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Magnetism and interlayer coupling in fcc FgCo films

A. Dallmeyer! K. Maiti,* O. Rader, L. Pasqualf C. Carboné;* and W. Eberhardt
Lnstitut fir Festkaperforschung, Forschungszentrunilidh, D-52425 Jlich, Germany
2BESSY, Albert-Einstein-StraRe 15, D-12489 Berlin, Germany
3INFM and Dipartimento di Fisica, Universitdi Modena e Reggio Emilia, Via Campi 213/a, 1-41100 Modena, Italy
(Received 1 September 2000; published 15 February)2001

The magnetism of epitaxial fcc Fe films deposited ofX06) and sandwiched between two @00 films
was investigated by x-ray magnetic circular dichroism. The dependence of the Fe magnetism on the film
thickness is complex and qualitatively similar on(C@0) and in fcc Co/Fe/C@.00) trilayers. The fcc Fe film
magnetization presents a pronounced oscillation, suggesting a partial antiferromagnetic ordering in the 5-10
monolayer thickness range. The fcc Fe films mediate an oscillatory, indirect coupling in Cd/f@gCo
structures that alternates in correspondence with the changes of the Fe magnetization.
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[. INTRODUCTION ies show that the free Fe surface is ferromagnetically ordered
and give some indication for a ferromagnetic coupling to the
Fe is probably the most extensively studied magnetic elsubsurface layer®®!The magnetic ordering of the inter-
ement, but it still represents a challenging system for experiface layer, instead, is controv_ers?_s?l’.“_ X-ray magnetic cir-
mental and theoretical research. In particular, the fcc F&ular dichroism(XMCD) gives indications for Fe ferromag-

phase attracts a lot of attention because of the complex iH1€tism at the fcc Fe/Qa00) interface, whereas recent Kerr
terdependence between its structural and magneti_’tmd photoemission studies conclude that only the Fe surface

properties™ In contrast to bcc Fe which is a ferromagnet IS ferromagnetically ordered. .
with a large moment2.2u5 /atom), fec Fe is theoretically The inner Fe layers are generally believed to be paramag-

. . _5 .
expected to order in a low-spin antiferromagnetic state at th8€t¢ or antiferromagnetic® and therefore not to contribute
equilibrium lattice constant. Electronic band structure calcu{O the total magnetic moment. No evidence for antiferromag-

etism in fcc Fe films on Q400 has been reported until

lations predict that a small compression or expansion of th& Iy ol ff
fec lattice gives rise to magnetovolume instabilities convert."OW- Mossbauer and magneto-optical Kerr eff¢btOKE)
easurements indicate instead some kind of antiferromag-

ing the low-spin antiferromagnetic state into a nonmagnetid"€: .
or a high-spin ferromagnetic state, respectively.addition, ~ N€tic arrangement in fcc Fe on 00 at low temperatures

recent total energy calculations indicate that various noncol(T<200 K). Such a magnetic ordering of the films should

linear configurations might be favored in certain ranges oftlso influence the magnetic properties of multilayers contain-

structural parameter<. ing fcc Fe films. A study of Co/Fe/Qd00) trilayers reports
The magnetism of bulk fcc Fe is hardly accessible to the2ntiparallel coupling for all Fe thicknesses in the 5-10 ML

experiment since the fcc phase is only stable at temperatur&&"g€:~ The microscopic refation between the interlayer cou-

above 1183 K. Metastable fcc Fe films, however, grow epiP9 and the magnetlc structure of the fcc Fe films has not

taxially on the fc€100) surfaces of the late & transition Y€t Peen established. . :

metals (Co, Ni, Cu and significantly simplify the experi- This work examines the magnetic properties of fcc Fe

mental study of the magnetic properties. On all of these subfilms grown on C¢100 and of fcc Co/Fe/CA00 trilayers.

strates fcc Fe films display a similar interplay between strucXMCD measurements show that the magnetism of Fe films

tural and magnetic properti€s.Films thinner than 5 ©" Cd100 is more complex than reported in previous stud-

monolayers(ML) have a slightly expanded atomic volume @eg,. The Fe magnetizgtion is large up to 5_ML thickness an'd
due to a tetragonal distortion. They order magnetically in dt_ls further enhanced in the monolayer regime. The magnetic

high-spin ferromagnetic structure with a nearly uniform dis-sf'gn":l_I of 5-10 ML Fe films is significantly weaker. In ad‘?'"
tribution of large magnetic moments>Qug/atom). Fe tion, it exhibits a pronpunced dependen_ce on the_ film thlqk—
films of larger thicknesg5—10 ML) exhibit a relaxed, almost ness. The .mag_neuzatlon of the fcc.Fe films remains qualita-
isotropic fcc lattice and an enhanced interlayer distance bélve'Y similar in ColFe/ CQl_OO) trilayers. The fcc Fe .
tween surface and subsurface layers. The magnetization gediates an oscillatory coupling between the Co layers, with
the films in this thickness range is significantly reduced? clear correlathn b_etween the sign Of the interlayer coupling
(<1ug/atom). Above 10 ML Fe film thickness, the fcc 2nd the magnetization of the fcc Fe films.

structure becomes unstable and gradually converts to the bcc
lattice of bulk Fe.

Despite extensive efforts the magnetic structure of fcc Fe X-ray magnetic circular dichroism was used to investigate
films in the 5-10 ML thickness range has not been fullythe magnetism of Fe films on €00 and of Co/Fe/C@.00
clarified. The small magnetic signal that persists in this rangepitaxial trilayer structures. Epitaxial Fe and(Co0) layers
is attributed to Fe moments located at the film surface, subwere deposited onto a CL00) substrate. The Cu substrate
surface, and buried interface with the substrate. Various studvas prepared by repeated cycles of ion sputtering and an-

II. EXPERIMENT
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nealing until it displayed sharp low-energy electron diffrac- T ' ' ' ' '
tion p(1x 1) spots. The clean and well-ordered(0Q0) sur- [ 3.1 ML Fe/Co(100) P\ (a)
face was covered with thin epitaxial A®0 films. Onto
these Co films, Fe fiimgl-11 ML) were deposited in a 1
wedge geometry(1 ML/mm slopg to ensure identical Fe 'l
growth conditions for films of different thicknesses. The base ; %
pressure was below>1101° mbar and did not rise above
6x10 1° mbar during the evaporations. The thickness cali-
bration was performed by means of a quartz crystal mi-°
crobalance. During the film growth and the x-ray absorption -
measurements the sample was kept at room temperature, u
less specifically mentioned.

The dichroism measurements were performed with circu--
larly polarized radiation at the PM3 beamline at BESSY |I.
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5.3 ML Fe/Co(100)

The light incidence angle with respect to the surface normal £ Fe i Co +

was 39°. A magnetic field pulse was applied along[thEQ] I8 1;%& 1

in-plane direction to remanently magnetize the sample. Di- J 4 *' l’%

chroism effects in the absorption spectra were determined b Y i%%% E
reversing the magnetization direction. Fe andl.Gg absorp- J ; a%j%%m
tion spectra were measured by total electron yield. Figure et —4,——"\—-
1(a) illustrates as an example the ; absorption spectra for . . . . , . .
3.1 ML and 5.3 ML Fe films grown on an 8 ML Co film. The 680 700 720 740 760 780 800 820
figure shows the original spectra without corrections for the Photon energy (eV)

incomplete circular polarization of the light{80%) and for
the angle between the light polarization and the sample mag

netization. The difference between the spectra for the two o0b T+ I(b)'
magnetization directionsR and L) gives the dichroism = ozl 1
spectrum R-L). E
In the following, no attempt will be performed to derive ; 020 - 1
absolute values for the magnetic moments through the appli€  44s[ i
cation of sum rules. Note that multiplet effects might be &
important for the determination of the magnetic moméats. s %1 Fe siomal il
As a measurement of the dichroism signal we use the rela_§ 0.05 Co o e .
tion £ I
B 000f----mmmmmmeee e L B R g
Lol [R_LR ° 0.05 |
S e e R EEEREEE
Lz+tL; L3+L3 Fe thickness (ML)

RIL] -
whereL 3j7 represents the maximum of the [L ] edge for FIG. 1. (a) Fe and Co x-ray absorption spectra for paralR)

parallel(R) [antiparallel )] alignment of light polarization ang antiparalle[L) alignment of light polarization and magnetiza-
and magnetization direction, after a linear background subtion direction and the corresponding dichroism spedRd.f deter-
traction. This dichroic signal is proportional to the magneticmined for 3.1 ML and 5.3 ML Fe on 8 ML G&00). Note that these
moment and it monitors the variations of the dichroic effectare original data that are not corrected for the angle between light
in a reliable and sensitive way. These measurements yielgblarization and sample magnetization or for the incomplete circu-
element-specific information on the averaged magnetic mokar light polarization(b) Fe and Co dichroism signalepen squares
ments(i.e., the magnetizatioralong the direction of the light and solid circles, respectivélygletermined for the Fe/Qb00) sys-
polarization. The different magnetic layers contribute to thetem as a function of Fe film thickness. Note that the solid lines, as
total signal with a weight that decreases exponentially withwvell as the dashed lines in Figs. 2 and 3, are only meant as a guide
the distance from the surface with an attenuation length ofo the eye.
about 15-20 ML.
vert into the bcc structureX10 ML), forming (110 do-
. RESULTS AND DISCUSSION mains oriented into four different directioh. The Fe
A. Fe on Co(100 growth QOes r_10t significantly affect the Qo dichroism signal
' up to a film thickness of 10 ML. Above this thickness the Co
Figure Xb) shows the dichroism signal for Fe films on dichroic signal decreases, possibly because the interface cou-

Co(100. In agreement with earlier investigations the Fe di-pling tends to align also the Co moments along fheQ]
chroic signal is large for thicknesses up to 4 ML and it iseasy axis of the bcc Fe domains.
strongly reduced for 5-10 ML film thickne&$.The Fe di- The largest Fe magnetic signal is found at the smallest
chroic signal increases again as the Fe films gradually corexamined Fe film thickness of 0.9 ML. Large Fe moments in
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the monolayer regime are not surprising and can be ascribe [ " """ T T T T T T
to the bonding with the Co substrate as well as to the low = g Cosignal  (2)
coordination of the Fe atoms. The bonding with Co increasesg R . SN ]
the occupation of the Fed3spin-up states and enhances the 2 o20p Yoo d
Fe moment in Co-rich Fe-Co alloy$2.6—3.0 ug) (Refs. 15 & 6 L b
and 16] and at the bcc Fe/Gb00) interface[ (2.5—-2.6 ug) ©

(Ref. 19] in comparison with bcc Fe metal. The bonding at 3 %10} Co Fe signal

the fcc Fe/Co interface is likely to induce a similar effect. 5 oos| ‘ Fe o
The low atomic coordination at surfaces and in monolayersg Lo o

can also significantly enhance the Fe moménwith in- & °%° g . i
creasing film thickness <4 ML) the magnetic signal 005 —1———7—+—17"+—7—"""7—"7"—"7"—""""7+—""——
slightly decreases, as the relative contribution from the inter- g 1 2 & 4 5 ® 7 B 8 MW T ¥
face and surface layers becomes smaller. Fe thickness (ML)

In 5-10 ML films the Fe magnetization is much weaker
than in the thinner films. It displays a pronounced minimum
and vanishes at about 6 ML thickness. The minimum is fol- ——= Ni
lowed by a positive and nearly constant signal between 7 ML —> Heh
and 10 ML. This complex behavior has not been observed in - Fe
previous investigations. XMCD and MOKE studies on Fe/ C
Co(100) (Refs. 6, 9, and 12report instead over the whole 0
5-10 ML thickness range a nearly constant or monotonously ~3.5MLFe ~6MLFe ~7ML Fe
decreasing magnetic signal. The magnetic signal has been

attributed to the ferromagnetism of the surféoeinterface,

(b)

FIG. 2. (a) Fe and Co dichroism signalspen squares and solid
whose maanitude and orientation was assumed to be ind circles, respectivelydetermined for the trilayer 2 ML Co/Fe/8 ML
9 %0(100) system as a function of Fe film thickness in comparison

pendent of the film thickness. with the results of the Fe/8 ML Gt00) system(dashed lines (b)

The observation of a pronounced structure in the Magn€s hematic picture for the magnetic configuration in a Ni/Co/Fe/

tization of Fe films of 5-10 ML thickness has some directcy10q) system for 3.5, 6, and 7 ML Fe. The Ni film on top of the
implications on the magnetism of the films. A simple mag-co/re/co sandwich directly probes the magnetization direction of
netic configuration where only the surfager the interface  the ypper Co film.
layen is ferromagnetically ordered does not explain the zero
magnetization for 6 ML films and can therefore not describeconfinement in the films that would not be related to the
the whole 5—10 ML thickness range. Also, the pronouncednagnetic moments in a simple way.
minimum observed in the Fe magnetization curve excludes a The present XMCD results unambiguously prove that the
ferromagnetic configuration with uniformly distributed, low magnetic moments in the fcc Fe films change in a noncon-
moments in the films. The modulation of the Fe magnetizatinuous way in the 5-10 ML range. Although it is definitely
tion rather suggests that antiferromagnetic order in parts dfot possible to completely derive the magnetic structure of
the films leads to a cancellation of the moments to an exterife Fe films from the present data, the results suggest that the
that depends on the film thickness. inner layers might be antiferromagnetically ordered already
The simplest antiferromagnetic structure one can considedt room temperature. Proximity effects can explain the en-
is layerwise antiferromagnet[c.e., a stack of ferromagnetic hanced ordering temperature in Fe(0@0) with respect to
Fe(100 monolayers with magnetization alternating in oppo-the Fe films on C(L00. In comparison with Fe/Qa00),
site directiod. This magnetic structure would produce an additional complexity in the Fe/Gb00) system might arise
oscillatory behavior of the film magnetization wie 2 ML ~ from the exchange interactions at the interface. In particular,
period, with minima and maxima for even and odd numberghe unavoidable presence of steps at the substrate surface
of monolayers, respectively. This structure could account fofight frustrate layerwise antiferromagnetic structures in fcc
the minimum observed at 6 ML thickness, but not for theFe films.
low signal at 5 ML and the nearly constant signal for Fe
films thicker than 7 ML. B. CaFe/Co(100
Recent calculations predict that a number of nearly degen- In view of the apparent complexity of the Fe magnetic
erate states can be obtained by varying the stacking séehavior, it is surprising that it is qualitatively maintained in
quences of ferromagnetic monolayers in fcc Fe films onCo/Fe/C@100) trilayers. Figure £a) compares the Fe dichro-
Cu(100.” An oscillatory MOKE signal from fcc Fe on ism signal for Fe/8 ML C@L00) and for a 2 MLCo/Fe/8 ML
Cu(100 was observed by Let al. for temperatures below Co(100) trilayer. The development of the Fe dichroism sig-
200 K2 The MOKE signal of Fe/C{100) exhibits minima  nal in films of 4—9 ML thickness remains strikingly similar
with a separation of 2.6 ML, suggesting that the Fe filmsdespite the additional Co film. While other works associated
order in an incommensurate spin-density wave rather than ithe moment of fcc Fe films on Cb00) thicker than 5 ML
a simple layerwise antiferromagnetic structure. The authorexclusively with the ferromagnetism of the free Fe surfdce,
pointed out, however, that Kerr effect modulation might alsothe present results show that also sandwiched Fe films have a
reflect changes of the electronic structure due to electrononzero total magnetic moment. This again indicates that the
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A B distortion of 4 ML Fe/C¢l00) films has been reported

osor (@) ] previously® Figure 3a) also clearly shows that the Fe signal
0.25 . 8 in the regime of reduced magnetization increases after the
ozl Fe signal 1 deposition of 4 ML and 8 ML Co.

’ In order to directly probe the orientation of the moments
0.15 - . in the top Co film with respect to the bottom Co layer, a Ni

monolayer was deposited on the 2 ML Co/Fe/8 ML(T0)
trilayer. The Ni and Co moments are expected to couple
4 parallel. Therefore, the Ni layer probes the magnetization
direction of the upper Co film. The magnetization of the
thicker bottom Co layer can be assumed to remain locked
1 along the easy axis direction. The sign of the Ni dichroic
. signal indicates a predominant parallel coupling between the
1 two Co films at 3.5 ML Fe, antiparallel for 6 ML Fe and

0.10 -
0.05 -

0.00 [~ ~

Dichroism signal (arb. units)
(=]
8

025 a again parallel for 7 ML Fe as illustrated in Fig(t2. This
1 result thus proves that fcc Fe mediates an indirect coupling
020 . between the Co films with a fast oscillatory behavior. To our
1 knowledge, this is the first experimental evidence for an os-
015 T cillatory coupling in a system consisting of two elements that
are both ferromagnetic in their normal structure.

010 ] There appears to be a clear correspondence between the
0.05 _ a ‘ = ) _ Fe magnetization and the coupling _that it mediates _between
: Co Co signal ] the Co layers. The coupling is positive across the thin ferro-
0.00 I , . . . . , , , , magnetic Fe films; it switches to negative in correspondence

o 1 2 3 4 5 6 7 8 9 with the magnetization minimum at 6 ML and again to posi-
Fe thickness (ML) tive at 7 ML Fe thickness. The correspondence between the

oscillatory behavior of the coupling and the Fe magnetic

FIG. 3. (a) Fe dichroism signals determined for an uncovered Fesignal indicates that the magnetic order of the Fe films has a
film on 20 ML Co (open squargsand for the same sample covered decisive role in determining the coupling. In this respect, it
with 4 ML Co (solid circles and 8 ML Co(open diamonds(b) Co  should be noticed that the Fe and the Co signals do not show
dichroism signals for the same systems as show(@)in significant changes upon cooling the sample to 100 K. It

appears thus that the magnetic ordering in the films does not

fcc Fe film magnetization does not only derive from the sur-vary between 100 K and 300 K, suggesting that the ordering
face. In fact, the Co-covered films of thicknesses above @emperature of the trilayers is above room temperature. An
ML exhibit a slightly larger Fe signal than the uncoveredordering temperature significantly higher than in the bulk has
ones, possibly because the coupling with the top Co filmalso been found for thin Cr films in Cr/Fe multilay&té®
increases the ferromagnetic order in the Fe interface layer.and it is attributed to proximity effectS:?!

The Co magnetization shows pronounced changes in the The fcc Co/Fe/C@L00) trilayers present indeed a few sug-
Co/Fe/Cd100 trilayers as a function of Fe thickness. The gestive analogies to the bcc Fe/C/FR0) system. Notably,
Co dichroism signal of the 2 ML Co/Fe/8 ML Cbo0 Fe acts as a nonferromagnetic spacer in the fcc Co/Fe/Co
trilayer presents an oscillatory behaviétig. 2(@)]. As both trilayers, whereas in the bcc Fe/Cr/Fe system it represents the
the Co substrate and Co top layer contribute to the totaferromagnetic component. Both systems show a correlation
dichroic intensity with different weights reflecting the film between the oscillation of interlayer coupling and those of
thickness and the probing depth of the measurement, the repacer magnetization. In both cases the coupling displays
duced signal indicates that the two layers are not aligned ifast oscillatory structurés that appear to be related to the
parallel. This is indeed confirmed by the more pronouncedantiferrgmagnetic ordering of the spacer. In atomically
signal oscillations observed when increasing the thickness afmooth Cr films the fast oscillation period of 2 ML domi-
the top Co layer. Figures(d and 3b) show the Fe and Co nates the coupling up to 50 ML. The data presented here in
dichroism signals for 4 ML Co/Fe/20 ML Co and 8 ML Fig. 2@ and Fig. 3b) show a minimum-maximum separa-
Co/Fe/20 ML Co trilayers. The Co signal displays similar tion of approximately 1 ML.
structures in these trilayers as for the 2 ML Co/Fe/8 ML A coupling period, however, cannot be determined due to
Co(100. Assuming an escape depth of about 20 ML, the Cathe limited thickness range of stability for fcc Fe films.
signal for 6 ML Fe can be accounted for by a nearly antiparMoreover, it is conceivable that the Fe magnetic structure
allel orientation of the moments in the two Co films. The depends in a complicated way on the film thickness and the
main additional effect of thicker Co films is that the transi- coupling is therefore aperiodic. While a stack of (&0)-Cr
tion from large to small Fe magnetization becomes increasplanes is layerwise antiferromagnetjgossibly with an in-
ingly broader. This suggests that the tetragonally distortedommensurate spin wayethe fcd100)-Fe stacked planes
structure of the uncovered Fe films partially relaxes in thecould tend to develop noncollinear ordering due to the geo-
trilayers into the isotropic fcc structure with low magnetiza- metrical frustration of the antiferromagnetic fcc structure.
tion. Evidence for the metastable character of the tetragon@or a detailed understanding of the fcc Fe film systems,
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layer-resolved information on the moment size and orientawith x-ray magnetic circular dichroism. The development of
tion would be highly desirable. For a Co/7 ML Fe/d60) the Fe dichroism signals as a function of film thickness
sandwich, layer-resolved measuremé&ngive evidence fora shows a remarkable similarity in ultrathin fcc Fe(C00)
noncollinear magnetic structure of the fcc Fe films. The closexnd fcc Co/Fe/C@.00) trilayers. Moreover, the fcc Fe films
correspondence reported here between the magnetization gfediate an interlayer coupling between the Co layers, the

the Fe films on C@00 and in Co/Fe/CA.00) trilayers, and  sign of which closely reflects the thickness dependence of
the indirect coupling across the Fe films, suggests that nofpe fcc Fe film magnetization.

collinear magnetism of fcc Fe might play a key role in the
determining of all these properties.
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