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Structural and magnetic properties of Fe(5 nm)/Mpf/Fe(5 nm) €y, from 0.5 to 3.0 nm sandwich
structures, grown by molecular-beam epitaxy between 50 °C and 150 °C, were investigated using reflection
high-energy electron diffractiotRHEED), x-ray-diffraction, M@ssbauer spectroscopy, and magnetization mea-
surements. Epitaxial bct-Mn structures only form fgf,<1 nm, independently of the growth temperature.
Room-temperature conversion electron 9dbauer spectra are composed of two magnetic components with
in-plane magnetic moments. The first subspectrum has hyperfine parameters aebe &nd is therefore
associated with Fe atoms far from the interface regions. The second component, fitted with a hyperfine field
(hf) distribution, has an isomer-shift value similarde~e and a maximum in the distribution curve at about 31
T. This subspectrum is related to the Fe atoms close to the Mn (eerface regions Low-field components
in the hf distribution curves indicate the presence of Fe atoms or/and Fe clusters in the Mn spacers. An Fe-Mn
alloy was observed for the samples grown for temperatures higher than or equal to 50 °C and where the
RHEED patterns show the presence of thé/in phase. Magnetization data show that the Fe layers are
ferromagnetically coupled for all trilayers prepared at substrate temperatures lower than 150 °C. A noncollinear
coupling was found for the trilayer with Mn thickness of 1 nm and grown at 150 °C.
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[. INTRODUCTION ena, such as spin reorientatibn,the spin-polarization
effect!? etc.
Interlayer coupling between magnetic layers separated by Fe/Mn trilayers may potentially elicit a similar interest as
a metalli¢ spacer layer oscillates periodically from ferro- Fe/Cr, based on the fact that both Cr and Mn are AFM ma-
magnetic(FM) to antiferromagnetiéAFM) as the thickness terials. However, in contrast to all othed &lements, which
of the spacer layers changes. Besides these well-defined cdérm fcc or bee crystalline structures, bulk Mn possesses a
linear magnetic states between the magnetic layers, a possfery complex cubic lattice structure with 58 atoms per unit
bility for 90° magnetic coupling has also been reported forcell (a-Mn). On the other hand, fcc- and bce-Mn phases can
epitaxial trilayers that have the compositions Fe/CAFe/  be formed at high temperatursTwo methods have been
(Al, Cu)/Fe? FelCu)Fe? etc. Only recently arbitrary noncol- reported for the growth of these Mn phases as a metastable
linear coupling angles were found in Fe/Mn/fRef. 5 and state. The first one is _by aII(_)ymg and extrapolatlng the lattice
FeCo/Mn/Fe/CaRef. 6 trilayer sandwiches. Extensive re- constant to a zero impurity concentrgtﬂé‘n.‘l’he second
search has been done to understand possible coupli ethod is by epitaxial growth on a suitable substrate. Re-

, - - cently, experimenta?*® and theoretical studies have been
mechanisms. In neral, for paramagnetic or diamagnetic"Y: €XP ;
echanisms general, for paramagnetic or diamag etic ported regarding Mn grown on cul(i@0l) substrates such

Zﬁai(r:]?rrii,s;[(r:]e Sgrl:'s Irggwrgllec?;Elrsemvssgrgihiesgﬂbl?r? bé 32_’55% Fe and Ag. The results indicate that the Mn crystalline
q P ' piing structures were slightly distorted fcc or bce phases, called fct

ter(rjmtl;]ed b]}; tht(_a Fermrﬁjr(fjace fproplert;es of thettsp_acer Itatyh ace-centered tetragonadr bct (body-centered tetragonal
an € reflection ampiitudes for electrons scattering a espectively. Qitet all” have shown that the total free en-

interfaces between the spacer layer and the FM [ayfer. ergy as a function of the/a lattice parameter presents two
explain biquadratic coupI|.ng sei\g/eral extrm;lc mechanlsm%inima, associated with the fct- and the bct-Mn phases, re-
are suggested by Demokrit@t al.” However, in the case of gpectively. Thus, choosing a suitable substrate, bct- or
AFM spacers, such as Cr and Mn, the spacer layer is NGkt-Mn layers can be prepared by molecular-beam epitaxy
passive, as for nonmagnetic materials. The proximity mag¢mBE).

netism modélis a phenomenological model for the descrip-  Theoretical calculations suggest that Mn atoms at the in-
tion of exchange coupling across these kinds of AFM mateterface couple antiferromagnetically with Fe atofi$his is
rials including thickness fluctuations due to interfacein agreement with the experimental results obtained by Roth
roughness. Within this model the spacer layer magnetiet al!® on bare Mn thin films grown epitaxially on F€01)
structure is an helicoidal antiferromagnet, and the couplingvhiskers. They found that the magnetization of the first Mn
originates from the direct-d exchange interaction at the monolayer is collineatantiparalle] with the Fe magnetiza-
Fe-Mn interfaces and propagates through the magnetic ordetion. Due to this coupling we expect a distinct magnetic hy-
ing of the spacer layer via short-range exchange interactiomerfine field By for Fe atoms at the interface. We can ob-
Also for sandwich systems, interface effects have been exain microscopic information about the interfaces by
tensively studied in order to understand the couplingdepositing®’Fe selectively at the interface and measuring the
mechanisif as well as specific interface-related phenom-hyperfine parameters with debauer spectroscopgvs).
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MS directly probes the density af electrons[isomer shift
(IS)] and B,y at the*’Fe nucleus.

Using MS in combination with x-ray diffraction, reflec-
tion high-energy electron diffraction(RHEED), and
vibrating-sample magnetization, we have investigated struc-
tural and magnetic properties of Fe/Mn bi- and trilayers o

*"Fe(1nm) (G)) “"Fe(1nm)
1st layer 2nd layer

grown on MgQo001) by MBE, for different growth tempera- f_-é ®) (e) *'Fe(lnm)+Fe(0.5nm)
tures £ Mn(0.5nm)
. @
2
s
&
Il. EXPERIMENT
The Fe/Mn sandwiches were grown on polished () " Ma(inm) @ " Fe(snm)
MgO(001) substrates in an MBE system with a base pressure “"M"

of 6x10  mbar. Prior to deposition of the layers, the
MgO(001) substrates were cleaned with isopropanol fol-
lowed by an N gas flow. Subsequently, they were introduced
in a high-vacuum annealing chamber and kept at 600 °C for T R T T e
one hour, in a vacuum greater thax 10”8 mbar. The films Position (arb. units)

were deposited using three different substrate temperatures

(To): 50°C, 100°C, and 150 °C, with the samples rotating FIG. 1. RHEED diffraqtion profiles of théMgO)/Fe5 nm)/
during deposition to ensure lateral uniformity of the films. Mn(1 NM/Fe5 nm) sandwich grown at 150 °C. The RHEED pat-

- t btained for diff t thick fF d Mn duri
The "¥Fe (natural Fe, containing-2% of *’Fe) layers were Srms Wers obiained for drieren: ticknesses of e and in during

. . ) the growth process, as indicated in the figure.
deposited using aa-gun source with flux feedback control, g P 9

whereas *'Fe (95% enricheil and Mn (99.999% were high angles in order to characterize the crystallographic
evaporated from temperature-stabilized effusion cellsproperties of the layers. Room-temperat(R&) CEM spec-
Quartz-crystal monitors, calibrated by Rutherford back-tra were obtained with a 25-mE&iCo(Rh) source in a con-
scattering experiments, controlled all nominal layer thick-yventional CEMS chamber, using a mixture of F#6%) and
nesses. An 8-nm amorphous Si-6i) capping layer was CH, (4%). The acquired spectra were fitted using a method
used to prevent oxidation of the top Fe layer. This Si layeffor a hyperfine magnetic-field distributighf) superimposed
was deposited at temperatures lower than or equal to 10 °C weith one crystalline sextet site. For films, where
avoid interdiffusion between Si and the top Fe layer. Nothe a-Mn phase is present, a doublet has been added as well.
Fe-Si phase was observed by any of the characterizatiof linear correlation between hyperfine magnetic fieB},§
techniques that were used, which ensures us that the Si capnd IS was assumed to take the asymmetry of the magnetic
ping layer did not affect our results. The deposition rates ofsextet into account. The IS values are given relative-fee
naFe S’Fe, and Mn were 0.16, 0.07, and 0.04 A/s, respecat RT.
tively, and the pressure during the deposition was equal Magnetization measurements were done in a commercial
to or greater than X 10 % mbar. The final nominal com- Oxford vibrating-sample magnetometer. The measurements
position of our sandwich structures was as follows:cover the temperature range of 10-300 K with magnetic
(MgO)/Fe(4 nm)?’Fe(1 nm)/Mn(0.5—3.0 nm§fFe(1 nm)/ fields applied both in the film plane directiéeasy and hard
Fe(4 nm)&-Si(8 nm) for several trilayers andMgO)/ directions of Fe layepsand in the out-of-plane geometry.
Fe(4 nm)?’Fe(1 nm)/Mn(0.5 nm@-Si(8 nm) for one The maximum applied field value used in this work was 0.5
bilayer. T, which is sufficient to reach saturation of the magnetization

Nominal Mn thicknesses of 0.5-3.0 nm were chosen botilirection, for the in-plane geometry.
to cover the Mn crystalline transition as reported in the
literature'® as well as to fit the range where the magnetic [ll. RESULTS AND DISCUSSION
coupling between the Fe layers changes from FM to noncol-
linear coupling® The >’Fe layer was chosen to be 1 nm out
of 5-nm total Fe thickness in order to have a sufficient count The RHEED pattern of the first 5-nm Fe layelite
rate during MS and to minimize the effect of th&e thatis  +5Fe) deposited on Mg®01) consists of intense streaks
contained in the 4 nm of®Fe. corresponding to bcc Heee Fig. 1a)]. However, it is known

In situ RHEED analysis was performed using 10-keV that the lattice misfit between Fe and MgO is abet&.7%
electrons incident at an angle of 3° with respect to the film(45° azimuthal rotation of the lattitgewhich means that the
plane. X-ray diffraction, conversion electron ‘Skbauer first Fe layer might be elastically strained, as measured by
spectroscopy(CEMS), and magnetization measurementsMoonset al?°
were performecex situ X-ray measurements, using &u, The RHEED pattern of the Mn layer depends on its thick-
radiation, were done in the low angle geome(®¢=0.5°  ness {y,). Forty,<0.5 nm, they indicate that the Mn layer
to 7.09 to determine the artificial periodic structure and atgrows epitaxially on the first Fe layer, with the Mn in-plane

A. Structural characterization
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lattice parameter matching with that of bcc £eHowever, 100 " T " g " T i T
the width of the streaks increases, which means that the Mr ’
film is slightly more distorted than the Fe filitompare 10

Figs. 1@ and 1b)]. For increasingty,, the width of the
streaks increasd$or ty,,=1 nm the width is 6% more than
for ty,=0.5 nm, estimated from the RHEED peak at posi- 3 190
tion 270 on thex axis). In addition, spots appear superim-
posed on the streak@ot visible on the RHEED profile 10
which indicates that the incident electron beam transmitsg ,,
through blocks or islands nucleated on a flat surface. Henryé
et al?? observed similar RHEED spots for Mn/Co multilay- 2
ers. This suggests a mixture of twd2D) and three-
dimensional3D) growth modes for Mn layers with a thick- 10
ness greater than 0.5 nm on Fe, rather than pure layer-by
layer growth. T I S Rl ) li
For ty,=1 nm, an additional streak is clearly visible in 60,0 625 65,0 675 70,0 725
the RHEED patteriisee arrow in Fig. (c)]. Forty,>1 nm 20(degree)
(not shown, a new set of streaks appears, which is less dif- FIG. 2. High angle x-ray-diffraction patterns of the(Eenm)/
fuse and has a smaller separation in reciprocal space. Th'mn(o_5 nm sandwiches prepared at 50 Ca) bilayer and (b)

indicates that the corresponding Mn structure has a |ar96}FiIayer], 100 °C[(c) trilayer], and 150 °C[(d) trilayer].
lattice parameter compared to 0.5 nm of Mn. We attribute

this new set of streaks to theMn phase, in agreement with . . ) S
the results of Henrgt al?? and Grigorovet a2 It should be ~ 2gain and slightly shifted, indicative of the fact that the top

noted that in our films the bct-Mn phase has a maximafe layer is relaxedFig. 1(e)]. Their intensities get stronger
thickness of about 1.0 nm, independently of growth temperaand less diffuse as the thickness of Fe increases. This means
ture. The gradual increase of the width of the bct streakghat only at an Fe thickness of 1.5 nimbove the Mn layer
[Figs. 1b) and Xc)] indicates that the structural change from does the transmission through Fe islands d¢&sekeeps its
the bct toa Mn may be related to an increasing lattice dis- bcc structure as observed with RHEED and CEMSnally,
tortion. the RHEED patterns of Si capping layers do not show any
The second Fe layer grows epitaxially on the Mn layer,streaks, but only a diffuse halo, which confirms the amor-
when ty;,<0.5 nm. Forty,=1nm, the RHEED pattern of phous nature of the Si layers. From these RHEED results, we
the first Fe monolayergecond layerhas the same features conclude that for future analyses one has to take into account
as the 1-nm Mn patterfFig. 1(d)]. Only after 1.5 nm of Fe that roughness plays an important role at the Mn/Fe inter-
[>Fe(1 nm)}+ "¥Fe(0.5 nm] are the bcc-Fe streaks visible face, forty,,=0.5 nm.

Trilayers ((a);(b);(c)
Si(8nm)
™ Fe(4nm)
IR

units)

litude (arb

1

Relati

RN FIG. 3. RT CEM spectra of the
'Fe(4nm) Fe(5 nm)/Mn(0.5 nm) bilayer and

Fe5 nm)/Mn(0.5 nm/Fe5 nm)

trilayers prepared afs=50°C,

z
% éf’ 100°C, and 150°C. The points
% P are experimental data, while the
3 full lines correspond to the sub-
Bilayer ((d)) spectra and the total fit. On the

Si(8nm) right side of this figure th® dis-
L~ tribution curves associated with
(T the interface component are plot-
5 5 4 2 0 2 4 6 8 o & % @ &
Velocity (mn) Bl M, =0.5nm) ][] ' Fe(inm)
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Reflectivity measurements, not shown, exhibit well- eral nonequivalent configurations fofFe atoms, i.e., at the
pronounced oscillations superimposed on an exponential dgorner, step edges or at flat regions, resulting in a broad
cay for all films, indicating the artificial modulation of the range of hf values due to the varying CEP effect. There is
samples. High angle specular x-ray-diffraction patterns ofjso a possibility for a disordered alloy formation between
Fe(5 nm/Mn(0.5 nm sandwiches(bi- and trilayer$ pre-  the atoms located at the interfaces, resulting in a distribution
pared at differenTs are shown in Fig. 2. The dashed line at (magnetic or electricinstead of well-defined Fe sites.
65.1° is a reference for th€002) bulk Fe peak. For all From the hf distribution curves, it can be derived that
samples, only one very broad Bragg peak at approximatelyhe |S in the high-field regiotlarger than 24 Tis close to
67° can be observed in this angular region. Using the Schefhe |S of the bulk component sextet afiid the peak at about
rer formula, the grain size related to tf@02) plane is esti- g T has an IS value 0f-0.06 mm/s, an indication that this
mated to match the Fe thickne&bout 5 nm. This broad  contribution (8%—-9% for bi- and trilayers, respectivélis
peak shifts to lower angular positions with increasing growthyssociated witft’Fe atoms(or small Fe clustejsin the Mn
temperatures, reaching the bi02) Fe angular position for |ayer and/or is due to a larger number of Mn atoms in the
films prepared at 150 °C. Therefore, the peak shift can bgywer 57Fe layer. This phenomenon, as well as the fine struc-
understood as a crystalline relaxation process of bce-Fe layyre of the hf distribution curves, is discussed below.
ers grown at 150 °C. Moreover, the patterns indicate that the The orientation of the Fe magnetic moments was calcu-
diffraction intensity decreases with increasing growth tem-ated from the ratio of the respective line intensities given by
perature. This effect may be associated with increasing dis3-x-1:1-x:3 with x=4 sir(0)[1+coZ()], 6 being the
order of the bcebct) phases, or with an increasing interface angle between the incident ray and the direction of the
roughnesglattice distortion and is further explored using magnetization. Since the incident photon direction is along
CEMS in the next paragrapl-Mn reflection lines can only  the sample surface normal one should observe 3:4:1:1:4:3 for

be resolved from the noise fog,>1.5 nm. in-plane magnetization and out-of-plane results in
3:0:1:1:0:3. In our sandwiches, the relative line intensities
B. Magnetic properties from the two subspectra indicate that the magnetization of

. . the Fe layers at RT is in the film plane in both cases. From to
Figure 3 shows .the CEM spectra_obtained "’.‘t RT forthe results reported above, we conclude that both magnetic
Fe/Mn sandwichesbi- and trilayers prepared at different ., onents have in-plane magnetization and the first sextet
Ts, but with the same Mn thickness of 0.5 nm. As can be;,mhonent corresponds to Fe atoms far from the interface
seen from this figure, Fhe spectra are comp'osed of magne_tﬁ:.e” Fe with only Fe nearest neighbors—bulk,Fehile the
subspectra only. The fits were performed with two magnetiGyisinytion component is due to the Fe atoms close to the

components. The first one is a sextet that has hyperfine Pierface, i.e., the varying number of Mn nearest neighbors is
rameters close to the bulk-Fe phase (1S0.01(2) mm/s  ofected in the hyperfine parameters.

andBy;=33 T), while the second component consists of a hf £t the fraction of Fe atoms at the interface region is

distribution. _ _ discussed. Assuming alPFe (4 nm in each Fe laygris a
The hf distribution curvegshown at the right-hand side of e , Fe phase, the fraction of the first sextet component is
the Massbauer spectra of Fig) &ll have a main peak at 5 measyre for the “unaffected” part in tHéFe layer at the
about 31 T, and a tail at low-field values, suggesting discretg, o tace after subtracting thefFe contribution(2.2% of
values of approximately 8, 20, and 24 T. This set of peaks iS7cq) From this fraction we can calculate the corresponding
best resolved in the hf distribution curve of the film prepareda_Fe thickness. For the films prepared at 50 °C, the “unaf-
at Ts=150°C. It is important to emphasize that the distri- o 1o 4 Fe thickness is different for the trilayEi0.56/2 nm
bution component is also present in the case of Fe/Mn b'lay'=0.28 nni and the bilaye0.39 nm, which indicates that
ers grown at 50 °C, showing that the reductiorBgf is due both interface$Mn on Fe(lowen and Fe on Mr(uppeb] in
to the presence of Mn atoms, and not solely related t0 thg,q yjjayer system are not equivalent to one another. This
growth temperature. Wu and Freerfareported that Fe at- opcervation suggests that the lower interface seems to be
oms at the interface exhibit a reduction of their magnetiGatter on an atomic scal@onsistency with RHEED obser-
moments due to the influence of the Mn atoms in the F&4qng and/or shows less “interdiffusion” than the upper
neighborhood. This reduc':t|on'resulés in a decrease of thgaace This difference between lower and upper interfaces
effective magnetic hyperfine fieldBfs) values at the'Fe  ig gimilar to previous observations for FeACZ*? Fe/v
sites, which, in principle, can be described as the sum of WQRef. 26 multilayers and others systerfisTwo models have
terms: B+ B (additional orbital and spin-dipolar con- peen applied to describe this effect for nanostructured sys-
tributions are also present, but do not change with the presems. The first model is based on the binding energies be-
ence of Mn. The first Bjf") contribution is mainly due to tween the substrate and adatom material, which, as a first
the Fe magnetic moment, while the second teBf() takes  approximation, is assumed to be proportional to the melting
into account the conduction-electron polarizati@EP due  points of the solids. In the case of the Fe/Mn system, the
to the presence of Mn atoms and/or to the reduced number a@helting point of Mn(1517 K) is lower than that of F€1808
Fe nearest neighbors at the interface. Thus, for a flat interfad€), and therefore, one can expect extensive intermixing for
one would expect that a CEM spectrum should be basicallyhe Fe-on-Mn(uppe) interface, but a negligible alloying ef-
composed of(i) a °>’Fe/Mn ideal interface andi) bulk-Fe  fect for the Mn-on-Fe(lowen interface. In general, our re-
contributions. For a rough interface, however, there are sewsults fit with the behavior expected by these thermodynamic
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40

thermodynamic considerations alone cannot completely ex-
plain our data. A second model to explain the low-field com-
a5 ] ponent(e.g.,By~8 T) and the asymmetry observed at the
respective Fe/Mn interfaces has been recently proposed by
Uzdinet al1%2*In their model, they use a ballistic deposition
with consequent rising of a fraction of the atoms towards the
surface to explain the difference between lower and upper
interfaces for Fe/Cr superstructures. The “diffusion” process

%‘ (exchange of atomsonly occurs at the surfacgéuring the
i \ epitaxial growth, without any internal bulk diffusion, i.e., the
20 % atoms can only float upwards, but are not allowed to move

down due to suppression of internal diffusion. Therefore, the
existence of the low-field components suggests actually that
15 —— 5’Fe atomglower) float up to the Mn layer during Mn depo-
40 60 80 100 120 140 160 . . . . . L

Growth temperature (°C) sition, forming a rich Mn phase with Fe impurities or small

Fe clusters. This assumption is also supported by the results
FIG. 4. Fraction of the Fe atoms in tfi&e layers having bulk reported by Yamadat al,?® who studied the deposition of
Fe properties, as a function of the growth temperature for the trilayMn on a Fe whisker using scanning-tunneling microscopy
ers with ty,,=0.5 nm. The line connecting the points is only to (STM). They found that Fe impurities and/or Fe clusters float
guide the eyes. towards the free Mn surface. In conclusion, from our data we
cannot completely exclude either of the two modéhermo-

considerations, i.e., the upper interface has a larger mixedynamics and floating of atomgo interpret the low-field
fraction than the lower interface if we assume that in bi- andcomponents and the asymmetry effect detected in Fe/Mn in-
trilayers the lower interfaces are equivalent. On the oneerfaces, because they are complementary.
hand, the peaks in the hf distribution curves at 8, 20, and 24 Uzdin et al?* also published the distribution curves of
T, which have roughly the same fractiof8%—9%, 11%— Fe/Cr superstructures obtained from $8bauer spectroscopy
13%, and 16%—-19% of the total distribution component, re-and from theoretical Hartree-Fock calculations. Different
spectively for bi- and trilayers prepared at 50 °C, suggestkinds of interface roughness/interdiffusion were modeled us-
that °>'Fe atoms from the lower slabs diffuse into the Mn ing the float model with an Fe interface of 3 ML. In Fig. 12
layers, or a large number of Mn move down to the lowerof Ref. 24, the magnetic-moment distribution curves are very
5Fe slabs. On the other hand, based only on the abovesimilar for the cases of roughness and roughmesying
mentioned thermodynamic predictioffgst mode), a negli-  effects, which are almost indistinguishable. Their distribution
gible amount of Mn atoms would be expected to diffuse tocurves display a main peak at about 2z2(bulk-Fe value,
the lower °Fe slabs. However, the hf distribution curves and several peaks both at higher and lower magnetic-
show that there are low-field components, indicating thainoment values. The hf distribution curves of our Fe/Mn
>’Fe atoms(lower) move to the Mn layer. Therefore, pure sandwiches have a roughly equivalent shape to the distribu-

=0

[
o
1

bulk Fe fraction (%)
N
(428
i

; . Si(8nm)
(a) o tye=1.0nm
) & T.=150°C "Fe(dnm)
s SRR SRR R I AN RAA AR
JIESRNRINRERSNANRIANINERNANRNRINRAEE
""Fe(4nm) FIG. 5. RT CEM spectra of

Fe(5 nm)/Mn¢y,, nm)/Fe(5 nm)
trilayers prepared at(@ Tg
=150°C and(b) and(c) 100 °C.

g “~ \\ tyn IS shown in the figure. The
2 o points are experimental data,
§ o while the full lines correspond to
£ Si(8nm) the subspectra and the total fit. On
K ) g “Fe(3nm) the righF side of this figure, the
g (OO distribution curves associated with
I8 the interface component are plot-
d . "*Fe(Snm) ted.
B o 10 20 30
—————————— B (D)
6 4 2 0 2 4 6
Velocity (mm/s) EMa(t,, om){T[]] “"Fe(1 or 2nm)
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tion curves of Fe/Cr. However, as opposed to Fe/Cr multi+e/Cr superstructurgsee Ref. 24 Therefore, we conclude
layers, noB,; values larger than the bulk-Fe value have beerthat from our results we cannot fully exclude either of the
measured for Fe/Mn sandwiches. Furthermore, the peak atodels, although our observations seem to support the sec-
about 20 T in the Fe/Cr system is assigned to Fe atomend model.

interdiffused inside the Cr spacer layers a few atomic layers Figure 5 presents the CEM spectra of three trilayers
away from the ideal interfac®.In case of Fe/Mn, we can grown at 150 °qFig. 5a)] and 100 °JFigs. §b) and §c)],

also attribute the low-field components to Fe atoms interdifbut with differentty,, (1.0 and 1.5 nr)) as indicated in the
fused inside the Mn spacers, in agreement with the STMigure. The RT CEM spectrum of the film witty,
results published by Yamads al?® Further theoretical mod- = 1.0 nm, prepared at 100 °(Fig. 5(b)], displays the same
eling is needed to establish the exact configuration of Fe antivo magnetic components already observed in the films with
Mn nearest neighbors, which yields the observed distribution,,,= 0.5 nm. However, the RT CEM spectrum of the film
curves for the Fe/Mn sandwiches. Finally, the main peak atvith t,,,=1.0 nm and prepared at 150 {€ig. 5a)] shows,
about 31 T corresponds to the Fe/Mn “ideal” interface with next to these two magnetic components, a paramagnetic sub-
a roughnessor roughnessalloy) as the model proposed by spectrum with 1S-—0.21 mm/s and quadrupole split
Klinkhammeret al > These effects in our films depend basi- =0.47 mm/s, which is attributed to the formation of a disor-
cally on the Mn thickness and substrate temperature. dered Fe-Mn alloy.

Figure 4 shows the fraction of “unaffected” Fe as a func-  While it is clear that the alloy formation is related to the
tion of growth temperatureT(s) for the trilayers. From this film growth temperature, the Mn crystalline phase transition
figure, it is clear that the “unaffected®’Fe thickness de- seems to be important as well. For a film growth temperature
creases with increasings, corresponding to an increasing of 100 °C we do not observe RHEED streaks associated with
thickness of the interface region. Two plausible models mayan a-Mn phase for the trilayer witly,,= 1.0 nm, whereas at
explain this behavior. In a first model, the increase of thel50 °C, ana-Mn pattern appears during the last 0.05 nm of
interface region is associated with an increase of the atomivin growth. In addition, we prepared a new sample wilith
interdiffusion with increasingdl's, i.e., enhancement of the =100°C andty,=1.5 nm (a-Mn phase for Mn thickness
formation of an Fe-rich alloy. A second model is related tolarger than 1.05 nin with the °’Fe layer grown on the Mn
the increase of roughness at the interface, driven by a terisee Fig. &)]. In this case, a similar doublet was observed,
dency for island formation as observed by RHEED. Thisconfirming that this paramagnetic component is related to the
causes an increase in the number of Fe atoms located in tién crystalline phase transition. Thus, we enunciate that
near vicinity of Mn atoms at the interface. There are twothe phase transition itself possibly promotes alloying due to
experimental observations that support the second méglel: the presence of the defects in the Mn l&¥eand (ii) the
the IS values of the main hf distribution compongmak at  o-Mn phase is likely more susceptible to alloying than the
31 T) are similar to that ofx Fe (this would be expected to bct-Mn phase. This correlation between the Mn phase and
be different in the case of the Fe-Mn aljognd (ii) films of  alloying/diffusion is a subject for further investigation. We
an Fe-Mn alloy would display a paramagnetic spectrum ahote that the phase transition is accompanied by an increase
RT2 It is hard to distinguish between roughness orin the roughness, which also might enhance alloy formation
roughnessalloying effects, an argument supported by thedue to an enhancement of the interface reactivity. This in-
calculated magnetic-moment distribution curves obtained focrease of roughness was observed both with RHEED and
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CEMS. In the latter case, an increasing roughness was coiRecently®’ it has been reported that a noncollinear coupling
cluded from the broader hf distribution curiéigs. 5a) and  in Fe/Mn sandwiches withy,,,>0.5 nm is enhanced for films
5(c)] and from the decreasing “unaffected’Fe thickness prepared at substrate temperatures between 150°C and
for the trilayers prepared at 150 °C: fqj,,= 0.5 nm this cor- 200 °C which looks pretty similar to our results for the film
responds to 0.1 nm out of 1 nM’Fe whereas fort,,, prepared at 150 °C.
=1.0 nm, the “unaffected®’Fe thickness is about 0.04 nm.

Figures 6a) and Gb) display the temperature dependence IV. SUMMARY AND CONCLUSION
of the M(H) curves(hysteresis loopsfor trilayers prepared
at 150 °C witht;,=0.5 and 1.0 nm. The magnetic field is
applied in the plane of the film along thd00 Fe easy

In this work, we studied the structural and magnetic prop-
erties of Fe/Mn bi- and trilayers grown by molecular-beam
direction epitaxy. We have shown that the bct-Mn structure is stabi-

From 300 down to 10 K, the hysteresis loops follow the"zetd for a ('\j/l?h th:\(/:lkness smallerfthand% n:n, Whill\/? ?;E '\lfn
normal trends of conventional magnetic materials, i.e., arﬁea ureés and the-in phase were found for farger vin thick-

increase oMy, Mg, andH with decreasing temperature. ners;sesr.] Tt— f/:vlizt,;]ﬂir?pﬁcga rweri a:ir;alt)i/Zﬁd AV\githtrti\l/)VOtimnagnriuc
In general, the samples witl,,= 0.5 nm show no coupling c°MPonents -plane magnetization. A distribution com-

or FM coupling between the Fe layers, since the loops ar?é)r}gzt ﬁhs:isgcggfiitxtg Fs iitog]InggEintoFLhr?h(Ierr]tni(r)f?ece
almost square, i.eMr/Mg is close to 1, as shown by Fig. gion, y spin p ' '

. Yo i nave feporte M couping between o e 0419 Compenents n e i dstiuton cunes vdcate
layers in Fe/Mn/Fe trilayers foty,, from 0.08 to 0.5 nm, P P

with a gradual change to a canted FM state above 0.5 nnfé:rs.frﬁriet%c;niitztrjg i%efetrl?g]': Ztntr::b:_tﬁ?] gIEUIw!(seo':t)es::\?en;S
For ty,=1.0 nm, they found that the coupling is noncol- . 9 ' y

linear. Filipkowski et al® observed noncollinear coupling in the case (.)f a Mn thickness larger than 1 nm, where
(near 90° couplingin FeCo/Mn/FeCo trilayers. This noncol- RHEED data indicates enhanced roughness and the presence

linear behavior is basically attributed to the biquadratic cou-lcgothsesﬁxvn tf?gtatsr?é ;H?nnslpg;ﬁgirte;:dl\ipsrnggziowiiggftﬁgtl?n
pling, which is due to the roughness of the magnetic inter- b 9

2085, In our case, 1.0 M andls—150°C, we fnd _ {20 UBIY between e Peayor. o pure AEw couplng
that 0.5<Mr/Mg<1 and the saturation field is higher com- Y '

pared toty;,=0.5 nm, which is observed with the magnetic
field applied in both the easy and hard Fe directions. The
observed magnetic behavior, for the trilayer withy, The authors thank Dr. Johan Meersschaut for critically
=1.0 nm and grown at 150 °C, cannot be simply due to theeading the manuscript. E. C. Passamani thanks CAPES for a
paramagnetic contribution seen by “S&bauer(double}  fellowship (Process No. BEX-0673/01r3nd Universidade
spectroscopy, because the doublet is also present in tifeederal do Espito Santo (UFES which allowed him to
trilayer with the Mn thickness of 1.5 nm and prepared atwork at Katholieke Universiteit Leuven as a visiting scholar.
100 °C, which shows pure FM coupling. Therefore, we canThis work was also supported by the Belgian Fund for Sci-
conclude that the trilayer witty,,=1.0 nm and grown at entific Research, Flanderd~WO), the Concerted Action
150 °C has neither a FM nor AFM contribution, but a non-(GOA), and the Inter-University Attraction Polg&rant No.
collinear coupling as observed in FeCo/Mn/F€Co. IUAP P5/1).
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