.03ug,?? 0.05 ug for the
magnetisnf, magnetic alloys containing fcc Fe are especiallyspin moment with contributions of 0.07—(0.02) ug from
fascinating with respect to the interplay of electronic, struc-d (p) states?® and 0.05%:5 from d states and-0.03ug from
tural, and magnetic properties. FeCo and FeNi ultrathin alloyp statest® For Fe/Cu multilayers Cu induced moments of
films can be stabilized in the fcc phase over a wide range 06.07x5,2! 0.05u5 ,%2 and 0.06.5 (Ref. 24 have been calcu-
compositions when grown on €100).>° The magnetic char- lated. For a layered FeCu alloy the resulting theoretical mo-
acterization of these two Fe-based alloy systems has alreadiyent was 0.085.2* An experiment on Fe/Cu multilayers
revealed interesting magnetic phenomena: In FeCo a switclijave a totab-shell moment of up to 0.09;, depending on
ing of the magnetic easy axis from in-plane to out-of-planethe Cu layer thickness.K-edge circular magnetic dichroism
as a function of composition occufsEeNi films exhibit an  data on Fe/Cu multilayers indicated a negative contribution
unusual behavior of the Curie temperature with filmof the p-band moment to the induced Cu moment, but no
thicknes<. quantitative conclusion was dravthTo our knowledge no
Little is known, in contrast, of the electronic and magneticexperimental investigations of Cu magnetic properties in
properties of FeCu ultrathin films. Artificial alloys of these FeCu alloys exist up to date.
otherwise immiscible elements have been synthesized me- In this contribution we report spin-resolved electronic and
chanically in the bulk by ball-milling techniqu&s! and  element-resolved magnetic properties of Fe and Cu in artifi-
sputtering‘>3It was reported that for Fe concentrations be-cially layered FeCu alloys, prepared epitaxially by pulsed-
low ~70% the fcc structure is assumed, and for higher Fdaser deposition on G001).2>?The FeCu films hereby exist
concentrations the bcc structure is assuiiéd.This was  as an ordered fcc alloy of thel, type, consisting of alter-
confirmed by an extended x-ray fine structure analysis ohatingly deposited atomic layers (¥01) oriented fcc Fe and
these artificial FeCu bulk alloys. Magnetic measurements Cu. The method of depositing successively single atomic
pointed towards the segregation of nonferromagnetic fcdayers of different materials to produce artificial layered al-
y-Fe at elevated temperaturés®> whereas the Fe atoms in loys has been already employed for the fabrication of FeAu
the fcc FeCu alloy exhibited ferromagnetic moments greateand FePt alloyd’ It is very important to grow the single
than 2ug for Fe concentrations of 50% and highéf;1>=1*  atomic layers as flat and smooth as possible in order to ob-
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tain the desired order in the alloy thin film. For FeCu onport elapsed between the preparation of the samples and the
Cu(00)) pulsed-laser deposition has to be employed, becaudeeginning of the measurements at BESSY was about 4 h.
?t is kn_own that thefmal evaporation of Fe on(QOD causes  Reference Fe/Co films were grown on(GQ1) in situ by
islanding and the simultaneous growth of the first two atomicelectron beam evaporation from high-purity Fe and Co rods.
Iayers?g Details of the deposition and the structural CharaC'Typica| e\/aporation rates were here 1-2 min/ML. The
terization of the films can be found in Ref. 26. ~ growth mode and deposition rate were monitored during
We present measurements of spin-resolved ultraviolegyaporation by RHEED. No contamination within the Auger
photoemission spectroscopPUPS, and magnetic circular  gjeciron spectroscopy limit~1%) could be detected after
dichroism in soft x-ray absorptiotXMCD). With SPUPS deposition.
the_occupled spin-split magnetic band structure of ferromag- Ay of the experiments described in this paper were con-
netic metals and alloys can be probzédg% was shown for  qycted at a sample temperature of 120 K. Prior to the pho-
FeCo ultrathin alloy films on Q001.”" XMCD as a semjission or -absorption measurements the magnetization
complementary technique probes the spin asymmetry of thgt the films along the in-plang110] direction was checked
Unocgfp'ed part of the band structure just above the Fermjiging ongitudinal magneto-optical Kerr effe®OKE). At
level™ The magnetic dichroism is caused by transitions ofy)| of the samples square hysteresis loops could be observed.
sp|_n-polar|zed _core-level electrqns, excited by circularly POThe measurements were performed in remanence, the pres-
larized x rays, into the unoccupied part of the exchange splitnce of which was regularly checked between and after scans
valence bands. The dichroism, i.e., the intensity differencey ya1a acquisition. The direction of the magnetization was
upon _reversal of either the light helicity or the magnetizationgitched by ramping the magnetic field with the same coil
direction, is a consequence of the different transition probyyhich was also used for the MOKE measurements.
abilities for spin-up and spin-down electrons into the mainly  pitferent UHV chambers at different beamlines of

minority-type unoccupied bands. Sum rules have been progessy were used for the SPUPS and XMCD measure-

posed to deduce quantitative information from XMCD yents The base pressure in both chambers wab(1 8 Pa.
spectra** Although there has been some dispute about th&pin_resolved photoemission spectra were taken at the 6.5 m

applicability of these rule¥; > they seem 1o yield reason- ,rmaj.incidence monochromator beamline, which offers
able results for the @ transition metalS®**One feature of circularly polarized light in the vacuum ultraviolet regiéh.
the sum rules is that under some assumptions they allow e spectra presented in this paper were taken for normal
deduce quantitative information about the number of unoCjncigence of the incoming radiation, and normal emission of
cupied states, as well as the spin and orbital moments frofe oytgoing photoelectrons. The circular polarization of the
comparing the absorption cross section at theandLs  exciting radiation is thereby irrelevant for the component of
edges of ransition metaf§=>>" , the spin-polarization along the magnetization direction due
The remainder of this paper is organized as follows: Th&q the high experimental symmetry, and spectra for both he-
experimental details are described in the following section|jsities were averaged. The sample magnetization was re-

In Sec. Il we present the results of the SPUPS measurgjerseq each-40 min of acquisition time. The total time for
ments. Section IV contains the results of the XMCD mea-+he acquisition of one spin-resolved spectrum at a certain

surements, divided into measurements at thelLFg<{Sec. photon energy presented here was typically 6 h.
IVA) and Cui, ; edge(Sec. IV B). In Sec. V we summa- The electron spectrometer is described in detail
rize our findings. elsewheré? It allows the detection of normally emitted elec-
trons for normal incidence of the incoming radiation. For the
measurements presented in this paper it was operated at a
fixed pass energy of 8 eV, resulting in an overall energy
For the present study films of 10 and 22 atomic layersresolution of approximately 200 medincluding the mono-
(monolayers, MI, alternatingly consisting of Fe and Cu, chromator resolution The angular acceptance can be esti-
were deposited by pulsed-laser deposition on €0Q1) sub- mated to be less thah2°. After passing the energy analyzer
strate. The details of the film preparation are described irthe photoelectrons are accelerated to 104 eV kinetic energy,
Ref. 26. The films grow in a layer-by-layer mode alreadyand diffracted at a \@021) surface. The spin information is
starting with the first layer, as judged by reflection high-then obtained from the intensities of the elagf®) diffrac-
energy electron diffractiofRHEED) during growth. Cap- tion spots, which are recorded with a two-stage
ping layers were evaporated on top of the films for protectiorchannelplaté®
against residual gases: For the samples used in the SPUPSXMCD experiments were performed at the PMS8X-
experiments one additional ML of Cu was deposited on top700 IIl) beamline at BESSY. This beamline is constructed to
of the terminating Cu layer, and for the XMCD measure-offer circularly polarized soft x-ray radiation by selecting
ments the films were capped with 3 ML of Au in order to light from above or below the orbital plane of the electrons
avoid dilution of the Cu elemental information from FeCu by in the storage ring. For the measurements presented here the
a Cu cap layer. acceptance was set to be 0.3 mrad below the ring orbit,
After preparation of the samples, which was done at thevhich should produce a circular polarization of nominally
laboratory in Halle, the samples were transferred under ul65%24 In practice, however, the resulting degree of polariza-
trahigh vacuumUHV) conditions to the Berlin synchrotron tion is lower and not exactly known. By comparing the mea-
radiation sourcéBESSY). During the transport£170 km)  sured magnetic moments of a thick Co reference film using
a pressure of about410™ 8 Pa was maintained in the trans- sum rules to the literature value of 14 the authors of
fer chamber. The typical time interval for transfer and transRef. 45 concluded a value of 48% for an equivalent setting

Il. EXPERIMENT
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of the same beamline. Own measurements of Co reference " " ' j
films, analyzed as described below, yielded an estimate of FeCu/Cu(100) 1
. . . —— majority
about 40% for the degree of circular polarization. This value —+— minority
will be used in the following. It should be mentioned that the 1
results, as far as absolute values of magnetic moments are
concerned, may thus be subject to a certain systematic error.
Comparing moments obtained from different samples under
identical conditions, however, should yield more reliable
guantities.
The monochromator exit slit was set to kn, resulting
in an energetic resolution e¢1.5 eV in the region of the Fe
and CuL edges. The angle of incidence of the sample was
chosen to be 45°, which represents a compromise between a
high circular dichroism, and the minimization of saturation
effects which occur due to the finite penetration depth of the
exciting radiation in the resonant absorption maxinftiror . :
the present geometry and the film thicknesses considered 3 2 1 ]
here we estimate these saturation effects to introduce an binding energy (eV)
maximum error of 2%. The total electron yield of the sample
was recorded by measuring the drain current with a bias FIG. 1. Spin-resolved photoemission spectra of 10 ML FeCu/
voltage of —27 V applied. The spectra were normalized to Cu(00)) for various photon energidsy, taken in normal emission
the current of a gold grid monitor located just behind thefor normal light incidence. Filledopen triangles denote majority-
monochromator exit slit. The analysis of the spectra wagminority-) spin spectra.
done as outlined in Refs. 36 or 41. In particular, the spectra

were normalized to unity edge jump. Subsequently, a backient with the damping of the Cu substrate photoelectrons in
ground consisting of two step functions of 0.5 eV width a”dFe/CL(OOD, and with emission from the additional Cu cap
statistical heights of 2/3 and 1/3 at the positions ofltgeand layer on top of the FeCu film. A dispersing minority peak is
L, absorption maxima, respectively, was subtracted from thgeep for photon energies above 18 eV at binding energies
Fe spectra in order to obtain the Egs white line intensity.  petween 0 and 0.5 eV, which probably shifts above the
A constant number of Fedholes of 3.34 was assumét, _Fermi level for lowerhv. At 12 and 16 eV photon energy an
rather than determining the constant ratio between the whitg,crease of the minority emission in the plateau towards
line intensity an? the number of holes from a sample with ayigher binding energies is observed, whereas at higher pho-
known momen(‘. The Cul-edge spectra were analyzed by ton energies it is constant except for the previously men-
comparing them to the_sp_ectra of Ref. 18, tgklng Into accounfioned peak neaEr . The Cu-derived signal at 2—3 eV bind-
the different angle of incidence and the different degree ofng energy appears with a similar shape in both the majority
light polarization in our experiment. In this way it is not gnq the minority partial spectra. No significant spin polariza-

necessary to independently determine the number of €u 3tjon in this peak can thus be concluded from the present
electrons in the FeCu alloys. Instead, the value for the ratigpectra.

is taken,lwhlch is assumed to be transferable for a giveRmission only the electron momentum component perpen-
element! dicular to the film planek, is varied. The presence of a
dispersion with photon energy, and hence wkth, which
Ill. SPIN-RESOLVED VALENCE-BAND PHOTOEMISSION becomes opvious from Fig. 1, shoyvs thgt the artificial lay-
ered alloy films develop a three-dimensional volume band
Spin-resolved photoemission spectra of a 10 ML FeCustructure. If there was no hybridization of electronic states
film on Cu002), taken in normal emission for normal light between the single Fe and Cu layers, a two-dimensional be-
incidence, are presented in Fig. 1 for various photon energidsavior of the electronic states within the layers and thus no
ranging from 12 to 22 eV. A peak between 2 and 3 eVdispersion with photon energy would be expected, which is
binding energyEg can be seen, accompanied by a broadnot the case.
plateau towards lower binding energies. Except Ear< 1 The rather broad structures of the spectra of Fig. 1 do not
eV a prevailing majority spin-polarization is found. Compar- allow a precise determination of band positions. More infor-
ing the spectra to those of ultrathin fcc Fe films onmation can be gained from plotting the spin polarization,
Cu(001),%%%" the peak at 2—3 eV can be assumed to belefined as the difference between the partial intensity spectra
mainly derived from Cu 3 states, and the plateau at 0—2 eV for majority and minority spin normalized to the total inten-
from Fe 3d states. The spectra of Fig. 1 differ from the sity. This is done in Fig. 2, where the spin polarization cor-
spin-resolved spectra found for Fe on(Q0l) (Ref. 30 in responding to the spectra of Fig. 1 is depicted. The minority
that the peak is broader, and the plateau is more flat, in themission neaEg for photon energies above 18 eV shows up
sense that the intensity does not rise towards the Fermi ems local minimum in the spin-polarization curves. In addi-
ergyEg, as it does for Fe/d001).%° The Fe-derived signal tion, two prominent maxima are observed in each curve,
in the plateau shows a lower relative intensity with respect tavhich are traced in Fig. 2 by dotted lines. These maxima
the Cu derived peak than in pure Fe films, which is consismay be interpreted as energetic positions of majority spin

hv (eV):

intensity (arb. units)




PRB 58 ARTIFICIALLY ORDERED Fe-Cu. 1I. ... 8559

. . i . reduced zone scheme is consistent with a dispersion of Fe-
10 ML FeCu/Cu(100) derived bands. The solid curves in Fig. 3 are guides to the
eye, and suggest how the bands may be interpreted. In the
o hv (eV): case of pure fcc Fe there is a majority bandAof spatial
M‘W symmetry, which contributes to the spectra in our
— geometry’® According to band-structure calculations it starts
at theX point at the Fermi edge, and disperses down to about
2.4 eV atl'.”® The zone center is crossed atl.3 eV. An
FeCu band derived from that Fe band would show a similar
dispersion if plotted as a function of the absolute value of
k, , regardless of the zone boundaries. In Fig. 3 that would
mean that this Fe band would starttst at the left side, and
end at 2.4 eV at the right side. However, considering the
reduced zone in the layered FeCu alloys due to the doubled
periodicity perpendicular to the film plane an additional
back-folded band should be present which shows exactly the
3 2 1 0 opposite dispersion. The solid lines in Fig. 3 indicate such a
binding energy (eV) behavior. At the “new” X point of the FeCu Brillouin zone,
where these bands would cross each other, the degeneracy of
FIG. 2. Spin polarization, defined as difference between majorthe crossing is lifted, and the bands split off to form a gap.
ity and minority photoemission intensity normalized to the total |dentifying the experimental polarization maxima with band
intensity, of the spectra of Fig. 1. The dotted lines point out thepositions, the band gap at tepoint of the reduced FeCu
dispersion of two positive maxima. zone is located between 1.2 and 1.7 eV binding energy.
The minority emission which is observed around 0.5 eV
type bands with mainly Fe character. Their dispersion withbinding energy forh»=18-22 eV, i.e., arounX of the
photon energy would then reflect the dispersion of theséeCu zone, is probably related to the exchange split counter-
bands along the\ axis in k space, i.e., for zero parallel part of the lower branch of the majority band. At lower pho-
componenk of the electron momentum vector. ton energies, where one would expect a downward disper-
The energetic positions of the positive maxima of Fig. 2sion towardd’, it is probably masked by the emission from
are plotted in Fig. 3 versus, . To determine thd, values, the upper branch of the majority bands. If we attributed the
free-electron-like parabolas were assumed for the final-stateinding energy of 0.5 eV, at which the minority feature is
bands with an inner potential of 7.5 eV with respecEp.  observed, directly to a band position, an exchange splitting
The full range of thex axis in Fig. 3, 27/a, corresponds to of only 1.2 eV would result. The high-spin phase of fcc Fe
the distance fronT" to X in the simple fcc lattice with per- though is expected to show an average exchange splitting of
pendicular lattice parametar In the layered FeCu structures more than 2 eV¥##° This seeming discrepancy could be due
the x-axis range is twice that distance, aXds in the center. to the fact that the minority emission is cut off by the Fermi
The dispersion of the positive polarization maxima in thatedge, in such a way that the observed structure in the minor-
ity spectra just represents the shoulder of the actual peak,
E = 0.0 r~—r—r—r—r . which is located abovE&g . Also conceivable is that the gap
at X generated by the lifted degeneracy of the two branches
could be different for the minority-type bands, leading to a

$pin polarization (%)

from the present spectra of Fig. 1 because of the large width
of the peak around 2.5—-3 eV. This width could be attributed

to the simultaneous emission from the second, lower branch,
contributing to the intensity in the shoulder towards higher

binding energy. Assuming the same inner potential of 7.5 eV
as before, a photon energy of 22 eV would corresporig, to

at about theX point of the FeCu Brillouin zone. At this

FIG. 3. Energetic positions of the positive maxima of Fig. 2 Photon energy the Cu-derived peak is locatedgt3 eV,
plotted over the perpendicular component of the electron momenhich is the same binding energy as has been found at the
tum. Thex axis is labeled according to the reduced zone scheme i§enter of the Brillouin zone of pure Cli.Taking this as a
the layered FeCu alloys due to the doubled periodicity perpendicubint for a similar dispersion as a function of absollte
lar to the film plane. The solid lines are guides to the eye; theyvalues in FeCu and Cu, there must be some overlap between
illustrate the interpretation in terms of Fe-derived majority bands. the lower branch of the Fe-type majority band, and the upper

0.5 different exchange splitting of the upper and lower branches
~ at the X point.
e 10 A similar dispersion as for the Fe-derived bands may be
3 expected for bands derived from the corresponding @u 3
?g 15} 1 states. In pure Cu, these bands disperse fEgny2 eV atX
> to about 3.5 eV aF .4"*It is difficult to extract experimental
£ 20} X band positions of the FeCu bands derived from these states
[=
K-}

2.5 [ FeCu/Cu(100)
majority spin
3.0 ————tt bt
r X r

k along A
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buffer layer on C(001). The Co buffer layer is necessary to
align the easy axis of magnetization, which would be perpen-
dicular in the case of 3.5 ML Fe/@201),*°? to the film
plane®® thus assuring identical experimental conditions as
for the FeCu alloy films. Although the overall spectral shape
of the FeCu and Fe difference spectra is very similar, distinct
differences are observed right at the absorption edges. Pure
Fe shows a smaller dichroism at thg edge, and a higher
dichroism at thd_, edge than does FeCu.

A more precise analysis of the data is achieved by the
means of sum rule€;> which link the integrated intensity
differences at thé, andL 5 edges, corrected for the incom-
plete degree of circular polarization and the angle of inci-
dence, to the atomic orbital and spin moments. According to
the first sum rule, the orbital moment is proportional to the
integral over both thé , andL; edges? i.e., the difference
of the (positive) areas of the dichroism at the; and L,
maxima. Even without a quantitative analysis it follows im-
mediately that the orbital moment of the Fe atoms is larger in
FeCu than in the Fe reference film.

) . - The second sum rule builds a connection between the ab-
700 720 740 760 solute dichroism, integrated separately at the and L
edges, and the spin magnetic mom&nthe sum of the
(positive areas of the dichroism at the; edge and twice the

FIG. 4. (a) Absorption spectra at the Ae; ; edge of a 22 ML dichroism at thd_, edge is proportional to the spin moment,
film of FeCu for parallelsolid line9 and antiparallel alignment of plus a term describing a dipolar interactithThe latter is
magnetization direction and light helicitgotted lineg. The spectra  thought to be small for & metals®®*®* and is often

have been corrected for the angle of light incidence and the estineglected®*° In both sum rules the results are normalized
mated degree of circular polarizatioth) Difference between the g the integrated white-line intensity.

(a) 22 ML FeCu/Cu(100)

intensity

(b)

difference

1r 16}

-
2| 18}

photon energy (eV)

spectra of(a). The insets show blowups of the, andL; edges, Fe atomic moments for 10 and 22 ML FeCu alloy films
comparing the absorption difference of the FeCu fibulid lineg on CY001) and the 3.5 ML fcc Fe film, obtained from ap-
to that of & 3.5 ML fcc Fe reference filiiotted lines. plying the sum rules to the XMCD spectra and neglecting the

o dipole term, are given in the respective rows of Table I. The
branch of the Cu-type band neBrat ~2.2 eV binding en-  Fe spin momentg.s show no significant difference between
ergy. Hybridization of these bands might consequently b§he two FeCu films and the Fe film, considering the accuracy
expected, leading to a certain extent of spin polarization ogy the analysigabout+ 5%). The white-line intensity, which
the Cu derived bands. It is this kind of hybridization between;g proportional to the number af-band holes, remains also
spin-split bands of Fe®type with bands of mainly Cu®@  constant within this error. No significant change in the num-
character, which can be expected also at other points in per of Fe 3 electrons can thus be concluded from our data.
space, that leads to the interesting question how these elegne similarity in the observed Fe moments between FeCu
tronic hybridizations might affect the magnetic properties ofang Fe rules out the presence of nonferromagnetic fcc Fe in
the FeCu films, and in particular the magnetic moments Ofhe ajioy films, as it was supposed for FeCu bulk samples at

the Fe and Cu atoms in the alloy. elevated temperaturé$!® All three values of the Fe spin
moment ug are slightly lower than the Fe bulk moment
IV. SOFT X-RAY MAGNETIC DICHROISM (2.1ug).>® This might be due to systematic errors connected

to the very details of the steplike background subtracted for
white-line integration, the exact degree of circular polariza-
Absorption spectra at the He; 3 edge of a 22 ML film of  tion, or the number of 8 holes.
FeCu are shown in Fig.(d). Spectra for parallel and anti- The Fe orbital momentg, of the FeCu films, in contrast
parallel alignment of magnetization direction and light helic-to the spin moments, are significantly enhanced with respect
ity are reproduced by solid and dotted lines, respectivelyto the Fe sample. Note that the ratip /s, given in the last
The spectra are corrected for the angle of light incidence, andolumn of Table I, is insensitive to the assumptions made for
the estimated degree of circular polarizatioh Sec. I). The  the degree of circular polarization and the number df 3
difference between the two spectra is plotted in Fi(h)4 holes.
Already at first glance it can be stated that the strong dichro- Increased orbital moments have been observed previously
ism is comparable in size to published XMCD data of bce Fefor decreasing thickness of Co overlayers on(@@1),> in
(Refs. 36, 37, 4Dand fcc FE%%! and to that observed at Co/Pd multilayers’*® Co/Pt multilayers, and in Fe/Pd
reference Fe films. The insets of Figb#show blowups of multilayers®® They are interpreted in terms of the reduced
thelL, andL edges, comparing the absorption difference ofcoordination at the surface or at the interface, leading to a
the FeCu film(solid lineg to that of a 3.5 ML fcc Fe refer- higher density of states at the Fermi level, which in turn
ence film(dotted line$. The latter was grownroa 5 ML Co  results in enhanced orbital moments® In the FeCu alloy

A. Fe-L,3edge



PRB 58 ARTIFICIALLY ORDERED Fe-Cu. Il ... 8561

TABLE 1. Spin (ug) and orbital magnetic moments () of Fe and Cu atoms in FeCu/@01) films
from a sum-rule analysis of XMCD measurements, as well as their gatigeg. For comparison the result
of a 3.5 ML Fe film on 5 ML Co/C(001), and literature values for a random g0 alloy and an Fe/Cu
multilayer are also listed.

Sample Atom Hs (ms) mL (mB) pLlps
10 ML FeCu Fe 1.8 0.25) 0.123)
Cu 0.05 0.0063) 0.126)
Cu (film only)? 0.12 0.0147) 0.126)
22 ML FeCu Fe 1.8 0.26) 0.133)
Cu 0.08 0.00@) 0.053)
Cu (film only)? 0.11 0.0083) 0.053)
3.5 ML Fe/5 ML Co Fe 1.9 0.02) 0.04
200 A CoCuy Cu 0.11% 0.009 0.08
[10 A Fe/3 A CUy° Cu 0.078 0.007 0.09

@Corrected to exclude the Cu substrate contribution, assuming an electron mean free escape depth of 11 ML
(=20 A).
PReference 19.

films the reduction of symmetry along the surface normalto the above-mentioned connection between the magneto-
could contribute to the enhancementof . The results of crystalline anisotropy and the anisotropy of the orbital mo-
Sec. lll have shown that the electronic states of the orderethent, this would lead to a loweg, in the present geometry
alloy films normal to the Fe and Cu planes are stronglycompared to a perpendicular magnetization direction.
modified with respect to the pure metal films. The observedKMCD measurements of Fe films of comparable thicknesses
orbital moments may thus be considered a consequence of 3.4 and 3.8 ML, which were prepared directly on(Qod)
the ordered layer stacking, and reflect the electronic structurand measured with the magnetization along the surface nor-
of the FeCu films. The spin moments, on the other hand, armal, yielded indeedu, /ug ratios of about 0.07° nearly
less sensitive to subtle changes of the electronic propertiesyice as high as found here for the Fe/Co{@g) film. We
which may explain that no significant differencesug be-  note that in Ref. 40 also significantly higher absolute values
tween the fcc Fe and the FeCu films are observed. of both the spin momentg g and orbital momentg,, have
Another point of view in the discussion of orbital mo- been obtained. As already pointed out though, the absolute
ments is the connection to the magnetic anisotropy. The ensalues of bothug and x;, may be subject to systematic er-
hancement ofx_ in Co/Pd and Co/Pt multilayers was inter- rors, whereas the ratie, / us is less sensitive to the analysis
preted in terms of an enhanced perpendicular anisotropy iprocedure.
these systen®.In a simple perturbation model the anisot-  The orbital moments of the FeCu films are significantly
ropy of the orbital moment is linked to the magnetic anisot-higher than those predicted by theory. Calculations for one
ropy caused by spin-orbit couplif.This leads to higher Fe monolayer in C©01),%® and for an Fe/Cu monoatomic
orbital moments in samples magnetized along the preferrechultilaye® resulted both in orbital moments of only
magnetization axis compared to a magnetization directior=0.07 ug. Following the interpretation in terms of magnetic
forced along a hard axis by high magnetic fiel#§and to a  anisotropy the high orbital moments measured for in-plane
noncollinear orientation of spin and orbital moments in themagnetization of the FeCu films indicate a high in-plane an-
latter casé? In the present study the XMCD measurementsisotropy. This seems surprising at first glance, because for
were performed in a fixed geometrfgf. Sec. 1), with all ultrathin fcc Fe films on C@01) there exist experimentat?
samples magnetized remanently in the film plane. Fcc Fas well as theoretici indications of a perpendicular anisot-
films of 3.5 ML thickness on Qi001) are known to show a ropy. For Fe monolayers sandwiched between Cu theoretical
perpendicular anisotrogy? and it has been found that Fe calculations resulted in a perpendicular anisotropy,%tSé.
films exhibit very similar structural and magnetic propertiesHowever, other calculations gave an in-plane anisotropy for
when grown on thin Co/Q001) films rather than directly on fcc Fe films on C(001), and perpendicular anisotropy for
Cu(001).53%3t is therefore very plausible that the intrinsic Fe/Cu monoatomic multilayef§.Recent experimental inves-
spin-orbit-derived anisotropy in the 3.5 ML fcc Fe/Col tigations of ultrathin Fe/C@01), deposited by pulsed-laser
Cu(001) sample is comparable to that of Fe{001), i.e.,  deposition, revealed an in-plane orientation of the magnetic
also perpendicular to the film plane. It could thus be that it iseasy axis at thicknesses below 5 §fLin contrast to ther-
the additional anisotropy energy of the Co buffer layer whichmally deposited Fe/G001).*%2
forces the magnetic easy axis of the Fe/Co bilayer system to Much of this contradiction may be related to the actual
be in-plane. A similar situation has been recently reported tatructure and atomic volume of the Fe films; the Fe films
occur in Co/Ni/C001), where XMCD measurements in a produced by pulsed-laser deposition in Ref. 68 exhibited sig-
transverse geometry have shown that a perpendicular magificantly less tetragonal distortion than thermally deposited
netocrystalline anisotropy present in the Ni layer is over-films. It is clear that in particular the vertical atomic dis-
come by the Co in-plane contribution to result in a commontances of the Fe and Cu layers in the FeCu films will have a
in-plane easy axi&! In the Fe/Co/C(001) system, according strong influence on the overlap and the hybridization be-
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" Differences between the spectra of Cu and FeCu of Fig. 5
10f Cu L.s are also observed in the; near-edge region. The two
) o8l wiggles seen in the spectrum of clean(@2d) at 738 and
5 741 eV photon energy are partially smeared out in the FeCu
£ 06] spectrum, and shifted towards higher photon energies. These
< wiggles can be attributed to singularities of the unoccupied
%’ 0.4¢ density of states at thk and X points of the fcc Brillouin
g ] zone®® This fingerprint of a Cu fcc structure is, though modi-
£ 0 § ——Cu(100) ] fied, still observed in the FeCu spectrum. The results of Sec.
0.0L— “"":"22 ML Fe?“/cu(wo)_ Il suggested that in the artificial FeCu alloy films periodic
920 940 960 980 electronic states along the surface normal are formed which

reflect the doubled periodicity in that direction. This will

certainly also influence the unoccupied part of the band
FIG. 5. CuL,3absorption spectra of a 22 ML FeCu film, aver- structure. Modifications and shifts dfbands due to hybrid-

aged over both magnetization directiofotted ling, and a clean ization at the new zone boundaries, as well as hybridization

Cu(001) sample(solid line). between Cu and Fe derived bands may account for the

. changes observed in the @y absorption spectrum.

tween Cu and Fe states, and hence on the electronic proper- The energetic shift of the post, edge wiggles towards

geﬁs of the g”?y fllm.thWe spectu!atet thit it is such dSl]fbtlfhigher energies may also be interpreted in terms of lattice
lterences between the geometric structure assumed tor %%rameter differences between FeCu and Fe. Assuming free-
3|

calculations and the actual structure realized in the pulse ectron-like parabolic bands the observed shifts of about 0.5

laser deposited alloy films which account for the differences,,\, .04 correspond to ar-2% Brillouin-zone enlarge-

n ltlhe do;bltal_ monk;etnr:.t;he electr:)mc s:rlljlgture IS V\;hat bas; ent, or equivalently to a 2% reduction in lattice parameter.
cally determines bo € magnetocrystallin€ anisotropy, an , anisotropic film lattice would consequently lead to a
also the magnetic moments; the high orbital moments of th% deni fth feat
Fe atoms must thus be considered as reflecting the actua[oa- ening ot tese fealuires. ;

Discussing the shape of the Cu absorption spectra of

electronic structure of the Fe@01) alloy films. FeCu/Cy001) one has to keep in mind that even at 22 ML
film thickness there is still a significant portion of substrate
absorption measured by the total electron yield method. As-
Information about the unoccupied electronic states at theuming a mean electron escape depth of 11 Mi20 A),
Cu sites can be obtained from XMCD measurements at thebout 25% of the spectrum of the 22 ML FeCu film stems
Cul,3edge. Figure 5 shows the absorption spectrum of a 2&om absorption of Cu substrate atoms. Some of the remain-
ML FeCu00)) film, averaged over both magnetization di- ing two-peak post-edge structure must therefore be attributed
rections(dotted ling together with the absorption spectrum to the Cu substrate. Nevertheless, the basic observations are
of a clean C(00)) surface(solid line). Several differences unaffected, as there are the increase in intensity at the ener-
between the two curves are apparent. The most evident is thytic positions of the ClL, andL; edges, and the broaden-
enhancement in intensity for the FeCu film right at thelGu ing and shift of the absorption structures above thelGu
edge(934 eV photon energyA smaller increase in intensity edge. They have to be attributed to modifications of the elec-
is also observed at the Au, edge(954 eV). Since theL,;  tronic structure. The structureless difference in absorption
absorption intensity reflects the Cu unoccupied density obetween 945 and 970 eV photon energy may either be also
states above the Fermi edge, this can be judged as manifesttributed to electronic effects upon alloying, or due to an
tation of an enhanced number of unoccupied Cu-like states iaxtended absorption fine structure of Fe or the Au cap layer.
FeCu with respect to pure Cu metal. Theoretical calculations Figure 6 shows the magnetic dichroism at the ICys
have shown that the absorption is mainty $5%) governed edge. Presented are difference spectra of 10 and 22 ML
by transitions intal-like state$® The observed enhancement FeCu/C002) films in units of the CuU, ;edge jump height.
of the intensity at both the CL; andL, edges points thus Analogously to Fig. &) the difference between absorption
towards an increase in the number o Boles at the Cu for antiparallel alignment of magnetization direction and
atoms. This is probably directly related to the hybridizationlight helicity, corrected for the angle of light incidence and
of 3d bands with Cu and Fe character, as described in Sethe estimated degree of circular polarization, is depicted. The
Il curve for 22 ML FeCu is vertically offset for clarity. A small
Most of the additional unoccupied states are located jusbut distinct dichroism at the energetic positions of thelGu
above the Fermi edge, because the strongest differences ladL, edges with the same sign as at the respective Fe edges
tween the two curves of Fig. 5 are observed directly atthe is observed. It is larger for the 22 ML film, where it amounts
andL, edges. Similar enhancements of the ICu; absorp-  to about—5% and+2.5% of the CU_, 3 edge jump. A small
tion signal with respect to pure Cu can be seen in the spectimagnetic moment is thus present at the Cu atoms, parallel to
of CoyoCuyq alloys or Fe/Cu multilayers presented in Refs.the Fe moment. The difference between the dichroism of the
18 and 19. Theoretical calculations for monoatomic Fe/Cul0 and 22 ML films is explained by the contribution of un-
multilayers predict an opposite charge transfer of about 0.polarized Cu substrate atoms, which is larger in the case of
electron from Fe to C&* This calculated electron transfer is 10 ML FeCu.
however mainly due te- andp-like electrons$* whereas the The moments that are obtained by applying the sum rules
2p— 3d channel dominates the Qup, 5 absorptiorf? to the spectra of Fig. 6 are listed in the second and fifth row

photon energy (eV)

B. Cu-L, 3 edge
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] may thus be explained by, and would be consistent with, the
Cul,, different average chemical surroundings of the Fe atoms in
0.08 [ FeCu/Cu(100) our samples and in the Fe/Cu multilayers. In the ideal FeCu
layered alloy each Cu atom is surrounded by four Cu nearest
neighbors in the film plane, and eight Fe nearest neighbors
above and below this film plane. In the Fe/Cu multilayer the
Cu-Fe coordination is lower, on the one hand because of the
(111 orientation(six nearest neighbors of the same species
in the film plang, and on the other hand, because of the Fe
layer thicknesg1.5 ML compared to 1 ML, if considering
the FeCu alloys as monoatomic multilayer$his certainly
. . . . . . will reduce the overlap and the hybridization between Fe and
880 900 920 940 960 980 1000 Cu states, and hence the moments at the Cu sites.

photon energy (eV) On the basis of this simple coordination picture one

FIG. 6. Absorption difference between antiparallel and paraIIeIWOUId expect higher Cu moments in the chemically disor-
alignment of magnetization direction and light helicity at the Cu dered CgoCuy, alloy, Where on the ave_relge_each Cu atom
L, 5 edge for FeCu/C@02) films of 10 and 22 ML thickness, cor- has 10.8 nearest Co neighbors. Hybridization between Cu
rected for the angle of light incidence and the estimated degree ¢ind Co, and Cu and Fe, however, has to be regarded as two
circular polarization. The curve for 22 ML FeCu is offset for clar- different things because of the different electronic structure
ity. of Fe and Co, and may not directly be compared. Further-

more, the electronic structure in an ordered alloy will exhibit

of Table I. Other than in the analysis of the Fe spectra ng'dnificant deviations from that of a disordered alloy due to
integration of the Cu white-line intensity was performed. Thethe chemical periodicitycf. S_ec. 1. we conc_lude that all
dichroism spectra were instead compared to the ones pré?€se effects cancel approximately out, leading to the com-
sented in Refs. 18 and 1@f. Sec. I). The analysis of the Parable Cuinduced@spin moments of FeCu and 6Quo.
data relies thereby on the proportionality factor of Refs. 18 Theoretically calculated induced moments for the Cu in-
and 19 between the number dfholes and the white-line terface layer in Fe/Cu multilayef9.05-0.07ug (Refs. 21,
intensity, which was derived from an extrapolation of bulk 22, and 24] and for Cu in a layered FeCu alld®.08ug

Fe, Co, and Ni factors to Ctt.This extrapolation may intro- (Ref. 24] are somewhat lower than our result for the FeCu
duce a certain systematic error in the resulting moments. lalloy. As already discussed in the previous section, we at-
has, on the other hand, the advantage that besides the diffribute this deviation to details of the film structure, and in
cult white-line integration also the assumption concerningparticular to the vertical atomic distance between the Fe and
the number of Cu 8 holes becomes unnecessary. Cu layers, the exact knowledge of which is crucial for the

As mentioned before, there is a substantial contribution otheoretical description of the magnetic properties of FeCu/
the CUO0D substrate to the dichroism data. Assuming ascy(001).

before a mean information depth of 11 ML, about 25% of the  Tne values obtained from our XMCD data for the spin

signal of the 22 ML sample and about 55% of the signal ofy,oments of Fe and Cief. Table ) suggest that about 6% of
the 10 ML sample stem from Cu atoms of the substratey,o magnetization of the FeCu alloy films comes from Cu. It
Assuming further that none of the substrate atoms contrlelas to be kept in mind, however, that XMCD at the

utes to the magnetic dichroism, the corrected moments of th : :
Cu atoms in the FeCu films are listed in the third and sixthgdges of Cu and Fe essentially probes only ttiesin and

row of Table I. (Counting the top atomic Cu layer of the orbital moments. Whereas for thel 3erromagnets the total

substrate as a “film” layer would not change these number agnetiz_ation s preo!ominantly causedstates, this is not
significantly) Similar values for both the 10 and 22 ML necessarily true for induced Cu moments. Complemen.tary
films of 0.12+0.01 ug and 0.1%0.007 ug, respectively, measurements at the Guedge of' Cq/Cu and Fe/Cu muly—
are obtained for the Cu spin moments. The cited errors |2Y€rs, which probe theptmagnetization, showed a consid-
hereby represent solely the accuracy of the experiment, arRfable induced Cug moment, which is aligned antiparallel
do not include systematic errors due to uncertainties of théo the Co and Fe magnetizatiGhComparison to the Cop
analysis procedure. From the values of the corrected Cu mdnoment gave an estimate ef0.03ug for the induced Ciyp
ments it is seen that the different dichroism of the 10 and 22noment, which was found to extend well beyond the inter-
ML FeCu films is indeed accounted for completely by theface region and into the Cu layetfsThe results from Fe/Cu
different attenuation of the substrate contribution. multilayers were not as conclusive, but indications for a

In the bottom rows of Table | literature values for a ran-negative 4 moment like in Co/Cu were also obsernv&d.
dom C@Cuy alloy and an[Fe 10 A/Cu 3 A multilayer = The Cup moments therefore are of the same order of mag-
from Ref. 19 are listed. The induced Cd 3pin moments of nitude as thed moments, but of opposite sign. This is also
the ordered FeCu alloy films are comparable to the one resupported by the theoretical results of Refs. 18 and 23. The
ported for Cg,Cuyo and about 50% larger than the one of Cu contribution to the total magnetic moment may thus be
the Fe/Cu multilayer. The latter are mainly11) textured!®  significantly smaller than thd moment. This has to be con-
and the thicknessf@® A of the Felayers therein corresponds sidered before drawing conclusions from our present data
to about 1.5 ML. The difference in the induced momentsconcerning the induced magnetism of Cu in FeCu.

0.04 [

difference

0.00 |

-0.04
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V. SUMMARY a hint towards a strong in-plane magnetocrystalline anisot-

o L o ropy. From measurements at the Cyi; edge Cu induced
Epitaxial alloy ultrathin films of the otherwise immiscible moments of~0.11 ug were found, probably linked to the

elements Fe and Cu were prepared by pulsed-laser depo‘ﬁ’fcrease in the number of Cud3holes also seen in the

tion on CU00Y) in the ordered.1, phase. Electronic prop- y\cp spectra. The enhancement of the Fe orbital moments
erties were studied by spin-resolved valence-band photQsng the induced Cu moments are attributed to modifications
emission in normal electron emission. The dispersion of Fey, the FeCu electronic structure due to hybridization between
type majority bands along th& axis indicates the presence Fe- and Cu-derived states, the reduced symmetry along the

of bands which are a consequence of the reduced size of thgrface normal, and the altered dimensionality in the layered
alloy Brillouin zone perpendicular to the film plane. This alloy films.

reflects the doubling of the unit cell in the ordered alloy, and
indicates the influence of the chemical order on the elec-
tronic properties, as well as the hybridization between Fe-
and Cu-like bands. X-ray circular magnetic dichroisniyy We thank B. Zada for her expert technical support, and
absorption gave evidence for a ferromagnetic behavior of Féhe BESSY staff for general support during the beam times.
with moments similar to those of a 3.5 ML Fe/5 ML Co/ Funding by the German minister of Education, Science, Re-
Cu(00)) film. The Fe orbital moments were found to be search, and TechnologfBMBF) under Contract No.
strongly enhanced in FeCu with respect to pure Fe with a5 621EFA 0 is gratefully acknowledged. M.S. thanks the
orbital to spin moment ratio of0.12. This may be seen as European Union for a stipend.
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