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Magnetic properties of bct FexMn12x thin-film alloys investigated by linearly polarized
soft-x-ray resonant magnetic reflectivity
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The magnetic properties of FexMn12x /Ir(001) superlattices~SL’s! have been studied using linearly polar-
ized soft x-ray resonant magnetic reflectivity~XRMS! at the FeL2,3 absorption edges. Previous superconduct-
ing quantum interference device magnetometry measurements have shown that the SL’s exhibit a ferromag-
netic behavior forx.0.75 and a nonmagnetic or antiferromagnetic one forx,0.75. XRMS measurements
were performed on two SL’s with compositions on each side ofx50.75, as well as on a thin layer of Fe-rich
alloy (x50.9). The Fe magnetic moments in these alloys were determined by comparing experimental and
calculated energy-dependent asymmetry ratios at different angles in the reflectivity curves. Fe atoms are found
in a high-spin ferromagnetic state forx50.9, while they are in a low-spin ferromagnetic state forx50.7. Our
results emphasize the role of the tetragonalization parameterc/a on the occurrence of the different magnetic
states. Measurements, at the MnL2,3 edges in a bct Fe0.9Mn0.1 ultrathin layer reveal a net magnetic moment per
Mn atom of about 1.7mB coupled antiparallel to the Fe one.@S0163-1829~99!03933-8#
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I. INTRODUCTION

The magnetic properties of thin films and artificial stru
tures such as superlattices are nowadays wid
investigated.1,2 Among the different possibilities offered b
these artificial systems, the stablilization of new phases
duced by epitaxial strain is particularly interesting beca
they can exhibit physical properties different from those
bulk materials.

Elemental iron and manganese exist in various forms
their fcc phase has drawn much attention because magn
volume effects have been predicted for both compoun3

However, Fe and Mn fcc phases have a limited stabi
range~1184–1665 K for fcc-Fe and 1373–1411 K for fc
Mn!. Stablilization at room temperature of unusual pha
can be achieved by alloying. This is the case for FexMn12x
alloys whose fcc phase is stabilized over a large concen
tion range, 0.3,x,0.7, and is found in an antiferromagnet
~AF! state.4 Besides, FeMn alloys are well known as sta
dard AF materials and are frequently used in spin-va
elaboration.2 The fcc FeMn structure can still be stabilize
by adding small amounts of Cu forx,0.3 and C forx
.0.7. Such FeMn~Cu! and FeMn~C! ternary systems are
also AF ordered.4 In the Fe-rich side, binary FeMn alloy
exhibit two martensitic phase transitions at room tempe
ture. At x50.7, the alloy undergoes a fcc to hcp transform
tion and a hcp to bcc one abovex50.9. The alloy remains in
an AF magnetic state up tox50.9 and becomes ferromag
PRB 600163-1829/99/60~9!/6636~10!/$15.00
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netic ~FM! at largerx values. Under a temperature increas
the fcc phase becomes stable through a hcp to fcc marten
transformation for Fe concentrations between 0.7 and
and through a bcc to fcc transformation beyondx50.9.5

Alternatively, new phases may be stabilized at room te
perature by pseudomorphic growth of thin films on an app
priate substrate.6 In this work, FexMn12x alloy thin films and
superlattices~SL’s! have been synthesized on Ir~001!. The
existence of the fcc and bcc phases for bulk binary alloys
the Fe-rich side of the phase diagram, with lattice parame
surrounding the in-plane parameter of Ir~001!, has been a
motivation to prepare both phases by epitaxy using the
duced anisotropic strain. In an extensive structural study,
show that FeMn thin films are strongly tetragonalized w
c/a ratios between 1~bcc structure! andA2 ~fcc structure!.7

This offers the opportunity for studying magnetic propert
along the so-called Bain path.8

Moreover, the motivation to prepare epitaxial phases
also to obtain FM states for atoms with expanded volu
and to test the theoretical predictions of enhanced magn
moments. Among 3d-transition metals, Mn is probably th
most exciting element, since the atomic Hund’s rule leads
a magnetic moment of 5mB . However, in the case of fcc Mn
a large atomic volume is not a sufficient condition to obta
a high-spin FM state.3 This leads to the necessity of growin
Mn in a phase with structure as close as possible to the
one. Several attempts have recently been made especial
deposition of a few monolayers~ML ! on top of FM
6636 ©1999 The American Physical Society
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PRB 60 6637MAGNETIC PROPERTIES OF bct FexMn12x THIN- . . .
substrates9–16 or non-FM ones.15–19 In the case of growth on
a 3d FM element, Mn exhibits a structural transition at
early stage of growth~above 2 ML! and later on quickly
recovers its Mn-a bulk phase. For coverage below 1 ML,
net magnetic moment is usually observed with magnitu
ranging from 1.6 to 4.5mB . The Mn-substrate magnetic cou
pling is FM for Co ~Ref. 14! and Ni ~Refs. 15,16! while it
has been observed to be AF~Refs.11,12! or FM ~Ref. 13! for
Fe. For coverage above 1 or 2 ML, no ferromagnetic ord
ing has been evidenced and different magnetic arrangem
have been proposed: either Mn forms FM sheets and
sheets align antiferromagnetically9 or a reconstruction take
place leading to an AF~Ref. 20! or a ferrimagnetic21 struc-
ture. The growth of Mn, deposited on Ir~111!,17 is epitaxial
up to 4 ML where a structural transition is observed. Wh
ever the thicknesses which have been considered, no
magnetic moment has been evidenced. In the case of gro
on Ir~001!,18 Mn has been observed to be constrained in a
phase over large thicknesses, but with a weak magnetic
ment. In this work, we will address the magnetic propert
of Mn and Fe in FeMn alloys strained in a bct phase on
Ir~001! buffer.

Superconducting quantum interference device magnet
etry measurements of the magnetic properties of FexMn12x
thin films22 show a zero net magnetic moment in the te
perature range 10 K,T,400 K for x,0.75. In contrast, a
FM character has been evidenced for films withx.0.75.
However, magnetization measurements do not give acce
the specific magnetic properties of each species and to
coupling. Therefore, an atom-selective probe is required
investigate the magnetic states of Fe and Mn above and
low x50.75.

X-ray magnetic circular dichroism~XMCD! is the most
commonly used tool to selectively investigate eleme
specific magnetic properties. However, there have also b
significant advances in the area of x-ray resonant magn
scattering~XRMS! using linearly23–28 or circularly28–35 po-
larized light to study 3d magnetic multilayers, thin films, an
surfaces.

In this paper, we present a soft x-ray resonant magn
reflectivity study performed at theL2,3 edges of Fe and Mn
on two FexMn12x /Ir(001) SL’s with Fe concentrations,x
50.7 and 0.9, corresponding to the two different magne
states found for FeMn alloys. Measurements on a Fe0.9Mn0.1
thin-film layer grown on an Ir~001! buffer have also been
performed at bothL edges. The measurements were carr
out in a transverse geometry, by analogy with magneto-o
Kerr effect measurements with the goal to determine
magnetic moments carried per Fe and Mn atoms in th
alloys, separately, and their relative orientations.

II. EXPERIMENTAL DETAILS

The experiments were performed using linearly polariz
light at the U4B beamline at the National Synchrotron Lig
Source at Brookhaven National Laboratory.36 The radiation
emitted from a bending magnet source in the orbital plane
the storing ring, was used in order to get a high rate
linearly polarized light ('97%). The monochromator is
grating with 1200 lines per mm which allows to reach the
and MnL2,3 edges with high-energy resolution~of the order
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of 90 meV at the Fe edges!. The intensity of the incident
beam was monitored by the photocurrent from a gold me

Reflectivity curves were recorded in specular condition
a function of the energy of incoming photons for a set
angles. A vacuum compatibleu22u goniometer with two
vertical axes was used in a transversep2p scattering
geometry.37 An external field up to 1400 G was delivere
perpendicularly to the scattering plane by a Bitter elect
magnet. This magnetic field is large enough to saturate
sample as it has been checked by measuring by XRMS
lective hysteresis loops. The detectors were either a pro
tional gas counter for the experiments performed on the
perlattices, or a photodiode for those on the thin film. In bo
cases, the horizontal aperture was set to 1°. The experim
were performed at room temperature.

III. SAMPLE PREPARATION AND STRUCTURE

The samples are grown by molecular-beam epitaxy, i
UHV chamber, at a residual vacuum of 2.10211 torr.
MgO~001! single crystals are used as substrates and a 4
Å-thick Ir~001! buffer layer is first deposited on the sub
strate. Details on the MgO preparation and buffer elabora
are discussed in Ref. 6. Ir evaporation is obtained using e
tron bombardment, whereas Fe and Mn are evaporated
using Knudsen cells. The FexMn12x alloys are prepared by
coevaporation of the two pure metals, while monitoring th
partial pressures to achieve the desired stoichiometry. In
study, we focus on two samples which have been prepa
for the same nominal parameters except for the alloy stoi
ometry chosen on both sides of the transition occuring ax
50.75. Their structure has been investigated by anoma
x-ray diffraction,38 grazing incidence x-ray diffraction in the
symmetric mode, as well as by measurements of maps o
scattering intensity around the~111! Ir buffer peak in the
asymmetric scattering condition under fixed grazing in
dence. The combination of these methods allowed us to f
characterize the different superlattices. A complete repor
published in a separate paper.7 We briefly recall here the
main structural characteristics of the investigated sample

The first SL, @Fe0.7Mn0.3(25.25 Å)/Ir(21.85 Å)#320
will be labeled SL70, while the second on
@Fe0.9Mn0.1(24.8 Å )/Ir(20 Å)#320 will be labeled SL90.
SL70 exhibits a single phase with a highly coherent stack
along the growth direction. The stress induced by the
buffer layer propagates up to the surface. As a conseque
the Fe0.7Mn0.3 alloy exhibits a homogeneously strained bod
centered-tetragonal phase~bct!. The bct elementary cell is
characterized by ac/a ratio of 1.2260.01 and an atomic
volume of 1260.1 Å3. Elastic calculations show that the b
phase results from a deformation of the fcc bulk FeMn str
ture. In contrast, two different and coherent SL phases w
actually identified within the SL90 sample. The first on
located near the buffer layer, is, as for SL70, a buff
strained phase. The bct Fe0.9Mn0.1 alloy structure has ac/a
ratio of 1.1760.01 and an atomic volume of 11.960.1 Å3.
The elastic calculations indicate, as previously, that this fi
phase in SL90 arises from the deformation of the bulk
Fe0.9Mn0.1 structure. The second phase is located near
surface of the sample. The stress induced by the Ir buffer
relaxed. This phase may be seen as a set of Fe0.9Mn0.1/Ir
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bilayers in mutual strain. The structure of the alloy is also
bct one with ac/a ratio of 1.0960.01 and an atomic volume
of 11.760.1 Å3. It results from the deformation of the bc
Fe0.9Mn0.1 alloy. These two phases in SL90 occur with r
spective proportions of the order of 37% for the strained
phase~SR1! and 63% for the strained bcc one~SR2!.

Obviously, the existence of two different structural phas
with different alloy structures in SL90 has to be taken in
account when analyzing the XRMS data which average
nals from both phases. In order to overcome this problem
is necessary to separate the experimental XRMS signal
its two components originated from each structural pha
With this aim, we have grown a 30-Å Fe0.9Mn0.1 thin film
~TF90! covered by a 30-Å-thick Ir capper layer, on a Ir~001!
buffer, the structure of which is expected to be similar to t
of the first bilayer of SL90. The structural analysis pe
formed on this thin film confirmed that the alloy is in a sing
buffer-strained bct phase, with ac/a ratio of 1.1960.01 and
an atomic volume of 11.960.1 Å3, equivalent to SR1 phase
Therefore, the XRMS results on this Fe0.9Mn0.1 thin film will
be assumed to correspond to the magnetic properties o
SR1 phase.

IV. XRMS ANALYSIS

XRMS has its origin in a magnetic-sensitive contributi
to the resonant atomic scattering factor appearing at cha
teristic atomic absorption-edge energies.39 This sensitivity
arises from the spin-orbit splitting of the core-level and t
exchange splitting of the empty states involved in the tran
tion. At theL2,3 absorption edges of 3d transition metals, the
resonant magnetic scattering can be derived within a dip
approximation (2p˜3d transitions! and the resonant atomi
scattering factor is

f 52~ êf•êi !~ f 01 f 82 i f 9!2 i ~ êf3êi !• ẑ~m82 im9!, ~1!

where êf and êi are the polarization vectors of the out an
in-going x-ray beams,f 0 is the Thomson charge scatterin
amplitude, f 8 and f 9 are the resonant terms related to t
regular nonmagnetic anomalous scattering. The depend
on magnetism comes from the second term whereẑ stands
for the unit vector along the magnetization direction. T
imaginary part of its resonant complex amplitudem9 is
equivalent to the XMCD signal,30 m8 being the real part.

The magnetic properties of the FeMn layers can be s
ied by measuring the scattered intensitiesI 1 and I 2 for two
opposite directions of a saturating magnetic field appl
within the planes of the layers and by recording the asy
metry ratio R5(I 12I 2)/(I 11I 2) as a function of either
the incident photon energyE or the scattering angleu.27,29

In the transverse mode, the asymmetry ratio may be
scribed using the kinematical approach as40

R5
2 tan~2u!@FiMr2FrMi #

tan2~2u!uM2u1$11@12tL /~11tL!cos2~2u!#%uF2u
,

~2!

wheretL is the linear polarization rate and
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F5 (
unit cell

2~ f 01 f 82 i f 9!eiqd5Fr2 iF i , ~3!

M5 (
unit cell

~m82 im9!eiqd5Mr2 iM i , ~4!

whereq is the scattering vector andd is the interplanar dis-
tance along the growth axis. This expression shows the
terplay between the real and imaginary parts of the cha
~F! and magnetic~M! structure factors. It allows us to repro
duce the energy dependence of the asymmetry ratio m
sured on top of a chemical modulation Bragg peak o
multilayer, which occurs at a fixedq value.26 However, in
order to simulate the energy dependence of the asymm
ratios, either for a multilayer or for a thin film, which ar
measured atu fixed and to extract the useful information o
the magnetic properties of the sample, a magneto-optical
proach is required.26,27,29The calculation of the reflected in
tensities is achieved in a Fresnel formalism in the transve
geometry which takes into account the layered structure
the samples in a matrix notation. In this approach, the wh
optical response of the media is contained in the dielec
tensor which is a nondiagonal Hermitian matrix. The diag
nal matrix elements are related to the charge scattering
tor, the off-diagonal elements being related to t
magnetization-sensitive terms. They are strongly coupled
the development of the calculation. The interfacial roug
ness, a major ingredient in the reflectivity analysis, is tak
into account by an extension of the Vidal and Vince
approach.41 A complete description of the formalism will b
published elsewhere.42

In the data analysis, the imaginary parts of the charge
magnetic resonant scattering factors are obtained from
sorption and XMCD measurements from ‘‘standard
samples. Their real counterparts are derived from
Kramers-Kronig relationship. To our knowledge, no XMC
measurements have been reported on FexMn12x alloys, nei-
ther on bulk samples, since they are are AF ordered, no
thin films. Therefore, for iron, we used XMCD data whic
have been collected on a bcc Fe thin film, where the ap
cation of the sum rules yieldsMFe

3d52.1mB ,43 a value nearly
identical to that of bulk Fe. For manganese, the choice o
‘‘standard’’ sample showing magnetic ordering is n
straightforward. Bulk manganese is AF ordered and hence
XMCD is observable. A few studies have been dedicated
Mn overlayers on magnetic 3d substrates where a XMCD
signal has been observed.11–16 If the oxydation of the Mn
thin film is avoided, the shape of theL2,3 absorption spectra
is comparable to that of metallic Mn.44 However, it is known
that the branching ratio defined asI (L3)/@ I (L3)1I (L2)# de-
creases with the magnetic moment of Mn.17 In most cases
where XMCD has been observed at the MnL2,3 edges, for
Mn on Co~001!,14 Mn on Ni,15 and Mn on Fe,12,13 the line
shapes and the branching ratios looked very much the sa
Consequently, in this study, we used absorption and XM
data from measurements carried out in a nearly oxygen-
environment on a Mn monolayer deposited on Fe~001!.44 In
that case, Mn is found to grow in a bct structure (c/a
51.06) and shows a net magnetic moment ferromagnetic
coupled with the Fe one. Its amplitude has been estimate
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be MMn
3d 53mB from the comparison between the experime

tal amplitude and the calculated one for an isolated Mn21

ion.13,44 The use of these resonant parameters in the XR
calculations impliesa priori two assumptions:~i! the shape
of the energy dependence off 9 andm9 at theL2,3 edges of
Fe and Mn is assumed not to be significantly affected b
change in the crystal structure, and~ii !, the amplitude of the
XMCD signal is proportional to the atomic magnetic m
ment. From the later, the factor scaling them8 andm9 values
used in the simulation of the asymmetry ratios can be use
derive the value of the magnetic moment from its value
the reference sample. This procedure, which has also b
employed in a XMCD study of Fe/Cr multilayers,45 allows
us to determine the valuesMFe

3d and MMn
3d of the magnetic

moment in our samples from the references. The accurac
the determination relies on the accuracy of the XMCD d
analysis.

V. EXPERIMENTAL RESULTS

A. XRMS at the Fe L 2,3 edges

Figure 1 shows the energy-dependent reflectivity cur
~top panels! measured for two opposite directions of the a
plied magnetic field at the FeL2,3 edges at an incident angl
u515° for SL70@Fig. 1~a!# and SL90@Fig. 1~c!#. The cor-
responding XRMS asymmetry ratiosR are exhibited in the

FIG. 1. Energy dependence of the reflectivity measured at th
L2,3 absorption edges and atu515° for two opposite orientations o
the applied magnetic field~top panels! and energy dependence o
the magnetic asymmetry ratio~bottom panels! for SL70 ~a,b! and
SL90 ~c,d!.
-

S

a

to

en

of
a

s
-

bottom panels of Fig. 1. The strong resonances, observe
the reflectivity curves around 708 and 720 eV correspond
the L3 andL2 edges, respectively. The whole energy dep
dence is quite different for both samples especially at theL3

edge. This arises from small differences in structural para
eters for both SL, demonstrating the structural sensitivity
resonant soft x-ray reflectivity measurements. The ene
splitting and the amplitude difference betweenI 1 andI 2 are
much more pronounced in SL90, which indicates that
atoms in this sample carry a stronger magnetic moment. S
prisingly, although the energy dependences of the reflecti
are rather different, those of the twoR’s are quite similar.
However, their amplitude shows a large difference in li
with the amplitude of the changes induced by the flipping
the applied magnetic field in the reflectivity. While SL9
gives rise to a strongR maximum value of about 40% atE
5707.5 eV, the maximum value for SL70 only reaches 3
at the same energy. In order to understand these resul
terms of magnetic moment variation, it is required to sim
late both asymmetry ratios since, at variance with XMC
the amplitude ofR is not simply linked to the magnetic mo
ment amplitude.

The simulation ofR as a function of the photon energy fo
both superlattices has been performed considering a ho
geneous alloy and assuming that all the Fe atoms carry
same magnetic moment. Even though soft x rays are use
the vicinity of the FeL2,3 edges where absorption is stron
the whole thickness of the SL’s, which is about 900 Å,
probed as ascertained by the observation of Kiessig frin
on each side of the chemical modulation Bragg peak, i
u/2u scan. However, these fringes disappear in a small
ergy range, from 706 to 709 eV around the energy of
maximum of the white line~707.3 eV!. This implies that, for
this 3 eV window, the near-buffer phase of SL90 is not e
tirely probed by the x rays and that part of the Fe magne
moments in this phase do not participate in the asymm
ratio. Our calculation, using the optical approach, fully tak
into account the absorption correction through the dielec
tensor. Therefore, within that tiny energy window, the val
of the average magnetic moment may change since the m
netic moment of Fe atoms in SR1 and SR2 are not weigh
in the same way, which could imply some discrepancies
tween experiment and calculation.

The structural parameters required in the optical appro
are the thicknesses and the densities of the layers, as we
the roughnesses (s) at the different kinds of interfaces. Th
first two parameters derive from the structural investigat
~refer to Sec. III and to Ref. 7!. The roughnesses have bee
determined from the analysis of the specular x-ray reflec
ity. In the case of the SL’s, their values were determined

e

s under
TABLE I. Structural parameters used in the optical approach for the calculations of the reflectivity for the three sample
investigation.

t Ir buffer

~Å!
s Ir buffer

~Å!
r Ir buffer

(10228 atoms m23)
tFeMn

~Å!
sFeMn

~Å!
rFeMn

(10228 atoms m23)
t Ir

~Å!
sIr
~Å!

r Ir

(10228 atoms m23)

SL70 400 1 7.06 25.3 3 8.31 21.8 3 7.21
SL90 400 1 7.06 24.9 2.228.5 8.49 19.9 2.228.5 6.99
TF90 33561 160.1 7.06 3162 2.360.1 8.43 3262 1.460.1 7.06
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Fischer22 using a calculation which allows one to introduce
gradient of interfacial roughnesses from the bottom to the
of the SL. For the TF90 sandwich, the structural parame
are determined from the refinement of the reflectivity curv
measured at 11 keV~Fig. 2! using theSPURpackage.46 The
structural parameters are given in Table I and were kept fi
in the calculations of the different asymmetry ratio. The on
free parameter is a scaling factor affecting the magnitude
the ‘‘standard’’ XMCD used in the calculation of the atom
magnetic scattering factor, in order to adjust the value of
magnetic moment.

Figure 3 compares the experimental and calculatedR
curves atu515° for SL70. The calculated ones were o
tained by using two different values for the Fe magne
moment. The left panel displays the curve obtained using
‘‘standard’’ MFe

3d52.1mB /atom value for bcc Fe, whereas
the right panel the Fe magnetic moment has been reduce
a scaling factor of 0.13, leading to a valueMFe(SL70)

3d

50.27mB which enables us to fit the experimental curve.

FIG. 2. Angular dependence of the reflectivity~open circles!
measured at 11 keV~top panel! and at 703.5 eV~bottom panel!
together with the best calculations~solid line!.

FIG. 3. Experimental~open circles! and calculated~solid line!
asymmetry ratios obtained for the SL70 superlattice, foru515° at
the FeL2,3 absorption edges:~a! the calculated curve has been o
tained assumingMFe52.1mB /atom, ~b! same as~a! but for MFe

50.27mB /atom.
p
rs
s

d

of

e

c
e

by

This strongly reduced magnetic moment of Fe atoms
SL70 does not only allow us to describe the experimen
asymmetry ratio recorded atu515°, but also those recorde
at other angles, as for instance, atu57° and 13°~Fig. 4!.
The decrease of the signal-to-noise ratio with decreasingu is
related to the tan(2u) angular dependence ofR when mea-
sured with linearly polarized photons@Eq. ~2!#. Because of
the q dependence ofR spectra through the magnetic an
charge structure factor, the energy dependence of theR’s
changes with the value of the incident angle. In particu
theRspectrum measured atu57° is different with respect to
the others. A very good agreement between calculated
experimental data is found for the three scattering ang
These results allow us to determine that Fe atoms in S
carry a weak magnetic moment of 0.2760.05mB /atom.

Figure 5 displays experimental and calculatedR curves
obtained for the SL90 sample atu510° @Fig. 5~a!# and 15°
@Fig. 5~b!# at the FeL2,3 absorption edges. The fitting of bot
R spectra has been obtained by using the XMCD data, w
out any scaling factor. Therefore, we deduce a 3d Fe mag-
netic moment of 2.160.05mB /atom for SL90. As is men-
tioned in Sec. III, SL90 exhibits two Fe0.9Mn0.1 phases and
the R spectra result from averaging their contribution ov
the whole sample. The 2.1mB /atom value, thus correspond
to a mean atomic magnetic moment averaged over the
phases. In order to separately evaluate the Fe magnetic
ment in both phases, we performed another XRMS meas
ment on the single-phase Fe0.9Mn0.1 thin film, TF90, de-
scribed in Sec. III. This should give a selective measurem
of the Fe magnetic moment for the near-buffer phase in
SL90 sample.

FIG. 4. Experimental~open circles! and calculated~solid line!
asymmetry ratios obtained for the SL70 sample, foru57° ~a! and
u513° ~b!, at the Fe L2,3 absorption edges assumingMFe

50.27mB /atom.

FIG. 5. Experimental~open circles! and calculated~solid line!
asymmetry ratios obtained for the SL90 sample, foru510° ~a! and
u515° ~b!, at the FeL2,3 absorption edges withMFe52.1mB /atom.
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Figure 6 shows the energy dependence of the reflecti
at u526° for two opposite directions of the applied ma
netic field ~upper panel! and the asymmetry ratio~bottom
panel! measured for TF90 at the FeL2,3 edges, as well as
their simulation. The calculations have been carried out
ing the structural parameters given in Table I and a magn
moment for the Fe atomsMFe

3d52.1mB /atom. Here, we show
that the energy dependence of the reflectivity may be q
nicely reproduced and again a good agreement is found
tween experimental and calculatedR’s. As the MFe

3d value
found in a single phase system is identical, within the ac
racy of the fitting, to the average value over the two pha
in SL90, we deduce that Fe atoms do carry the same m
netic moment MFe

3d52.160.1mB /atom in both distinct
phases.

In conclusion, XRMS experiments at the FeL2,3 edge,
performed on FexMn12x /Ir SL’s of tetragonal symmetry
yield a Fe magnetic atomic moment of 0.2760.05mB in the
single phase SL70 and of 2.160.05mB in both phases of
SL90.

B. XRMS at the Mn L 2,3 edges

In this section, we present resonant magnetic reflecti
experiments performed at the MnL2,3 absorption edges. Two
important questions dealing with the magnetism of Mn
strained FeMn thin-film alloys can be addressed: first, do
Mn atoms carry a net magnetic moment and second if
how is it coupled to the Fe one? In order to answer th
questions, we focused our study on the Fe0.9Mn0.1 thin film
where Mn atoms are diluted in a high-spin matrix. We ha
to mention that experiments performed on SL70 and SL
did not evidence a magnetic asymmetry at the MnL2,3 edges.
This has been ascribed to the level of noise in the sig
which was too high at the time of the experiment, prevent
the observation of an eventual low asymmetry ratio.

FIG. 6. Top panel: Energy dependence of the reflectivity m
sured on a Fe0.9Mn0.1 thin film at the FeL2,3 absorption edges fo
two opposite orientations of the applied magnetic field atu526°,
and the best calculations~solid lines! with MFe52.1mB /atom. Bot-
tom panel: derived experimental~open circles! and calculated~solid
line! asymmetry ratios.
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Figure 7~a! shows the energy dependences of the refl
tivity together with the weakR spectrum recorded on TF9
at the MnL2,3 edges at an incident angleu520°. Magnetic
resonances are clearly visible at the MnL3 andL2 edges. A
derivative shape occurs at the MnL2 edge. The observation
of a nonzero magnetic signal evidences the existence of a
magnetic moment carried by the Mn atoms in this Fe0.9Mn0.1
thin film. At the maximum,R is about 0.01160.001. We
note that noise in theR curve is considerably reduced com
pared to noise in Fig. 4~a!, while the R values are similar.
This is due to changing the proportional gas counter fo
photodiode. Figure 7~b! exhibits the reflectivity and theR
spectrum obtained on TF90 at the FeL2,3 edges at an inci-
dent angleu520°.

It is important to stress that, even though the Fe@Fig.
7~b!# and Mn @Fig. 7~a!# asymmetry ratios, measured in th
same conditions (u520°), have the same spectral sha
with the same sign, we cannot conclude on a ferromagn
coupling of both species. At variance with XMCD, where t
nature of the coupling would be directly determined from t
relative sign of the signals,11–13 the dichroic effect exhibited
in the reflectivity are not only due to the imaginary part
the magnetic dielectric constant but also to its real part
shown in Eq.~2!. The mixing of the two components i
weighted by the real and imaginary parts of the struct
factor which areq dependent. Therefore, even for a give
element, the sign of theR curve may change withq or u, as
shown in Fig. 4. Moreover, it is worth noting that the ener
dependences of the reflectivity shows an opposite behavio
the Fe and Mn edges@Figs. 7~a! and 7~b!#. At the energies of
the L3 andL2 resonances, the Mn reflectivity exhibits dip
whereas the Fe one shows peaks. Therefore, to conc
about the relative orientations of the moments of two m
netic species, the calculation of the magnetic asymmetry
tios is required.

-

FIG. 7. Energy dependence of the reflectivity measured o
Fe0.9Mn0.1 thin film at u°520 for opposite orientations of the ap
plied magnetic field at the MnL2,3 absorption edges~top panels!
and at the FeL2,3 absorption edges~bottom panels!. The asymmetry
ratios~open symbol! are also reported, the dashed line being jus
guide for the eyes.
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Figure 8 displays the result of the calculation at the M
edges. The solid line is obtained using the same struct
parameters as those used for the calculations at the Fe e
~Fig. 6!. The resonant charge and magnetic scattering fac
are discussed in Sec. IV. The best agreement between ex
mental and calculatedR spectra is obtained by applying
scaling factor of20.57. Then the amplitude of the averag
magnetic moment isMMn

3d 521.760.2mB /atom, where the
minus sign indicates that the Mn net magnetic momen
antiparallel to the Fe one.

In the following, we discuss the effects of uncertainties
the determination of the roughness on the sign and ampli
of the Mn magnetic moment. The influence of the value
the interfacial roughness, which is known to be a cruc
parameter,26,42 has been evaluated by calculatingR spectra
for different values of the roughness. It turns out that cal
lations performed assuming perfect interfaces (s50) to
compare to the values in Table I yield the same sign and
amplitude value 10% lower, within the error bars. Howev
if the roughness of the surface of the Ir capper is increa
from 1.4 to 5 Å, while the roughnesses of the other interfa
are kept constant, a strong change is observed in the am
tude of R which leads to a value of the magnetic mome
lower by 50%. A further increase of this surface roughn
progressively changes the shape of the energy dependen
R as well as that of the reflectivity curve. In the same way
the roughness of the FeMn-Ir capper interface is increa
from 2.3 to 5 Å, the other roughness values being
changed, the small negative structure at 637 eV is enhan
leading to a derivative shape for the resonance at theL3 edge
and a positive peak replaces the derivative shape at thL2
edge. An opposite trend occurs when only the Ir buff
FeMn interface roughness is increased. These trials cle
show that a careful determination of the interface roughn
is required. This is also true for the determination of t
thicknesses of the magnetic and capper layer especially w
they are very close. With that aim, we performed a refi
ment of the angular reflectivity measured in the soft x-r
range at 703.5 eV. This corresponds to a determination of
structural parameters, independent of the refinement
formed at 11 keV. The best fit is shown in the bottom pa
of Fig. 2. The values of the thicknesses, of the densities,
of the roughnesses fall within the error bars of the valu
determined from the fit of the hard x-ray reflectivity whic

FIG. 8. Experimental~open symbols! and calculated~solid line!
asymmetry ratios obtained for a Fe0.9Mn0.1 thin film, for u°520, at
the Mn L2,3 absorption edges assumingMMn51.7mB /atom antifer-
romagnetically coupled toMFe.
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are given in Table I. This gives strong support for the valu
of the parameters used in the calculation and make us co
dent in the validity of the determination of the Mn mome
value from the fitting of the asymmetry ratios at the MnL2,3
edges. Our XRMS measurement allows us to conclude
Mn atoms, in a bct (c/a51.18) Fe0.9Mn0.1 thin film, bear a
net magnetic moment of 1.7mB , on average, antiferromag
netically coupled with the Fe ones.

Two possible arrangements of the Mn subsystem co
give rise to the observed signal at the Mn edge: a ferrom
netic one with every Mn atom carrying the same magne
momentMMn'1.7mB and oriented antiparallel to the ferro
magnetically ordered Fe 2.1mB first-neighbor magnetic mo
ments, or an uncompensated antiferromagnetic arrangem
of the Mn subsystem itself. Actually, such a system has th
retically been predicted for 1 and 2 Mn monolayers
Fe~001! with a bct structure.21 In a homogeneous Fe0.9Mn0.1
alloy, the second possibility is, however, quite unlikely
occur. The number of Mn-Fe first-neighbor pairs is abo
one order of magnitude larger than that of Mn-Mn one
implying that the Mn-Mn magnetic interactions are very fe
and cannot lead to a magnetic arrangement comparab
that of a monolayer. We thus think that Mn-Fe magne
interactions are responsible for the global arrangement of
Mn subsystem. Although the possibility of a nonhomog
neous Fe-Mn alloy, due to a superficial segregation of
atoms for instance, cannot be fully ruled out, its effect sho
be very small since such an effect leads to small deviati
of the Mn concentration from the mean value averag
through the layer.47 This is also supported by the observatio
that the species selective reflectivity measurements can
quantitatively simulated using a homogeneous model. W
therefore, conclude that each Mn atom in the Fe0.9Mn0.1 alloy
carries a magnetic moment of the order of'1.7mB .

VI. DISCUSSION

XRMS experiments performed at the FeL2,3 absorption
edges enabled us to determine the values of the magn
moment carried by Fe atoms in the different bct phases
buried FeMn thin-film alloys. The structural and magne

FIG. 9. Evolution of the Fe magnetic moments in FexMn12x

alloys as a function of thec/a ratio of the bct structure. The SL70
superlattice is shown by a diamond while the phases for SL90
depicted by a circle. The atomic unit-cell volumes and the hy
thetical unconstrained structures are indicated for each sample.
vertical dashed line atc/a51.2 indicates the critical value at whic
a magnetic transition is predicted to occur from Ref. 48.
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findings are summarized in Fig. 9, where the amplitudes
the Fe magnetic moments in each phase are plotted
function of thec/a ratio of the cristallographic paramete
describing the alloy structure. The values of the atomic v
ume of the elementary cell, as well as the phase which
FeMn layers would have if they were unconstrained, are a
indicated in Fig. 9. The main result is that Fe atoms
Fe0.9Mn0.1 samples are in a high-spin~HS! FM state, whereas
in the Fe0.7Mn0.3 sample they are in a low-spin~LS! FM
state.

The growth of Fe0.9Mn0.1 alloys in the SL90 superlattice
has given rise to the formation of two phases which, resp
tively, originate from the deformation of the fcc and b
structures existing in bulk FexMn12x for x50.9.4,5 This is
interesting since it allows us to study the influence of
structure on the magnetic properties for the same Fe and
concentrations in the alloy. As the bulk bcc Fe0.9Mn0.1 alloy
is FM ordered and the fcc one is AF, different magne
states would be expected for the two phases of sample S
However, surprisingly, we found that both phases have
same HS FM behavior. In fact, these results can be un
stood by regarding the magnetic properties of the Fe at
as a function of thec/a ratio of the elementary cell. This
ratio enables us to describe the tetragonalization level of
bct structure which varies fromc/a51 for a bcc structure to
c/a5A2 for a fcc one. We have shown that Fe atoms ca
a HS moment in the two phases of SL90 and in
Fe0.9Mn0.1 thin film ~of '2.1mB per atom as bulk bcc Fe!
until at leastc/a,1.2. This observation is consistent wi
the results of theoretical studies performed by Krasko
Olson on bct Fe.48 Within a Stoner-model approach, the
have found that going along the Bain path from bcc to f
the Fe FM phase is first stable, up toc/a51.2. Beyond that
a transition occurs and the NM phase is stable at higherc/a
values. However, one should point out that the authors
not consider the magnetic AF state which is that of the b
fcc FeMn systems.4,5

In the case of SL70, Fe atoms are found in a FM state
carry a low magnetic moment about'0.27mB per atom.
This LS FM state is a magnetic phase since bulk Fe0.7Mn0.3
alloys are AF ordered. Its existence might be correlated
the strong tetragonal distortion,c/a51.22, which deviates
this artificial FeMn phase far from the stable AF fcc bu
phase.

It is worth observing that in Fe/Ir~001! superlattices, cor-
responding tox51, a magnetic transition has also been o
served~at 4 K! from a NM ~or AF! state to a HS one whe
going through the Bain’s path from the fcc structure to t
bcc one, with an intermediate LS state which occurs at a v
similar c/a value of 1.24–1.25.6 This shows that the Mn
concentration does not play a direct part in the change of
magnetic properties. However, it does play a part in the
crease of the tetragonalization induced by the Ir substr
since thec/a parameter varies from 1.17 in SR1 to 1.22
SL70 and 1.3 a Mn/Ir multilayer.22 It probably does also play
a part in the amplitude of the reduction of the magne
moment.49

All these results on FeMn alloys withx>0.7 strongly
support the existence of a transition in Fe between the fe
magnetic HS state of the bcc structure to a NM~or AF! state
f
a

l-
e
o

c-

e
n

0.
e
r-
s

e

y
e

d

,

id
k

d

to

-

ry

e
-
e,

c

o-

at aroundc/a51.2, consistently with Krasko and Olson
predictions.

Let us mention that, in all the samples of the pres
study, the atomic volume is less than 12 Å3, and lower than
the volume for which the transition between a NM to a F
behavior is predicted for fcc Fe (V512.34 Å3).3 In this
study, we show that, in a strain bct Fe0.9Mn0.1 alloy thin film
whose hypothetical unconstrained phase is fcc, a HS
state may exist with a small atomic volume (11.9 Å3)
through the tetragonalization of the fcc structure.

We next turn to the discussion of the magnetic proper
of Mn. In the bct Fe0.9Mn0.1 thin film (c/a51.18), the Mn
magnetic moment is found to be antiferromagnetica
aligned with the Fe one and its amplitude is abo
1.7mB /atom. This AF coupling is opposite to most of th
available experimental results, derived from neutron scat
ing, on Mn diluted in Fe. A parallel coupling has been o
tained, with different values of the Mn moment, rangin
from 0.77mB ~Ref. 50! to 1mB .51 Nevertheless, an antipara
lel (20.82mB) orientation of a Mn moment has also bee
found,52 as well as a null Mn moment.53 We stress that our
measurements are species selective. In that sense, it is a
direct probe of the Mn magnetism than neutron-scatter
measurements are. Even though the uncertainty on the d
mination of the magnetic moment amplitude is closely
lated to the uncertainty in the value of the Mn moment d
rived from XMCD analysis,44 and so could be large, th
antiparallel orientation of the Mn moment relative to the
one is unquestionable. Nevertheless, we cannot exclude
the magnetic Mn state can be very sensitive to the sam
preparation, leading to the different observed behaviors.

Actually, Mn is a very critical case as reported in seve
calculations concerning the electronic structure and magn
properties of 3d impurities in ferromagnetic iron.54–56 Our
result is in good agreement with the calculations of Ak
et al.54 who found a Mn magnetic moment o
21.7mB /atom and with a more recent result of Padua
et al. who found for an isolated Mn atom in a Fe matrix
magnetic moment of21.1mB /atom.49 However, it strongly
disagrees with the calculations of Drittleret al.56 which give
a Fe-Mn ferromagnetic coupling with a Mn magnetic m
ment of about 0.7mB . The explanation for these contradic
tory theoretical results can be found in the dependence of
magnetic momentM of a 3d impurity in iron on the atomic
numberZ. The calculated variation ofM exhibits a sharp
transition from negative~AF coupling! to positive~FM cou-
pling! values aroundZ525 ~Mn atomic number! with in-
creasingZ values.54,56 Depending on approximations in th
calculation, such as the exchange-correlation potential or
angular momentum cutoff, this transition may be found
occur at values larger or smaller thanZ525.56 Both coupling
situations can even be found to be stable for Mn in bcc o
fcc Fe, as has been shown by Anisimov.55

In any case, we know that the structure of Fe0.9Mn0.1 is
strongly tetragonalized (c/a51.18), which induces a sym
metry reduction and, therefore, a change in the hybridiza
between the 3d states of the impurity and those of the matr
element. Our result thus indicates that thec/a value is a
pertinent parameter which should be taken into accoun
the theoretical calculations and influences theZ value of the
transition.
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VII. CONCLUSION

Thin films of FexMn12x alloys, in the rangex>0.7, with
a centered tetragonal structure, have been investigate
linearly polarized soft x-ray resonant magnetic reflectivi
Taking advantage of the atomic selectivity of the method,
have been able to measure the Fe magnetic moments i
different phases found. We showed that the drastic reduc
of the Fe magnetic moment betweenx50.9 and x50.7
mainly depends on the value of thec/a ratio, a andc being
the structural parameters in the bct structure. The chang
behavior between HS to LS occurs around ac/a value of 1.2,
close to the one theoretically predicted for bct Fe~Ref. 48!
and experimentally found in Fe/Ir~001! superlattices.6 These
experimental results allow us to discuss magnetic prope
of Fe alloyed with Mn, when going through the Bain’s d
formation path, at least forx>0.7. Moreover, our XRMS
measurement allows us to conclude that Mn atoms, in a
(c/a51.18) Fe0.9Mn0.1 thin film, bear a net magnetic mo
ment of 1.7mB , antiferromagnetically coupled with the F
ones. We are presently investigating the Mn magnetic m
ment when going through the Bain’s deformation path
x>0.7.
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On another hand, this work also illustrates that soft x-r
resonant magnetic reflectivity in the transverse mode i
powerful element-specific magnetometry method when co
bined with a proper computational formalism allowing i
quantitative simulation. We have shown that it is possible
analyze small changes in the energy-dependent reflect
and to extract weak values of the magnetic moments~here
0.3mB) in a thin buried layer. It is of special interest for film
containing several magnetic elements because of its spe
selectivity. Finally, the data are recorded in a very sim
specular scattering geometry. Therefore, this technique
pears to be promising for future investigations of very th
films, either amorphous or crystalline.

ACKNOWLEDGMENTS

We wish to thank the staff of the NSLS facility a
Brookhaven for the efficient assistance during the exp
ments. C.T. Chen and S. Andrieu are acknowledged for h
ing provided the XMCD data used in the calculations. F
acknowledges a Marie Curie Research grant from the EE
r,

eat,

ith,

P.
nd

de
.T.

,

O.

.H.
.

ys.

gn.

iat.

H.
1For a review, see,Ultrathin Magnetic Structures, edited by B.
Heinrich and J. A. C. Bland~Springer-Verlag, Berlin, 1994!.

2S.S.P. Parkin, IBM J. Res. Dev.42, 3 ~1999!.
3V.L. Moruzzi, P.M. Marcus, and J. Ku¨bler, Phys. Rev. B39, 6957

~1989!.
4Y. Endoh and Y. Ishikawa, J. Phys. Soc. Jpn.30, 1614~1971!.
5M. Acet, T. Schneider, B. Gehrmann, and E.F. Wassermann

Phys. IVC8, 379 ~1995!.
6S. Andrieu, F. Lahatra-Razafindramisa, E. Snoeck, H. Rene

A. Barbara, J.M. Tonnerre, M. Brunel, and M. Piecuch, Ph
Rev. B52, 9938~1995!.
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