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Interface and bulk properties of FeÕMn sandwich structures
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Structural and magnetic properties of Fe(5 nm)/Mn(tMn)/Fe(5 nm) (tMn 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 diffraction~RHEED!, x-ray-diffraction, Mössbauer spectroscopy, and magnetization mea-
surements. Epitaxial bct-Mn structures only form fortMn,1 nm, independently of the growth temperature.
Room-temperature conversion electron Mo¨ssbauer spectra are composed of two magnetic components with
in-plane magnetic moments. The first subspectrum has hyperfine parameters close toa-Fe and 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 similar toa-Fe and a maximum in the distribution curve at about 31
T. This subspectrum is related to the Fe atoms close to the Mn layer~interface 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 thea-Mn 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.

DOI: 10.1103/PhysRevB.67.174424 PACS number~s!: 75.70.Cn, 68.35.Ct, 76.60.Es, 75.30.Gw
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I. INTRODUCTION

Interlayer coupling between magnetic layers separated
a metallic1 spacer layer oscillates periodically from ferr
magnetic~FM! to antiferromagnetic~AFM! as the thickness
of the spacer layers changes. Besides these well-defined
linear magnetic states between the magnetic layers, a p
bility for 90° magnetic coupling has also been reported
epitaxial trilayers that have the compositions Fe/Cr/Fe,2 Fe/
~Al, Cu!/Fe,3 Fe/~Cu!Fe,4 etc. Only recently arbitrary noncol
linear coupling angles were found in Fe/Mn/Fe~Ref. 5! and
FeCo/Mn/Fe/Co~Ref. 6! trilayer sandwiches. Extensive re
search has been done to understand possible cou
mechanisms. In general, for paramagnetic or diamagn
spacers, the coupling mechanism can be described by u
an intrinsic quantum well picture, where the coupling is d
termined by the Fermi-surface properties of the spacer la
and the reflection amplitudes for electrons scattering at
interfaces between the spacer layer and the FM layer.7 To
explain biquadratic coupling several extrinsic mechanis
are suggested by Demokritovet al.8 However, in the case o
AFM spacers, such as Cr and Mn, the spacer layer is
passive, as for nonmagnetic materials. The proximity m
netism model9 is a phenomenological model for the descr
tion of exchange coupling across these kinds of AFM ma
rials including thickness fluctuations due to interfa
roughness. Within this model the spacer layer magn
structure is an helicoidal antiferromagnet, and the coup
originates from the directd-d exchange interaction at th
Fe-Mn interfaces and propagates through the magnetic or
ing of the spacer layer via short-range exchange interact
Also for sandwich systems, interface effects have been
tensively studied in order to understand the coupl
mechanism10 as well as specific interface-related pheno
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ena, such as spin reorientation,11 the spin-polarization
effect,12 etc.

Fe/Mn trilayers may potentially elicit a similar interest a
Fe/Cr, based on the fact that both Cr and Mn are AFM m
terials. However, in contrast to all other 3d elements, which
form fcc or bcc crystalline structures, bulk Mn possesse
very complex cubic lattice structure with 58 atoms per u
cell ~a-Mn!. On the other hand, fcc- and bcc-Mn phases c
be formed at high temperatures.13 Two methods have bee
reported for the growth of these Mn phases as a metast
state. The first one is by alloying and extrapolating the latt
constant to a zero impurity concentration.14 The second
method is by epitaxial growth on a suitable substrate. R
cently, experimental15,16 and theoretical17 studies have been
reported regarding Mn grown on cubic~001! substrates such
as Fe and Ag. The results indicate that the Mn crystall
structures were slightly distorted fcc or bcc phases, called
~face-centered tetragonal! or bct ~body-centered tetragonal!,
respectively. Qiuet al.17 have shown that the total free en
ergy as a function of thec/a lattice parameter presents tw
minima, associated with the fct- and the bct-Mn phases,
spectively. Thus, choosing a suitable substrate, bct-
fct-Mn layers can be prepared by molecular-beam epit
~MBE!.

Theoretical calculations suggest that Mn atoms at the
terface couple antiferromagnetically with Fe atoms.18 This is
in agreement with the experimental results obtained by R
et al.19 on bare Mn thin films grown epitaxially on Fe~001!
whiskers. They found that the magnetization of the first M
monolayer is collinear~antiparallel! with the Fe magnetiza-
tion. Due to this coupling we expect a distinct magnetic h
perfine field (Bhf) for Fe atoms at the interface. We can o
tain microscopic information about the interfaces
depositing57Fe selectively at the interface and measuring
hyperfine parameters with Mo¨ssbauer spectroscopy~MS!.
©2003 The American Physical Society24-1
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MS directly probes the density ofs electrons@isomer shift
~IS!# andBhf at the57Fe nucleus.

Using MS in combination with x-ray diffraction, reflec
tion high-energy electron diffraction~RHEED!, and
vibrating-sample magnetization, we have investigated st
tural and magnetic properties of Fe/Mn bi- and trilaye
grown on MgO~001! by MBE, for different growth tempera
tures.

II. EXPERIMENT

The Fe/Mn sandwiches were grown on polish
MgO~001! substrates in an MBE system with a base press
of 6310211 mbar. Prior to deposition of the layers, th
MgO~001! substrates were cleaned with isopropanol f
lowed by an N2 gas flow. Subsequently, they were introduc
in a high-vacuum annealing chamber and kept at 600 °C
one hour, in a vacuum greater than 131028 mbar. The films
were deposited using three different substrate temperat
(TS): 50 °C, 100 °C, and 150 °C, with the samples rotati
during deposition to ensure lateral uniformity of the film
The natFe ~natural Fe, containing;2% of 57Fe) layers were
deposited using ane-gun source with flux feedback contro
whereas 57Fe ~95% enriched! and Mn ~99.999%! were
evaporated from temperature-stabilized effusion ce
Quartz-crystal monitors, calibrated by Rutherford bac
scattering experiments, controlled all nominal layer thic
nesses. An 8-nm amorphous Si (a-Si) capping layer was
used to prevent oxidation of the top Fe layer. This Si la
was deposited at temperatures lower than or equal to 10 °
avoid interdiffusion between Si and the top Fe layer.
Fe-Si phase was observed by any of the characteriza
techniques that were used, which ensures us that the Si
ping layer did not affect our results. The deposition rates
natFe, 57Fe, and Mn were 0.16, 0.07, and 0.04 Å/s, resp
tively, and the pressure during the deposition was eq
to or greater than 1310210 mbar. The final nominal com
position of our sandwich structures was as follow
^MgO&/Fe(4 nm)/57Fe(1 nm)/Mn(0.5– 3.0 nm)/57Fe(1 nm)/
Fe(4 nm)/a-Si(8 nm) for several trilayers and̂MgO&/
Fe(4 nm)/57Fe(1 nm)/Mn(0.5 nm)/a-Si(8 nm) for one
bilayer.

Nominal Mn thicknesses of 0.5–3.0 nm were chosen b
to cover the Mn crystalline transition as reported in t
literature,15 as well as to fit the range where the magne
coupling between the Fe layers changes from FM to non
linear coupling.5 The 57Fe layer was chosen to be 1 nm o
of 5-nm total Fe thickness in order to have a sufficient co
rate during MS and to minimize the effect of the57Fe that is
contained in the 4 nm ofnatFe.

In situ RHEED analysis was performed using 10-ke
electrons incident at an angle of 3° with respect to the fi
plane. X-ray diffraction, conversion electron Mo¨ssbauer
spectroscopy~CEMS!, and magnetization measuremen
were performedex situ. X-ray measurements, using CuKa
radiation, were done in the low angle geometry~2u50.5°
to 7.0°! to determine the artificial periodic structure and
17442
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high angles in order to characterize the crystallograp
properties of the layers. Room-temperature~RT! CEM spec-
tra were obtained with a 25-mCi57Co(Rh) source in a con
ventional CEMS chamber, using a mixture of He~96%! and
CH4 ~4%!. The acquired spectra were fitted using a meth
for a hyperfine magnetic-field distribution~hf! superimposed
with one crystalline sextet site. For films, whe
thea-Mn phase is present, a doublet has been added as
A linear correlation between hyperfine magnetic field (Bhf)
and IS was assumed to take the asymmetry of the magn
sextet into account. The IS values are given relative toa-Fe
at RT.

Magnetization measurements were done in a commer
Oxford vibrating-sample magnetometer. The measurem
cover the temperature range of 10–300 K with magne
fields applied both in the film plane direction~easy and hard
directions of Fe layers! and in the out-of-plane geometry
The maximum applied field value used in this work was 0
T, which is sufficient to reach saturation of the magnetizat
direction, for the in-plane geometry.

III. RESULTS AND DISCUSSION

A. Structural characterization

The RHEED pattern of the first 5-nm Fe layer (natFe
157Fe) deposited on MgO~001! consists of intense streak
corresponding to bcc Fe@see Fig. 1~a!#. However, it is known
that the lattice misfit between Fe and MgO is about23.7%
~45° azimuthal rotation of the lattice!, which means that the
first Fe layer might be elastically strained, as measured
Moonset al.20

The RHEED pattern of the Mn layer depends on its thic
ness (tMn). For tMn<0.5 nm, they indicate that the Mn laye
grows epitaxially on the first Fe layer, with the Mn in-plan

FIG. 1. RHEED diffraction profiles of thêMgO&/Fe~5 nm!/
Mn~1 nm!/Fe~5 nm! sandwich grown at 150 °C. The RHEED pa
terns were obtained for different thicknesses of Fe and Mn du
the growth process, as indicated in the figure.
4-2
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INTERFACE AND BULK PROPERTIES OF Fe/Mn . . . PHYSICAL REVIEW B 67, 174424 ~2003!
lattice parameter matching with that of bcc Fe.21 However,
the width of the streaks increases, which means that the
film is slightly more distorted than the Fe film@compare
Figs. 1~a! and 1~b!#. For increasingtMn , the width of the
streaks increases~for tMn51 nm the width is 6% more than
for tMn50.5 nm, estimated from the RHEED peak at po
tion 270 on thex axis!. In addition, spots appear superim
posed on the streaks~not visible on the RHEED profile!,
which indicates that the incident electron beam transm
through blocks or islands nucleated on a flat surface. He
et al.22 observed similar RHEED spots for Mn/Co multilay
ers. This suggests a mixture of two-~2D! and three-
dimensional~3D! growth modes for Mn layers with a thick
ness greater than 0.5 nm on Fe, rather than pure layer
layer growth.

For tMn51 nm, an additional streak is clearly visible
the RHEED pattern@see arrow in Fig. 1~c!#. For tMn.1 nm
~not shown!, a new set of streaks appears, which is less
fuse and has a smaller separation in reciprocal space.
indicates that the corresponding Mn structure has a la
lattice parameter compared to 0.5 nm of Mn. We attrib
this new set of streaks to thea-Mn phase, in agreement wit
the results of Henryet al.22 and Grigorovet al.23 It should be
noted that in our films the bct-Mn phase has a maxim
thickness of about 1.0 nm, independently of growth tempe
ture. The gradual increase of the width of the bct stre
@Figs. 1~b! and 1~c!# indicates that the structural change fro
the bct toa Mn may be related to an increasing lattice d
tortion.

The second Fe layer grows epitaxially on the Mn lay
when tMn<0.5 nm. FortMn>1 nm, the RHEED pattern o
the first Fe monolayers~second layer! has the same feature
as the 1-nm Mn pattern@Fig. 1~d!#. Only after 1.5 nm of Fe
@57Fe(1 nm)1natFe(0.5 nm)# are the bcc-Fe streaks visib
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again and slightly shifted, indicative of the fact that the t
Fe layer is relaxed@Fig. 1~e!#. Their intensities get stronge
and less diffuse as the thickness of Fe increases. This m
that only at an Fe thickness of 1.5 nm~above the Mn layer!
does the transmission through Fe islands case~Fe keeps its
bcc structure as observed with RHEED and CEMS!. Finally,
the RHEED patterns of Si capping layers do not show a
streaks, but only a diffuse halo, which confirms the am
phous nature of the Si layers. From these RHEED results
conclude that for future analyses one has to take into acc
that roughness plays an important role at the Mn/Fe in
face, fortMn>0.5 nm.

FIG. 2. High angle x-ray-diffraction patterns of the Fe~5 nm!/
Mn~0.5 nm! sandwiches prepared at 50 °C@~a! bilayer and ~b!
trilayer#, 100 °C@~c! trilayer#, and 150 °C@~d! trilayer#.
s
e
-
e

t-
FIG. 3. RT CEM spectra of the
Fe~5 nm!/Mn~0.5 nm! bilayer and
Fe~5 nm!/Mn~0.5 nm!/Fe~5 nm!
trilayers prepared atTS550 °C,
100 °C, and 150 °C. The point
are experimental data, while th
full lines correspond to the sub
spectra and the total fit. On th
right side of this figure theBhf dis-
tribution curves associated with
the interface component are plo
ted.
4-3
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Reflectivity measurements, not shown, exhibit we
pronounced oscillations superimposed on an exponentia
cay for all films, indicating the artificial modulation of th
samples. High angle specular x-ray-diffraction patterns
Fe~5 nm!/Mn~0.5 nm! sandwiches~bi- and trilayers! pre-
pared at differentTS are shown in Fig. 2. The dashed line
65.1° is a reference for the~002! bulk Fe peak. For all
samples, only one very broad Bragg peak at approxima
67° can be observed in this angular region. Using the Sc
rer formula, the grain size related to the~002! plane is esti-
mated to match the Fe thickness~about 5 nm!. This broad
peak shifts to lower angular positions with increasing grow
temperatures, reaching the bulk~002! Fe angular position for
films prepared at 150 °C. Therefore, the peak shift can
understood as a crystalline relaxation process of bcc-Fe
ers grown at 150 °C. Moreover, the patterns indicate that
diffraction intensity decreases with increasing growth te
perature. This effect may be associated with increasing
order of the bcc/~bct! phases, or with an increasing interfa
roughness~lattice distortion! and is further explored using
CEMS in the next paragraph.a-Mn reflection lines can only
be resolved from the noise fortMn.1.5 nm.

B. Magnetic properties

Figure 3 shows the CEM spectra obtained at RT
Fe/Mn sandwiches~bi- and trilayers! prepared at differen
TS , but with the same Mn thickness of 0.5 nm. As can
seen from this figure, the spectra are composed of magn
subspectra only. The fits were performed with two magne
components. The first one is a sextet that has hyperfine
rameters close to the bulka-Fe phase (IS50.01(2) mm/s
andBhf533 T), while the second component consists of a
distribution.

The hf distribution curves~shown at the right-hand side o
the Mössbauer spectra of Fig. 3! all have a main peak a
about 31 T, and a tail at low-field values, suggesting disc
values of approximately 8, 20, and 24 T. This set of peak
best resolved in the hf distribution curve of the film prepar
at TS5150 °C. It is important to emphasize that the dist
bution component is also present in the case of Fe/Mn bi
ers grown at 50 °C, showing that the reduction ofBhf is due
to the presence of Mn atoms, and not solely related to
growth temperature. Wu and Freeman18 reported that Fe at
oms at the interface exhibit a reduction of their magne
moments due to the influence of the Mn atoms in the
neighborhood. This reduction results in a decrease of
effective magnetic hyperfine field (Bhf

eff) values at the57Fe
sites, which, in principle, can be described as the sum of
terms:Bhf

core1Bhf
CEP ~additional orbital and spin-dipolar con

tributions are also present, but do not change with the p
ence of Mn!. The first (Bhf

core) contribution is mainly due to
the Fe magnetic moment, while the second term (Bhf

CEP) takes
into account the conduction-electron polarization~CEP! due
to the presence of Mn atoms and/or to the reduced numbe
Fe nearest neighbors at the interface. Thus, for a flat inter
one would expect that a CEM spectrum should be basic
composed of~i! a 57Fe/Mn ideal interface and~ii ! bulk-Fe
contributions. For a rough interface, however, there are s
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eral nonequivalent configurations for57Fe atoms, i.e., at the
corner, step edges or at flat regions, resulting in a br
range of hf values due to the varying CEP effect. There
also a possibility for a disordered alloy formation betwe
the atoms located at the interfaces, resulting in a distribu
~magnetic or electric! instead of well-defined Fe sites.

From the hf distribution curves, it can be derived that~i!
the IS in the high-field region~larger than 24 T! is close to
the IS of the bulk component sextet and~ii ! the peak at abou
8 T has an IS value of20.06 mm/s, an indication that thi
contribution ~8%–9% for bi- and trilayers, respectively! is
associated with57Fe atoms~or small Fe clusters! in the Mn
layer and/or is due to a larger number of Mn atoms in
lower 57Fe layer. This phenomenon, as well as the fine str
ture of the hf distribution curves, is discussed below.

The orientation of the Fe magnetic moments was cal
lated from the ratio of the respective line intensities given
3:x:1:1:x:3 with x54 sin2(u)/@11cos2(u)#, u being the
angle between the incidentg ray and the direction of the
magnetization. Since the incident photon direction is alo
the sample surface normal one should observe 3:4:1:1:4:3
in-plane magnetization and out-of-plane results
3:0:1:1:0:3. In our sandwiches, the relative line intensit
from the two subspectra indicate that the magnetization
the Fe layers at RT is in the film plane in both cases. From
the results reported above, we conclude that both magn
components have in-plane magnetization and the first se
component corresponds to Fe atoms far from the interf
~i.e., Fe with only Fe nearest neighbors—bulk Fe!, while the
distribution component is due to the Fe atoms close to
interface, i.e., the varying number of Mn nearest neighbor
reflected in the hyperfine parameters.

First, the fraction of Fe atoms at the interface region
discussed. Assuming allnatFe ~4 nm in each Fe layer! is a
purea-Fe phase, the fraction of the first sextet componen
a measure for the ‘‘unaffected’’ part in the57Fe layer at the
interface, after subtracting thenatFe contribution~2.2% of
57Fe). From this fraction we can calculate the correspond
a-Fe thickness. For the films prepared at 50 °C, the ‘‘un
fected’’ Fe thickness is different for the trilayer@~0.56/2! nm
50.28 nm# and the bilayer~0.39 nm!, which indicates that
both interfaces@Mn on Fe~lower! and Fe on Mn~upper!# in
the trilayer system are not equivalent to one another. T
observation suggests that the lower interface seems to
flatter on an atomic scale~consistency with RHEED obser
vations! and/or shows less ‘‘interdiffusion’’ than the uppe
interface. This difference between lower and upper interfa
is similar to previous observations for Fe/Cr,10,24,25 Fe/V
~Ref. 26! multilayers and others systems.27 Two models have
been applied to describe this effect for nanostructured s
tems. The first model is based on the binding energies
tween the substrate and adatom material, which, as a
approximation, is assumed to be proportional to the melt
points of the solids. In the case of the Fe/Mn system,
melting point of Mn~1517 K! is lower than that of Fe~1808
K!, and therefore, one can expect extensive intermixing
the Fe-on-Mn~upper! interface, but a negligible alloying ef
fect for the Mn-on-Fe~lower! interface. In general, our re
sults fit with the behavior expected by these thermodyna
4-4
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considerations, i.e., the upper interface has a larger m
fraction than the lower interface if we assume that in bi- a
trilayers the lower interfaces are equivalent. On the o
hand, the peaks in the hf distribution curves at 8, 20, and
T, which have roughly the same fractions~8%–9%, 11%–
13%, and 16%–19% of the total distribution component,
spectively! for bi- and trilayers prepared at 50 °C, sugge
that 57Fe atoms from the lower slabs diffuse into the M
layers, or a large number of Mn move down to the low
57Fe slabs. On the other hand, based only on the ab
mentioned thermodynamic predictions~first model!, a negli-
gible amount of Mn atoms would be expected to diffuse
the lower 57Fe slabs. However, the hf distribution curv
show that there are low-field components, indicating t
57Fe atoms~lower! move to the Mn layer. Therefore, pur

FIG. 4. Fraction of the Fe atoms in the57Fe layers having bulk
Fe properties, as a function of the growth temperature for the tri
ers with tMn50.5 nm. The line connecting the points is only
guide the eyes.
17442
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thermodynamic considerations alone cannot completely
plain our data. A second model to explain the low-field co
ponent~e.g., Bhf'8 T) and the asymmetry observed at t
respective Fe/Mn interfaces has been recently proposed
Uzdin et al.10,24In their model, they use a ballistic depositio
with consequent rising of a fraction of the atoms towards
surface to explain the difference between lower and up
interfaces for Fe/Cr superstructures. The ‘‘diffusion’’ proce
~exchange of atoms! only occurs at the surfaceduring the
epitaxial growth, without any internal bulk diffusion, i.e., th
atoms can only float upwards, but are not allowed to mo
down due to suppression of internal diffusion. Therefore,
existence of the low-field components suggests actually
57Fe atoms~lower! float up to the Mn layer during Mn depo
sition, forming a rich Mn phase with Fe impurities or sma
Fe clusters. This assumption is also supported by the res
reported by Yamadaet al.,28 who studied the deposition o
Mn on a Fe whisker using scanning-tunneling microsco
~STM!. They found that Fe impurities and/or Fe clusters flo
towards the free Mn surface. In conclusion, from our data
cannot completely exclude either of the two models~thermo-
dynamics and floating of atoms! to interpret the low-field
components and the asymmetry effect detected in Fe/Mn
terfaces, because they are complementary.

Uzdin et al.24 also published the distribution curves o
Fe/Cr superstructures obtained from Mo¨ssbauer spectroscop
and from theoretical Hartree-Fock calculations. Differe
kinds of interface roughness/interdiffusion were modeled
ing the float model with an Fe interface of 3 ML. In Fig. 1
of Ref. 24, the magnetic-moment distribution curves are v
similar for the cases of roughness and roughness1alloying
effects, which are almost indistinguishable. Their distributi
curves display a main peak at about 2.2mB ~bulk-Fe value!,
and several peaks both at higher and lower magne
moment values. The hf distribution curves of our Fe/M
sandwiches have a roughly equivalent shape to the distr

-

,

n

h
t-
FIG. 5. RT CEM spectra of
Fe(5 nm)/Mn(tMn nm)/Fe(5 nm)
trilayers prepared at ~a! TS

5150 °C and~b! and ~c! 100 °C.
tMn is shown in the figure. The
points are experimental data
while the full lines correspond to
the subspectra and the total fit. O
the right side of this figure, the
distribution curves associated wit
the interface component are plo
ted.
4-5
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FIG. 6. ~a! and ~b!
Temperature-dependent in-plan
hysteresis loops in the easy dire
tion for Fe(5 nm)/Mn(tMn nm!/
Fe~5 nm) trilayers @ tMn50.5 ~a!
and 1.0 nm ~b!# prepared at
150 °C.
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tion curves of Fe/Cr. However, as opposed to Fe/Cr mu
layers, noBhf values larger than the bulk-Fe value have be
measured for Fe/Mn sandwiches. Furthermore, the pea
about 20 T in the Fe/Cr system is assigned to Fe ato
interdiffused inside the Cr spacer layers a few atomic lay
away from the ideal interface.24 In case of Fe/Mn, we can
also attribute the low-field components to Fe atoms inter
fused inside the Mn spacers, in agreement with the S
results published by Yamadaet al.28 Further theoretical mod
eling is needed to establish the exact configuration of Fe
Mn nearest neighbors, which yields the observed distribu
curves for the Fe/Mn sandwiches. Finally, the main peak
about 31 T corresponds to the Fe/Mn ‘‘ideal’’ interface wi
a roughness~or roughness1alloy! as the model proposed b
Klinkhammeret al.25 These effects in our films depend bas
cally on the Mn thickness and substrate temperature.

Figure 4 shows the fraction of ‘‘unaffected’’ Fe as a fun
tion of growth temperature (TS) for the trilayers. From this
figure, it is clear that the ‘‘unaffected’’57Fe thickness de-
creases with increasingTS , corresponding to an increasin
thickness of the interface region. Two plausible models m
explain this behavior. In a first model, the increase of
interface region is associated with an increase of the ato
interdiffusion with increasingTS , i.e., enhancement of th
formation of an Fe-rich alloy. A second model is related
the increase of roughness at the interface, driven by a
dency for island formation as observed by RHEED. T
causes an increase in the number of Fe atoms located in
near vicinity of Mn atoms at the interface. There are tw
experimental observations that support the second mode~i!
the IS values of the main hf distribution component~peak at
31 T! are similar to that ofa Fe ~this would be expected to
be different in the case of the Fe-Mn alloy! and ~ii ! films of
an Fe-Mn alloy would display a paramagnetic spectrum
RT.29 It is hard to distinguish between roughness
roughness1alloying effects, an argument supported by t
calculated magnetic-moment distribution curves obtained
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Fe/Cr superstructures~see Ref. 24!. Therefore, we conclude
that from our results we cannot fully exclude either of t
models, although our observations seem to support the
ond model.

Figure 5 presents the CEM spectra of three trilay
grown at 150 °C@Fig. 5~a!# and 100 °C@Figs. 5~b! and 5~c!#,
but with different tMn ~1.0 and 1.5 nm!, as indicated in the
figure. The RT CEM spectrum of the film withtMn
51.0 nm, prepared at 100 °C@Fig. 5~b!#, displays the same
two magnetic components already observed in the films w
tMn50.5 nm. However, the RT CEM spectrum of the fil
with tMn51.0 nm and prepared at 150 °C@Fig. 5~a!# shows,
next to these two magnetic components, a paramagnetic
spectrum with IS520.21 mm/s and quadrupole spl
50.47 mm/s, which is attributed to the formation of a diso
dered Fe-Mn alloy.

While it is clear that the alloy formation is related to th
film growth temperature, the Mn crystalline phase transit
seems to be important as well. For a film growth temperat
of 100 °C we do not observe RHEED streaks associated w
ana-Mn phase for the trilayer withtMn51.0 nm, whereas a
150 °C, ana-Mn pattern appears during the last 0.05 nm
Mn growth. In addition, we prepared a new sample withTS
5100 °C andtMn51.5 nm ~a-Mn phase for Mn thickness
larger than 1.05 nm!, with the 57Fe layer grown on the Mn
@see Fig. 5~c!#. In this case, a similar doublet was observe
confirming that this paramagnetic component is related to
Mn crystalline phase transition. Thus, we enunciate that~i!
the phase transition itself possibly promotes alloying due
the presence of the defects in the Mn layer22 and ~ii ! the
a-Mn phase is likely more susceptible to alloying than t
bct-Mn phase. This correlation between the Mn phase
alloying/diffusion is a subject for further investigation. W
note that the phase transition is accompanied by an incr
in the roughness, which also might enhance alloy format
due to an enhancement of the interface reactivity. This
crease of roughness was observed both with RHEED
4-6
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CEMS. In the latter case, an increasing roughness was
cluded from the broader hf distribution curve@Figs. 5~a! and
5~c!# and from the decreasing ‘‘unaffected’’57Fe thickness
for the trilayers prepared at 150 °C: fortMn50.5 nm this cor-
responds to 0.1 nm out of 1 nm57Fe whereas fortMn
51.0 nm, the ‘‘unaffected’’57Fe thickness is about 0.04 nm

Figures 6~a! and 6~b! display the temperature dependen
of the M (H) curves~hysteresis loops! for trilayers prepared
at 150 °C withtMn50.5 and 1.0 nm. The magnetic field
applied in the plane of the film along thê100& Fe easy
direction.

From 300 down to 10 K, the hysteresis loops follow t
normal trends of conventional magnetic materials, i.e.,
increase ofMR , MS , andHC with decreasing temperature
In general, the samples withtMn50.5 nm show no coupling
or FM coupling between the Fe layers, since the loops
almost square, i.e.,MR /MS is close to 1, as shown by Fig
6~a!. Yan et al.5 have reported FM coupling between two F
layers in Fe/Mn/Fe trilayers fortMn from 0.08 to 0.5 nm,
with a gradual change to a canted FM state above 0.5
For tMn51.0 nm, they found that the coupling is nonco
linear. Filipkowski et al.6 observed noncollinear couplin
~near 90° coupling! in FeCo/Mn/FeCo trilayers. This nonco
linear behavior is basically attributed to the biquadratic c
pling, which is due to the roughness of the magnetic in
faces. In our case, fortMn51.0 nm andTS5150 °C, we find
that 0.5,MR /MS,1 and the saturation field is higher com
pared totMn50.5 nm, which is observed with the magne
field applied in both the easy and hard Fe directions. T
observed magnetic behavior, for the trilayer withtMn
51.0 nm and grown at 150 °C, cannot be simply due to
paramagnetic contribution seen by Mo¨ssbauer ~doublet!
spectroscopy, because the doublet is also present in
trilayer with the Mn thickness of 1.5 nm and prepared
100 °C, which shows pure FM coupling. Therefore, we c
conclude that the trilayer withtMn51.0 nm and grown at
150 °C has neither a FM nor AFM contribution, but a no
collinear coupling as observed in FeCo/Mn/FeC6
w

gn

.

n

e
.
J

z
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Recently,30 it has been reported that a noncollinear coupli
in Fe/Mn sandwiches withtMn.0.5 nm is enhanced for films
prepared at substrate temperatures between 150 °C
200 °C which looks pretty similar to our results for the fil
prepared at 150 °C.

IV. SUMMARY AND CONCLUSION

In this work, we studied the structural and magnetic pro
erties of Fe/Mn bi- and trilayers grown by molecular-bea
epitaxy. We have shown that the bct-Mn structure is sta
lized for a Mn thickness smaller than 1 nm, while 3D M
features and thea-Mn phase were found for larger Mn thick
nesses. RT CEM spectra were analyzed with two magn
components with in-plane magnetization. A distribution co
ponent is associated with Fe atoms close to the interf
region, which is affected by spin polarization. Furthermo
low-field components in the hf distribution curves indica
the presence of Fe atoms or/and Fe clusters in the Mn s
ers. A second subspectrum is attributed to bulklike Fe ato
far from the interface regions. An Fe-Mn alloy was observ
in the case of a Mn thickness larger than 1 nm, wh
RHEED data indicates enhanced roughness and the pres
of the a-Mn phase. Temperature-dependent magnetiza
loops show that the films exhibit FM or noncollinear ma
netic coupling between the Fe layers. No pure AFM coupl
between Fe layers was observed in our Fe/Mn films.
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