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The magnetic properties of pdn,; _, /Ir(001) superlattice$SL’s) have been studied using linearly polar-
ized soft x-ray resonant magnetic reflectiviyRMS) at the Fel , ; 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 onexia0.75. XRMS measurements
were performed on two SL’s with compositions on each side=00.75, as well as on a thin layer of Fe-rich
alloy (x=0.9). 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 for=0.9, while they are in a low-spin ferromagnetic stateXer0.7. Our
results emphasize the role of the tetragonalization paraméteon the occurrence of the different magnetic
states. Measurements, at the Mj; edges in a bet RgMng ; ultrathin layer reveal a net magnetic moment per
Mn atom of about 1.izg coupled antiparallel to the Fe on&0163-182809)03933-9

[. INTRODUCTION netic (FM) at largerx values. Under a temperature increase,
the fcc phase becomes stable through a hcp to fcc martensitic
The magnetic properties of thin films and artificial struc- transformation for Fe concentrations between 0.7 and 0.9,
tures such as superlattices are nowadays wideland through a bce to fce transformation beyone0.9°
investigated:? Among the different possibilities offered by ~ Alternatively, new phases may be stabilized at room tem-
these artificial systems, the stablilization of new phases inperature by pseudomorphic growth of thin films on an appro-
duced by epitaxial strain is particularly interesting becausgriate substrat@In this work, FgMn; _, alloy thin films and
they can exhibit physical properties different from those ofsuperlatticegSL’s) have been synthesized or{001). The
bulk materials. existence of the fcc and bcc phases for bulk binary alloys in
Elemental iron and manganese exist in various forms anthe Fe-rich side of the phase diagram, with lattice parameters
their fcc phase has drawn much attention because magnetsdrrounding the in-plane parameter of0B1), has been a
volume effects have been predicted for both compodndsmotivation to prepare both phases by epitaxy using the in-
However, Fe and Mn fcc phases have a limited stabilityduced anisotropic strain. In an extensive structural study, we
range(1184-1665 K for fcc-Fe and 1373-1411 K for fcc- show that FeMn thin films are strongly tetragonalized with
Mn). Stablilization at room temperature of unusual phases/a ratios between Ibcc structureand /2 (fcc structurg.”
can be achieved by alloying. This is the case fofNfi®,_, ~ This offers the opportunity for studying magnetic properties
alloys whose fcc phase is stabilized over a large concentralong the so-called Bain path.
tion range, 0.8x<<0.7, and is found in an antiferromagnetic =~ Moreover, the motivation to prepare epitaxial phases is
(AF) state? Besides, FeMn alloys are well known as stan-also to obtain FM states for atoms with expanded volume
dard AF materials and are frequently used in spin-valveand to test the theoretical predictions of enhanced magnetic
elaboratior? The fcc FeMn structure can still be stabilized moments. Among 8-transition metals, Mn is probably the
by adding small amounts of Cu for<0.3 and C forx most exciting element, since the atomic Hund’s rule leads to
>0.7. Such FeMfCu) and FeMrC) ternary systems are a magnetic moment of/og. However, in the case of fcc Mn,
also AF ordered.In the Fe-rich side, binary FeMn alloys a large atomic volume is not a sufficient condition to obtain
exhibit two martensitic phase transitions at room temperaa high-spin FM staté This leads to the necessity of growing
ture. Atx=0.7, the alloy undergoes a fcc to hcp transforma-Mn in a phase with structure as close as possible to the bcc
tion and a hcp to bcec one aboxe-0.9. The alloy remains in  one. Several attempts have recently been made especially by
an AF magnetic state up 0=0.9 and becomes ferromag- deposition of a few monolayersML) on top of FM
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substrate¥° or non-FM ones>~*°In the case of growth on of 90 meV at the Fe edgesThe intensity of the incident
a 3d FM element, Mn exhibits a structural transition at anbeam was monitored by the photocurrent from a gold mesh.
early stage of growtiabove 2 ML and later on quickly Reflectivity curves were recorded in specular condition as
recovers its Mne bulk phase. For coverage below 1 ML, a a function of the energy of incoming photons for a set of
net magnetic moment is usually observed with magnitudengles. A vacuum compatiblé—26 goniometer with two
ranging from 1.6 to 4,bg. The Mn-substrate magnetic cou- vertical axes was used in a transverse- 7 scattering
pling is FM for Co (Ref. 14 and Ni (Refs. 15,16 while it  geometry’’ An external field up to 1400 G was delivered
has been observed to be ARefs.11,120r FM (Ref. 13 for ~ perpendicularly to the scattering plane by a Bitter electro-
Fe. For coverage above 1 or 2 ML, no ferromagnetic ordermagnet. This magnetic field is large enough to saturate the
ing has been evidenced and different magnetic arrangemergample as it has been checked by measuring by XRMS se-
have been proposed: either Mn forms FM sheets and thkective hysteresis loops. The detectors were either a propor-
sheets align antiferromagneticallgr a reconstruction takes tional gas counter for the experiments performed on the su-
place leading to an ARRef. 20 or a ferrimagnetit’ struc-  perlattices, or a photodiode for those on the thin film. In both
ture. The growth of Mn, deposited on(1t11),!’ is epitaxial ~ cases, the horizontal aperture was set to 1°. The experiments
up to 4 ML where a structural transition is observed. What-were performed at room temperature.
ever the thicknesses which have been considered, no net
magnetic moment has been evidenced. In the case of growth
on Ir(001),*® Mn has been observed to be constrained in a bct
phase over large thicknesses, but with a weak magnetic mo- The samples are grown by molecular-beam epitaxy, in a
ment. In this work, we will address the magnetic propertiesyHy chamber, at a residual vacuum of 2.6 torr.
of Mn and Fe in FeMn alloys strained in a bct phase on anvigo(001) single crystals are used as substrates and a 400-
Ir(001) buffer. A-thick Ir(001) buffer layer is first deposited on the sub-
Superconducting quantum interference device magnetonktrate. Details on the MgO preparation and buffer elaboration
etry measurements of the magnetic properties gMfg_,  are discussed in Ref. 6. Ir evaporation is obtained using elec-
thin films*> show a zero net magnetic moment in the tem-tron bombardment, whereas Fe and Mn are evaporated by
perature range 10 KT<400 K forx<0.75. In contrast, a using Knudsen cells. The Rdn,_, alloys are prepared by
FM character has been evidenced for films with0.75.  coevaporation of the two pure metals, while monitoring their
However, magnetization measurements do not give access fartial pressures to achieve the desired stoichiometry. In this
the specific magnetic properties of each species and to theitudy, we focus on two samples which have been prepared
coupling. Therefore, an atom-selective probe is required tgor the same nominal parameters except for the alloy stoichi-
investigate the magnetic states of Fe and Mn above and b@metry chosen on both sides of the transition occuring at
low x=0.75. =0.75. Their structure has been investigated by anomalous
X-ray magnetic circular dichroistiXMCD) is the most  x.ray diffraction® grazing incidence x-ray diffraction in the
commonly used tool to selectively investigate elementsymmetric mode, as well as by measurements of maps of the
specific magnetic properties. However, there have also beestattering intensity around th@11) Ir buffer peak in the
significant advances in the area of x-ray resonant magnetigsymmetric scattering condition under fixed grazing inci-
scattering(XRMS) using linearly*~*® or circularly’®**po-  dence. The combination of these methods allowed us to fully
larized light to study 8 magnetic multilayers, thin films, and characterize the different superlattices. A complete report is
surfaces. published in a separate pageWe briefly recall here the
In this paper, we present a soft x-ray resonant magnetignain structural characteristics of the investigated samples.
reflectivity study performed at thie, ; edges of Fe and Mn The first SL, [Fey-Mng«25.25 A)/Ir(21.85 A)x 20
on two FgMn,_,/Ir(001) SL’'s with Fe concentrations;  will be labeled SL70, while the second one
=0.7 and 0.9, corresponding to the two different magnetiq Fe, Mn,,(24.8 A)/Ir(20 A)]x 20 will be labeled SL90.
states found for FeMn alloys. Measurements on @Me,,  SL70 exhibits a single phase with a highly coherent stacking
thin-film layer grown on an (001 buffer have also been along the growth direction. The stress induced by the Ir
performed at both. edges. The measurements were carriechuffer layer propagates up to the surface. As a consequence,
out in a transverse geometry, by analogy with magneto-optiéhe Fg -Mn, ; alloy exhibits a homogeneously strained body-
Kerr effect measurements with the goal to determine th&entered-tetragonal phagect). The bct elementary cell is
magnetic moments carried per Fe and Mn atoms in thesgharacterized by @/a ratio of 1.22-0.01 and an atomic
alloys, separately, and their relative orientations. volume of 12 0.1 A®. Elastic calculations show that the bct
phase results from a deformation of the fcc bulk FeMn struc-
ture. In contrast, two different and coherent SL phases were
actually identified within the SL90 sample. The first one,
The experiments were performed using linearly polarizedocated near the buffer layer, is, as for SL70, a buffer-
light at the U4B beamline at the National Synchrotron Lightstrained phase. The bct §#ng ; alloy structure has a/a
Source at Brookhaven National LaboratdfyThe radiation ratio of 1.17-0.01 and an atomic volume of 1+:®.1 A%,
emitted from a bending magnet source in the orbital plane oThe elastic calculations indicate, as previously, that this first
the storing ring, was used in order to get a high rate ofphase in SL90 arises from the deformation of the bulk fcc
linearly polarized light £97%). The monochromator is a FeygMng 4 structure. The second phase is located near the
grating with 1200 lines per mm which allows to reach the Fesurface of the sample. The stress induced by the Ir buffer has
and MnL, ;3 edges with high-energy resolutigaf the order  relaxed. This phase may be seen as a set gi\fe, ,/Ir

IIl. SAMPLE PREPARATION AND STRUCTURE

Il. EXPERIMENTAL DETAILS
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bilayers in mutual strain. The structure of the alloy is also a ,

bct one with ac/a ratio of 1.09+0.01 and an atomic volume F= > —(fot+f'—if")e%=F —iF;, 3

of 11.7+0.1 A3. It results from the deformation of the bcc unit cell

Fey gMng 1 alloy. These two phases in SL90 occur with re-

spective proportions of the order of 37% for the strained fcc _ y s iad .

phase(SR1) and 63% for the strained bcc o8R2. M _un;:e” (m'—im")eS=M,—iM;, “)
Obviously, the existence of two different structural phases

with different alloy structures in SL90 has to be taken intowhereq is the scattering vector arttlis the interplanar dis-

account when analyzing the XRMS data which average sigtance along the growth axis. This expression shows the in-

nals from both phases. In order to overcome this problem, iterplay between the real and imaginary parts of the charge

is necessary to separate the experimental XRMS signal intgr) and magneti¢M) structure factors. It allows us to repro-

its two components originated from each structural phaseguce the energy dependence of the asymmetry ratio mea-

With this aim, we have grown a 30-A Fgving; thin film  sured on top of a chemical modulation Bragg peak of a

(TF90 covered by a 30-A-thick Ir capper layer, on €@01)  multilayer, which occurs at a fixed value?® However, in

buffer, the structure of which is expected to be similar to thaiorder to simulate the energy dependence of the asymmetry

of the first bilayer of SL90. The structural analysis per-ratios, either for a multilayer or for a thin film, which are

formed on this thin film confirmed that the alloy is in a single measured a# fixed and to extract the useful information on

buffer-strained bct phase, withcda ratio of 1.19-0.01 and  the magnetic properties of the sample, a magneto-optical ap-

an atomic volume of 11:80.1 A3, equivalent to SR1 phase. proach is require@®272°The calculation of the reflected in-

Therefore, the XRMS results on thisfging ; thin film will tensities is achieved in a Fresnel formalism in the transverse
be assumed to correspond to the magnetic properties of thfeometry which takes into account the layered structure of
SR1 phase. the samples in a matrix notation. In this approach, the whole

optical response of the media is contained in the dielectric
tensor which is a nondiagonal Hermitian matrix. The diago-
nal matrix elements are related to the charge scattering fac-
XRMS has its origin in a magnetic-sensitive contributiontor, the off-diagonal elements being related to the
to the resonant atomic scattering factor appearing at charamagnetization-sensitive terms. They are strongly coupled in
teristic atomic absorption-edge energisThis sensitivity the development of the calculation. The interfacial rough-
arises from the spin-orbit splitting of the core-level and theness, a major ingredient in the reflectivity analysis, is taken
exchange splitting of the empty states involved in the transiinto account by an extension of the Vidal and Vincent
tion. At theL, 5 absorption edges ofdtransition metals, the ~approacH." A complete description of the formalism will be
resonant magnetic scattering can be derived within a dipolgpublished elsewher®.
approximation (p— 3d transitiong and the resonant atomic In the data analysis, the imaginary parts of the charge and
scattering factor is magnetic resonant scattering factors are obtained from ab-
sorption and XMCD measurements from ‘“standard”
Aa P U U . samples. Their real counterparts are derived from the
f=—(e-e)(fo+f'—if")—i(erx&) -z(m' —im"), (1) Kramers-Kronig relationship. To our knowledge, no XMCD
. N measurements have been reported ofMipg_, alloys, nei-
whereeg; ande are the polarization vectors of the out and ther on bulk samples, since they are are AF ordered, nor on
in-going x-ray beamsf, is the Thomson charge scattering thin films. Therefore, for iron, we used XMCD data which
amplitude,f’ and f” are the resonant terms related to thehave been collected on a bce Fe thin film, where the appli-
regular nonmagnetic anomalous scattering. The dependenggtion of the sum rules yield&zlf;gzz.],uB ,%% a value nearly
on magnetism comes from the second term whestands  identical to that of bulk Fe. For manganese, the choice of a
for the unit vector along the magnetization direction. The"standard” sample showing magnetic ordering is not
imaginary part of its resonant complex amplitud® is  straightforward. Bulk manganese is AF ordered and hence no
equivalent to the XMCD signaf m’ being the real part. XMCD is observable. A few studies have been dedicated to
The magnetic properties of the FeMn layers can be studMn overlayers on magneticd3substrates where a XMCD
ied by measuring the scattered intensitiésand| ~ for two  signal has been observ&d®® If the oxydation of the Mn
opposite directions of a saturating magnetic field appliedhin film is avoided, the shape of thsg ; absorption spectra
within the planes of the layers and by recording the asymis comparable to that of metallic M. However, it is known
metry ratioR=(1"—17)/(1*+17) as a function of either that the branching ratio defined bd_3)/[1(L3)+1(L,)] de-
the incident photon enerdy or the scattering angle.?”?®  creases with the magnetic moment of Mnn most cases
In the transverse mode, the asymmetry ratio may be dewhere XMCD has been observed at the My, edges, for
scribed using the kinematical approact®as Mn on Cq001),* Mn on Ni'® and Mn on Fé23the line
shapes and the branching ratios looked very much the same.
Consequently, in this study, we used absorption and XMCD
R= 2 tan20)[FiM, —FM;] data from measurements carried out in a nearly oxygen-free
tarf(26)|M?|+{1+[1— 7 /(1+ 7. )cof(26) ]} F?|’ environment on a Mn monolayer deposited ori(d).** In
(2)  that case, Mn is found to grow in a bct structure/q
=1.06) and shows a net magnetic moment ferromagnetically
wherer_is the linear polarization rate and coupled with the Fe one. Its amplitude has been estimated to

IV. XRMS ANALYSIS
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= 02 T T T T T10.008 bottom panels of Fig. 1. The strong resonances, observed in
§ 0.18 0.007 the reflectivity curves around 708 and 720 eV correspond to
= 0.16 0.006 thelL; andL, edges, respectively. The whole energy depen-
E 014 0.005 dence is quite different for both samples especially at.the
£ 012 0.004 edge. This arises from small differences in structural param-
g 01 0.003 eters for both SL, demonstrating the structural sensitivity of
3 g‘gz : g'ggf resonant soft x-ray reflectivity measurements. The energy
) ) splitting and the amplitude difference betwdénand| ~ are
0.03 - 104 much more pronounced in SL90, which indicates that Fe
% 0.02 - 103 atoms in this sample carry a stronger magnetic moment. Sur-
& 0.01 - 102 prisingly, although the energy dependences of the reflectivity
% 0 - 1 0.1 are rather different, those of the tws are quite similar.
E -0.01 r 0 However, their amplitude shows a large difference in line
002 i 7 -01 with the amplitude of the changes induced by the flipping of
003rp ¥ qrg f 1002 the applied magnetic field in the reflectivity. While SL90
0.04 700 710 720 730 700 710 720 730 3 gives rise to a stronf® maximum value of about 40% &
Photon Energy (eV) Photon Energy (eV) =707.5 eV, the maximum value for SL70 only reaches 3%,

FIG. 1. Energy dependence of the reflectivity measured at the th the same energy. In order to understand these results in

L, ;absorption edges and &t 15° for two opposite orientations of terms of magnetic momgnt vz_mauon, It IS requwed to simu-
the applied magnetic fieltop panels and energy dependence of late both asymmetry ratios since, at variance with XMCD,

the magnetic asymmetry rati@ottom panelsfor SL70 (a,b and ~ the amplitude oR is not simply linked to the magnetic mo-
SL90 (c,d). ment amplitude.

The simulation oR as a function of the photon energy for
both superlattices has been performed considering a homo-
geneous alloy and assuming that all the Fe atoms carry the

ame magnetic moment. Even though soft x rays are used in

e vicinity of the Fel, ; edges where absorption is strong,
the whole thickness of the SL’s, which is about 900 A, is
Eg)robed as ascertained by the observation of Kiessig fringes
on each side of the chemical modulation Bragg peak, in a
0/26 scan. However, these fringes disappear in a small en-
ergy range, from 706 to 709 eV around the energy of the
aximum of the white lin€707.3 eVj. This implies that, for

be M34 =3ug from the comparison between the experimen-
tal amplitude and the calculated one for an isolated*Mn
ion.13# The use of these resonant parameters in the XRM
calculations impliesa priori two assumptions(i) the shape
of the energy dependence Bf andm” at thel, ; edges of
Fe and Mn is assumed not to be significantly affected by
change in the crystal structure, atig, the amplitude of the
XMCD signal is proportional to the atomic magnetic mo-
ment. From the later, the factor scaling thé andm” values

used in the simulation of the asymmetry ratios can be used tQ . . .
derive the value of the magnetic moment from its value in'EEIS 3 eV window, the near-buifer phase of SL90 is not en-

the reference sample. This procedure, which has also beéiﬁely probed by the x rays and that part of the Fe magnetic

employed in @ XMCD study of Fe/Cr multiayetSallows g?ig] e(gLSr ::ll?lllsaﬁgﬁ Sﬁs(ijr? r:ﬁte F())arttiff:lﬁ)zte Irr;;f;ﬁ ?jlxl/mtglférsy
us to determine the valugd and M3 of the magnetic .°. » UsIng plcal app , U Take:
e n into account the absorption correction through the dielectric

moment in our samples from the references. The accuracy ®nsor. Therefore, within that tiny energy window, the value

the determination relies on the accuracy of the XMCD data ¢ average magnetic moment may change since the mag-

analysis. netic moment of Fe atoms in SR1 and SR2 are not weighted
in the same way, which could imply some discrepancies be-
V. EXPERIMENTAL RESULTS tween experiment and calculation.

The structural parameters required in the optical approach
are the thicknesses and the densities of the layers, as well as
Figure 1 shows the energy-dependent reflectivity curveshe roughnessess| at the different kinds of interfaces. The
(top panely measured for two opposite directions of the ap-first two parameters derive from the structural investigation
plied magnetic field at the He, ; edges at an incident angle (refer to Sec. lll and to Ref.)7 The roughnesses have been
0=15° for SL70[Fig. 1(a@)] and SL90O[Fig. 1(c)]. The cor- determined from the analysis of the specular x-ray reflectiv-
responding XRMS asymmetry ratid® are exhibited in the ity. In the case of the SL'’s, their values were determined by

A. XRMS at the Fe L, ; edges

TABLE |. Structural parameters used in the optical approach for the calculations of the reflectivity for the three samples under
investigation.

Urbutfer  Oirbuffer Pir buffer tremn OFeMn PFeMn e alr Pir
R A (10728 atomsm?3)  (A) R (10728 atoms m3) (&) A (10728 atoms m 3)
SL70 400 1 7.06 25.3 3 8.31 21.8 3 7.21
SL90 400 1 7.06 24.9 2:28.5 8.49 19.9 2.28.5 6.99

TF90 3351 1*+0.1 7.06 32 2.3£0.1 8.43 322 1.4+0.1 7.06
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FIG. 4. Experimentalopen circle and calculatedsolid line)
asymmetry ratios obtained for the SL70 sample,der7° (a) and
0=13° (b), at the Fel,; absorption edges assuminiyflg,
=0.27ug/atom.

This strongly reduced magnetic moment of Fe atoms in
SL70 does not only allow us to describe the experimental
asymmetry ratio recorded &&= 15°, but also those recorded
! ! . ! at other angles, as for instance, &t 7° and 13°(Fig. 4).

0 5 10 15 20 25 30 The decrease of the signal-to-noise ratio with decreagiisy
Incident Angle (degree) related to the tan(@) angular dependence & when mea-
sured with linearly polarized photorj&qg. (2)]. Because of
the q dependence oR spectra through the magnetic and
charge structure factor, the energy dependence ofRike
changes with the value of the incident angle. In particular,
Fischef? using a calculation which allows one to introduce athe R spectrum measured ét=7° is different with respect to
gradient of interfacial roughnesses from the bottom to the tophe others. A very good agreement between calculated and
of the SL. For the TF90 sandwich, the structural parameterexperimental data is found for the three scattering angles.
are determined from the refinement of the reflectivity curvesThese results allow us to determine that Fe atoms in SL70
measured at 11 keVFig. 2) using thespur packagé'® The  carry a weak magnetic moment of 0:20.05u.5/atom.
structural parameters are given in Table | and were kept fixed Figure 5 displays experimental and calculafdaurves
in the calculations of the different asymmetry ratio. The onlyobtained for the SL90 sample ét=10° [Fig. 5a)] and 15°
free parameter is a scaling factor affecting the magnitude offFig. 5(b)] at the FeL, 3 absorption edges. The fitting of both
the “standard” XMCD used in the calculation of the atomic R spectra has been obtained by using the XMCD data, with-
magnetic scattering factor, in order to adjust the value of theut any scaling factor. Therefore, we deducedaR mag-
magnetic moment. netic moment of 2.£0.05«g/atom for SL90. As is men-

Figure 3 compares the experimental and calcula®ed tioned in Sec. Ill, SL90 exhibits two GgMn,; phases and
curves atf=15° for SL70. The calculated ones were ob-the R spectra result from averaging their contribution over
tained by using two different values for the Fe magneticthe whole sample. The 2uk/atom value, thus corresponds
moment. The left panel displays the curve obtained using theo a mean atomic magnetic moment averaged over the two
“standard” M23= 2.1 /atom value for bcc Fe, whereas in phases. In order to separately evaluate the Fe magnetic mo-
the right panel the Fe magnetic moment has been reduced loyent in both phases, we performed another XRMS measure-
a scaling factor of 0.13, leading to a valmﬁg(sm) ment on the single-phase fng; thin film, TF90, de-
=0.27ug Which enables us to fit the experimental curve. scribed in Sec. lll. This should give a selective measurement
of the Fe magnetic moment for the near-buffer phase in the

Reflectivity (arb. units)

105k |

FIG. 2. Angular dependence of the reflectivitypen circles
measured at 11 keVtop panel and at 703.5 eMbottom panel
together with the best calculatiofisolid line).

A i e L SL90 sample.
=]
g 0‘1 0.12 T N T T T T T T
=4 0 ;
g £ 0.08
Q 51
E -0.1 [
2 0.04
Z 0.2 g
: :
-0‘3 1 1 1 1 1 1 L 1 5;
700 710 720 730 700 710 720 73 < 004
Photon Energy (eV) Photon Energy (eV) ' ) I

700 710 720 730 700 710 720 730
FIG. 3. Experimentalopen circleg and calculatedsolid line) Photon Energy (eV) Photon Energy (eV)

asymmetry ratios obtained for the SL70 superlattice,&ferl5° at

the Fel , 3 absorption edgesa) the calculated curve has been ob-  FIG. 5. Experimentalopen circley and calculatedsolid line)

tained assumindM g=2.1ug/atom, (b) same ag@a) but for Mg, asymmetry ratios obtained for the SL90 sample,ferl0° (a) and

=0.27ug/atom. 6=15° (b), at the Fe_, 3 absorption edges withl .= 2.1ug /atom.
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FIG. 6. Top panel: Energy dependence of the reflectivity mea- Photon Energy (V)

sured on a RggMin ; thin film at the Fel, 3 absorption edges for FIG. 7. Energy dependence of the reflectivity measured on a
two opposite orientations of the applied magnetic fieldat26°,  £q Mn,, thin film at 8°=20 for opposite orientations of the ap-
and the best calculatior{solid lineg with M g.=2.1ug/atom. Bot- plied magnetic field at the Mit, 5 absorption edge&op panels

tom panel: derived experimentapen circlesand calculatedsolid 544 at the Fé , 5 absorption edgeébottom panels The asymmetry
line) asymmetry ratios. ratios (open symbodlare also reported, the dashed line being just a

. __guide for the eyes.
Figure 6 shows the energy dependence of the reflectivity

at #=26° for two opposite directions of the applied mag- Figure 7a) shows the energy dependences of the reflec-
netic field (upper panel and the asymmetry rati¢bottom tivity together with the wealR spectrum recorded on TF90
pane) measured for TF90 at the Hs, ; edges, as well as at the MnL, ; edges at an incident angle=20°. Magnetic
their simulation. The calculations have been carried out ustesonances are clearly visible at the MpandL, edges. A
ing the structural parameters given in Table | and a magnetiderivative shape occurs at the NI3 edge. The observation
moment for the Fe atord 2= 2.1z /atom. Here, we show ©Of a nonzero magnetic signal evidences the existence of a net
that the energy dependence of the reflectivity may be quitéhagnetic moment carried by the Mn atoms in thig §én, ;
nicely reproduced and again a good agreement is found b&hin film. At the maximum,R is about 0.01+0.001. We
tween experimental and calculat®s. As the Mﬁg value hote that noise in th® curve is considerably reduce_d com-
found in a single phase system is identical, within the accupared to noise in Fig. (), while the R values are similar.
racy of the fitting, to the average value over the two phasedhis is due to changing the proportional gas counter for a
in SL90, we deduce that Fe atoms do carry the same magphotodiode. Figure (b) exhibits the reflectivity and th&
netic moment M29=2.1+0.1ug/atom in both distinct SPectrum obtained on TF90 at the Eg; edges at an inci-
phases' dent ang|90= 20°. .

In conclusion, XRMS experiments at the [Eg 5 edge, It is important to stress that, even though the [Feg.
performed on FeMn,_,/Ir SL’s of tetragonal symmetry, 7(b)] and Mn[Fig. 7(a)] asymmetry ratios, measured in the
yield a Fe magnetic atomic moment of 0:28.05.5 in the ~ S@me conditions {=20°), have the same spectral shape

single phase SL70 and of 2£D.055 in both phases of with the same sign, we cannot conclude on a ferromagnetic
SL90. coupling of both species. At variance with XMCD, where the

nature of the coupling Wolﬁldlgl?e directly determined from the
relative sign of the signals;"*“the dichroic effect exhibited
B. XRMS at the Mn L, 5 edges in the reflgctivity are not only due to the imaginary part of

In this section, we present resonant magnetic reflectivitthe magnetic dielectric constant but also to its real part as
experiments performed at the Mn 3 absorption edges. Two shown in Eg.(2). The mixing of the two components is
important questions dealing with the magnetism of Mn inweighted by the real and imaginary parts of the structure
strained FeMn thin-film alloys can be addressed: first, do théactor which areq dependent. Therefore, even for a given
Mn atoms carry a net magnetic moment and second if saglement, the sign of thR curve may change withj or 6, as
how is it coupled to the Fe one? In order to answer thesghown in Fig. 4. Moreover, it is worth noting that the energy
questions, we focused our study on the §én, 4 thin film dependences of the reflectivity shows an opposite behavior at
where Mn atoms are diluted in a high-spin matrix. We havethe Fe and Mn edgd#igs. 7a) and 7b)]. At the energies of
to mention that experiments performed on SL70 and SL9@he L, andL, resonances, the Mn reflectivity exhibits dips,
did not evidence a magnetic asymmetry at thelMiedges. whereas the Fe one shows peaks. Therefore, to conclude
This has been ascribed to the level of noise in the signahbout the relative orientations of the moments of two mag-
which was too high at the time of the experiment, preventinghetic species, the calculation of the magnetic asymmetry ra-
the observation of an eventual low asymmetry ratio. tios is required.
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FIG. 8. Experimentalopen symbolsand calculatedsolid line) FIG. 9. Evolution of the Fe magnetic moments in /Ma;

asymmetry ratios obtained for a fng ; thin film, for 9°=20, at  alloys as a function of the/a ratio of the bct structure. The SL70
the Mn L, ; absorption edges assumiy,,=1.7ug/atom antifer-  superlattice is shown by a diamond while the phases for SL90 are
romagnetically coupled tM . depicted by a circle. The atomic unit-cell volumes and the hypo-
thetical unconstrained structures are indicated for each sample. The
vertical dashed line at/a=1.2 indicates the critical value at which

Figure 8 displays the result of the calculation at the Mn magnetic transition is predicted to occur from Ref. 48.

edges. The solid line is obtained using the same structurd)
parameters as those used for the calculations at the Fe edges . _ .

(Fig. 6. The resonant charge and magnetic scattering factord'€ 9iven in Table I. This gives strong support for the values
are discussed in Sec. IV. The best agreement between expeff. ("€ parameters used in the calculation and make us confi-
mental and calculate® spectra is obtained by applying a dent in the vallqny of the determination of the Mn moment
scaling factor of~0.57. Then the amplitude of the averagedva/ue from the fitting of the asymmetry ratios at the Mp;
magnetic moment iMfAan —1.7+0.2u /atom, where the edges. Our XRMS measurement allows us to conclude that

minus sign indicates that the Mn net magnetic moment in atoms, ina bet¢/a=1.18) FggMno, thin f"”_" bear a
antiparallel to the Fe one. net magnetic moment of L, on average, antiferromag-
In the following, we discuss the effects of uncertainties in"€tically coupled with the Fe ones.

the determination of the roughness on the sign and amplitude, TW.O possible arrangements of the Mn subs.ystem could
of the Mn magnetic moment. The influence of the value ofdive rise to the observed signal at the Mn edge: a ferromag-

the interfacial roughness, which is known to be a crucial€ti¢ One with every Mn atom carrying the same magnetic
parametef®2 has been evaluated by calculatiRgspectra momenFM vn=~1.7ug and orlen'ted ant|parallel to thg ferro-
for different values of the roughness. It turns out that calcuMagnetically ordered Fe 2.4 first-neighbor magnetic mo-
lations performed assuming perfect interfaces—Q) to  MENts, or an uncompensated antiferomagnetic arrangement
compare to the values in Table | yield the same sign and aﬂf t.he Mn subsystem itself. Actually, such a system has theo-
amplitude value 10% lower, within the error bars. However,€tically *?ehe” predicted féolr 1 arr:d 2 Mn monolayers on
if the roughness of the surface of the Ir capper is increaseff&00D with & bet structuré. In a homogeneous gMno

from 1.4 to 5 A, while the roughnesses of the other interface@!0y: the second possibility is, however, quite unlikely to
are kept constant, a strong change is observed in the ampfRCcUr- The number of Mn-Fe first-neighbor pairs is about
tude of R which leads to a value of the magnetic moment©n€ order of magnitude larger than that of Mn-Mn ones,
lower by 50%. A further increase of this surface roughnesdMPIing that the Mn-Mn magnetic interactions are very few
progressively changes the shape of the energy dependence®iid cannot lead to a magnetic arrangement comparable to
R as well as that of the reflectivity curve. In the same way, ifthat of & monolayer. We thus think that Mn-Fe magnetic
the roughness of the FeMn-Ir capper interface is increaselfteractions are responsible for the global arrangement of the

from 2.3 to 5 A, the other roughness values being notYIn subsystem. Although the possibility of a nonhomoge-
changed, the small negative structure at 637 eV is enhancé&§ous Fe-Mn alloy, due to a superficial segregation of Mn
leading to a derivative shape for the resonance at thedge atoms for instance, cannot be fully ruled out, its effect s_ho_uld
and a positive peak replaces the derivative shape at jhe be very small since su_ch an effect leads to small deviations
edge. An opposite trend occurs when only the Ir buffer-Of the Mn concgntrgtlpn from the mean value avera_ged
FeMn interface roughness is increased. These trials clear prough the Ia_yef. This IS also sup_pprted by the observation
show that a careful determination of the interface roughnes at the Species selective f eflectivity measurements can be
is required. This is also true for the determination of theqlJ""r‘t"[""t'\/EIy simulated using a homo_geneous model. We,
thicknesses of the magnetic and capper layer especially whdf€réfore, conclude that each Mn atom in thg §n, , alloy

they are very close. With that aim, we performed a refine-Ca/1€S @ magnetic moment of the order-ef.7ug .

ment of the angular reflectivity measured in the soft x-ray
range at 703.5 eV. This corresponds to a determination of the
structural parameters, independent of the refinement per-
formed at 11 keV. The best fit is shown in the bottom panel XRMS experiments performed at the [Eg ; absorption

of Fig. 2. The values of the thicknesses, of the densities, anddges enabled us to determine the values of the magnetic
of the roughnesses fall within the error bars of the valuesnoment carried by Fe atoms in the different bct phases of
determined from the fit of the hard x-ray reflectivity which buried FeMn thin-film alloys. The structural and magnetic

VI. DISCUSSION
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findings are summarized in Fig. 9, where the amplitudes o&t aroundc/a=1.2, consistently with Krasko and Olson’s
the Fe magnetic moments in each phase are plotted aspaedictions.
function of thec/a ratio of the cristallographic parameters  Let us mention that, in all the samples of the present
describing the alloy structure. The values of the atomic vol-study, the atomic volume is less than 12, And lower than
ume of the elementary cell, as well as the phase which théhe volume for which the transition between a NM to a FM
FeMn layers would have if they were unconstrained, are alsbehavior is predicted for fcc FeV(E12.34 &) 2 In this
indicated in Fig. 9. The main result is that Fe atoms instudy, we show that, in a strain bctd=Mn ; alloy thin film
Fey gMn, ; samples are in a high-spiflS) FM state, whereas Whose hypothetical unconstrained phase is fcc, a HS FM
in the Fg-Mn, 3 sample they are in a low-spiLS) FM state may exist with a small atomic volume (11.§)A
state. through the tetragonalization of the fcc structure.

The growth of FggMn,; alloys in the SL90 superlattice Ve next turn to the discussion of the magnetic properties

has given rise to the formation of two phases which, respec?’ Mn. In the bct FggMng, thin film (c/a=1.18), the Mn

tively, originate from the deformation of the fcc and bcc m_agnetic moment is found to k_)e antife_rromagnetically
structures existing in bulk EBn,_, for x=0.94° This is aligned with the Fe one and its amplitude is about

interesting since it allows us to study the influence of the1'7'“3/atom' This AF coupling is opposite to most of the

structure on the magnetic properties for the same Fe and _nvallable experimental results, derived from neutron scatter-

: . ing, on Mn diluted in Fe. A parallel coupling has been ob-
concentrations in the alloy. As the bulk bccyRing 4 alloy : : - :
is FM ordered and the fcc one is AF, different magnetictamed' with different values of the Mn moment, ranging

from 0.77ug (Ref. 50 to 1ug.>! Nevertheless, an antiparal-
states would be expected for the two phases of sample SLof, (-0 81(5/33() orien?ationugf a Mn moment has alsc? been

However, surprlsingly, we found that both phases have th?ound?z as well as a null Mn momerit We stress that our
same HS FM behavior. In fact, these results can be undefeasurements are species selective. In that sense, it is a more
stood by regarding the magnetic properties of the Fe atomgjrect probe of the Mn magnetism than neutron-scattering
as a function of thec/a ratio of the elementary cell. This measurements are. Even though the uncertainty on the deter-
ratio enables us to describe the tetragonalization level of thghination of the magnetic moment amplitude is closely re-
bct structure which varies from/a=1 for a bcc structure to  |ated to the uncertainty in the value of the Mn moment de-
c/a= /2 for a fcc one. We have shown that Fe atoms carryrived from XMCD analysi$* and so could be large, the
a HS moment in the two phases of SL90 and in theantiparallel orientation of the Mn moment relative to the Fe
Fey Mng 4 thin film (of ~2.1ug per atom as bulk bcc Fe one is unquestionable. Nevertheless, we cannot exclude that
until at leastc/a<1.2. This observation is consistent with the magnetic Mn state can be very sensitive to the sample
the results of theoretical studies performed by Krasko angbreparation, leading to the different observed behaviors.
Olson on bct FE® Within a Stoner-model approach, they  Actually, Mn is a very critical case as reported in several
have found that going along the Bain path from bcc to fcc,calculations concerning the electronic structure and magnetic
the Fe FM phase is first stable, updata=1.2. Beyond that properties of 8 impurities in ferromagnetic iror*=>6 Our
a transition occurs and the NM phase is stable at higher result is in good agreement with the calculations of Akai
values. However, one should point out that the authors digt al>* who found a Mn magnetc moment of
not consider the magnetic AF state which is that of the bulk—1.7ug/atom and with a more recent result of Paduani
fcc FeMn system$&? et al. who found for an isolated Mn atom in a Fe matrix a

In the case of SL70, Fe atoms are found in a FM state anthagnetic moment of- 1.1 /atom?® However, it strongly
carry a low magnetic moment aboet0.27ug per atom. disagrees with the calculations of Drittlet al>® which give
This LS FM state is a magnetic phase since bulk/Mn,;  a Fe-Mn ferromagnetic coupling with a Mn magnetic mo-
alloys are AF ordered. Its existence might be correlated tanent of about 0.4 . The explanation for these contradic-
the strong tetragonal distortio/a=1.22, which deviates tory theoretical results can be found in the dependence of the
this artificial FeMn phase far from the stable AF fcc bulk magnetic momenM of a 3d impurity in iron on the atomic
phase. numberZ. The calculated variation o exhibits a sharp

It is worth observing that in Fell001) superlattices, cor- transition from negativéAF coupling to positive(FM cou-
responding tox=1, a magnetic transition has also been ob-pling) values aroundZz=25 (Mn atomic number with in-
served(at 4 K) from a NM (or AF) state to a HS one when creasingZ values>*® Depending on approximations in the
going through the Bain’s path from the fcc structure to thecalculation, such as the exchange-correlation potential or the
bcc one, with an intermediate LS state which occurs at a vergngular momentum cutoff, this transition may be found to
similar c/a value of 1.24—1.28.This shows that the Mn occur at values larger or smaller thar 25.°° Both coupling
concentration does not play a direct part in the change of theituations can even be found to be stable for Mn in bcc or in
magnetic properties. However, it does play a part in the infcc Fe, as has been shown by Anisintv.
crease of the tetragonalization induced by the Ir substrate, In any case, we know that the structure of féng 4 is
since thec/a parameter varies from 1.17 in SR1 to 1.22 in strongly tetragonalizedc(a=1.18), which induces a sym-
SL70 and 1.3 a Mn/Ir multilaye?? It probably does also play metry reduction and, therefore, a change in the hybridization
a part in the amplitude of the reduction of the magneticbetween the 8 states of the impurity and those of the matrix
moment?® element. Our result thus indicates that thia value is a

All these results on FeMn alloys witk=0.7 strongly  pertinent parameter which should be taken into account in
support the existence of a transition in Fe between the ferrathe theoretical calculations and influences Zhealue of the
magnetic HS state of the bcc structure to a XM AF) state  transition.
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VII. CONCLUSION On another hand, this work also illustrates that soft x-ray
resonant magnetic reflectivity in the transverse mode is a

a centered tetragonal structure, have been investigated werful element-specific magnetometry method when com-

linearly polarized soft x-ray resonant magnetic reflectivity. med_w@h a proper computational formahsm_allowmg Its
Taking advantage of the atomic selectivity of the method, wdluantitative simulation. We have shown that it is pOSS|bIe_ t_o
have been able to measure the Fe magnetic moments in tRg@lyze small changes in the energy-dependent reflectivity
different phases found. We showed that the drastic reductiond to extract weak values of the magnetic moméhese

of the Fe magnetic moment betweer=0.9 and x=0.7 0.3ug) in a thin buried layer. It is of special interest for films
mainly depends on the value of tiséa ratio, a andc being contai.ni.ng sgveral magnetic elements becguse of its ;pecies
the structural parameters in the bct structure. The change &glectivity. Finally, the data are recorded in a very simple
behavior between HS to LS occurs arounc/a value of 1.2,  SPecular scattering geometry. Therefore, this technique ap-
close to the one theoretically predicted for bct (Ref. 49 pears tp be promising for future |r_1vest|gat|ons of very thin
and experimentally found in Fe(001) superlattice§. These  films, either amorphous or crystalline.

experimental results allow us to discuss magnetic properties

of Fe alloyed with Mn, when going through the Bain’s de-
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