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Resonant magnetic scattering of polarized soft x rays: Specular reflectivity and Bragg diffraction
from multilayers
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We have measured resonant magnetic scattering of elliptically polarized soft x rays from magnetically
ordered Fe/Co multilayers, tuning the photon energy across phedges of Fe and Co. Specular reflectivity
was measured for a series of angles of incidence as a function of the photon energy. Bragg diffraction was
measured performing/26 scans for several photon energies. In both cases, large magnetic signals were
observed, up to 20% peak to peak in the asymmetry ratio. An estimate of the variation of the real part of the
refractive index through the F&; edge is derived from the Bragg peak displacement versus energy.
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I. INTRODUCTION sample, but at the same time we also wanted to test the
i i ) . feasibility of resonant magnetic scattering experiments using
Magnetic effects on 'el'astlc x-ray scatterifigragg dif- elliptically polarized soft x rays from a bending magnet
Lractlon, ipecular re?];l_%,c.?;]/'ty or diffuse scatter]ra{cela Welllf- beamline. The measurements were performed on the Ad-
hown pheénomenaon. ey represent a powerful tool for 5 -qq Light Source beamline 6.3.2 at BerkéféyThe

investigating magnetic materials since, as has bee . e .
shown?‘ﬁ they are strongly enhanced when the photon en_Beamllne, based on a Hettrick-Underwood design, has no

ergy is tuned across an absorption edgsonant proceks entrance slits to the monochromator, which uses a varied

The resonant enhancement of the magnetic scattering hgghe-space grating, and features several mechanical solutions
W

mainly been investigated at high photon enerGjig&in order ich guarantee high s_tability and ease of opt_eration. In o_rder
to match the Bragg law for the typical lattice spacings ofto change the polarization state of the light without affecting

crystals. In the soft x-ray range, even larger effects are ex@ither the optical alignmen.t of the beamline or the_(;alibration
pected, working, for instance, at the 2dges of transition ©f the energy scale, we simply modified the position of the
metals of the first row or at thecBedgeS of rare earths vertical jaWS that define the angular acceptance at the en-
(300—1500 eV, but the corresponding long wavelengths pre-trance of the monochromator. Linearly polarized light is ob-
vent the use of single crystals. Two approaches have bedained when selecting a vertical accepted angle symmetric
adopted recently in this energy randé) The study of the with respect to the orbit plane of the electrons in the ring. To
Bragg diffraction from artificial structures of appropriatd 2 have elliptically polarized light of positivénegative helic-
spacingt!? (2) The analysis of the specular reflectivity, ity, only the portion of the beam emitted abogelow) the
which contains analogous information but has no constrainterbit plane should go through the monochromator. A good
related to the lattice spacing:'’Both approaches have their compromise between flux and polarization rate was found
own specific advantages: for instance, working under Braggccepting the beam within the (0:4D.05) mrad angular
conditions provides information about tiimagneti¢ period-  range above the orbit plane. In these conditions, the circular
icity in ordered structures, while resonant reflectivity canpolarization rate of the collected photofmt affected by the
easily be related to electronic properties and absorption spegrazing incidence monochromatas calculated to be about
tra. An important aspect common to all thesonantx-ray-  g0os, in the energy range that we us@50—850 eV. The
scattering techniques is the element selectivity which is ingyit slits were set at 5@m, for a resolving power of 1200
herent to working at a specific absorption edge: under thesgn 3 flux of~ 10.° photons s * on the sample at the Fep2
conditions, x-ray scattering in fact becomes a spectroscopyedges_

Measurements were performed er situdeposited me-
tallic layers, as well as on multilayers and crystals. The

The aim of our experiment was to compare the magneticamples were magnetized along the intersection between the
signal in reflectivity and diffraction from a givemultilayer) surface and scattering planes by a permanent magnet placed

Il. EXPERIMENT
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o ) FIG. 3. 6/26 scans at different photon energies close to the Fe
FIG. 1. Reflectivity curvesleft pane) taken at different angles | . edge(a). Continuous and dotted lines are for opposite magneti-

of incidence as a function of the photon energy, over a range inzation directions. The difference curde) for hv=704 eV and the
cluding the 2 absorption edges of both Fe and Co. The sample is;symmetry ratidc) are also given.

a 11.5 A Fe / 20 A Co, Fe-terminated multilayer. The right panel
shows the corresponding asymmetry, i.e., the ratio between the dif- . )
ference and the sum of the reflectivity curves measured for opposi@Symmetry curves is related to the interference between the
helicity/magnetization orientations. real and imaginary parts of the refractive index through
Fresnel's equations. It can also be noted in Fig. 1 that for
behind the sample holder generating a field of approximately=1° the reflectivity is almost constant away from the Fe
800 G at the sample position. The magnet could be rotated igP €nergy region and the signal from @gecond layercan
vacuum around the axis normal to the sample surface, usin@ardly be detected. Figure 2 shows in more detail the reflec-
a stepper motat® In this way we could change the relative tivity spectrum measured a#=5° for a different Fe/Co
orientation between photon helicity and sample magnetizamultilayer (21.5 A Fe / 29.5 A Cp the curves for opposite
tion for each scan without affecting the sample alignment. Ifmagnetizations and their difference are reported in the left
the end station of line 6.3.2 the scattering plane is verticaPanel, while on the right we have the asymmetry ratio. The
(i.e., orthogonal to the plane of the ring’he sample and the fine structure that can be clearly observed in betweert the
detector can be rotated around the same axis in an indepe@ndL, iron edges indicates that, when working on metals, a
dent or coupledb/26 mode. We performed energy scans atresolving power of=~1x10® is sufficient for a detailed
fixed scattering angles and al#20 scans at fixed photon analysis of both the reflectivity and its magnetization depen-

energies.d is measured relative to the sample surface. dence.
On the same sample, we also measured the Bragg diffrac-
IIl. RESULTS tion from the periodic structure of the multilayer, when the

photon energy approaches th@ 2esonances. Figure(®
Figure 1 reports the magnetization-averaged reflectivityshows a few examples of a series @26 scans taken for
curves for an Fe/Co multilayerl1.5 A Fe / 20 A Co, Fe-

terminatedl measured at different angles of incidercever
a photon energy range including both Fe andlGa edges.
The right panel of Fig. 1 shows the corresponding magnetic 1.001 }
part of the resonant scattering, presented as the asymmeti
ratio (It —17)/(1*+17), wherel* is the intensity for the

photon helicity parallel or antiparallel to the magnetization.
The strong angular dependence of both reflectivity and
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FIG. 2. Resonant reflectivity curves for opposite magnetization FIG. 4. Photon energy dependence of the effective refractive
directions in a 21.5 A Fe / 29.5 A Co multilayer. The difference index n. value for the 21.5 A Fe / 29.5 A Co multilayer, as ob-
(X5) and the asymmetry rati@ight pane] are also given. tained from the Bragg peak position.
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various photon energies just below the Fe;2 edge. For tivity and Bragg diffraction at the 2 resonances. Specular
each energy, two curves are reported corresponding to oppeeflectivity has the advantage of being free from constraints
site magnetization/helicity orientations. Apart from an in- on the existence of a periodic structure and on the value of its
creased intensity of the diffraction peak, there is also an evitattice parameter. The preliminary measurements that we
dent enhancement of the variation with the magnetic fie'(:berformed to characterize our experimenta| Setup were con-
when the photon energy gets closer to the edge. The result gfycted on a simple Fe film deposited on silicon and in a
a 0/20 scan taken at 704 eV is shown together with theprevious work a Ni single crystal was studied: in both cases,
corresponding asymmetry ratiigs. 3b) and 3c), respec- 5 Bragg peak would have been available at ther@so-
tively]. The displacement with the photon energy of thep,nces Figure 1 also shows that the probing depth of reso-
Bragg peak on the angle scale is certainly related to g, refiectivity can be roughly tuned to enhance near sur-

changljettlndwavelen%rt]h, bUIt{[ per3|ststev§£0\;\)/\hephyhe CUNVE&R ce contributions. Finally, working at grazing angles gives
are plotted versus the scatlering vectar - 1his en- high reflectance and, consequently, fast data collection

ergy dependence originates from the sharp variations in th{eabout 20 min to measure one atomic layer of nickel on

real part of the refractive inder close to an absorption coppe?®. On the other hand, resonant Bragg diffraction is a

edge. The effectiva value for the multilayer as a function ' ) . . ?
of the photon energy is plotted in Fig. 4. These values werdnique tool to investigate the periodicity and interface rough-
ness of multilayers, both in terms of structure and magne-

obtained from the Bra eak positigiy according to the
ewp positidi g tism. Moreover, Fig. 4 shows another interesting application

approximate relation ] v . X !

of this technique, namely it provides access to a direct deter-

A ) N mination of the real part of the index of refraction through an

2d sinfg 2d ; o _

] ) ) In conclusion, both specular reflectivity and Bragg dif-

;or the multilayer spacind we took the nominal value of 51 graction represent important tools for characterizing mag-

- The curve in Fig. 4 should still vary for higher photon e materials, especially in the form of thin films and mul-

energies, and larger magnetic effects are expected at the &(,vers  Given their absolute compatibility in terms of

act 2p3, edge positioniabout 707 eV for F but we could experimental setup, they should be performed together

QS:T]ST:; d;]f;:?)ztl;)r\r::igzii( ;?Zfbu-lt-hgi rﬁ::()tg 'tfat/healltt;%t?%henever possible. The maximum magnetic asymmetry ratio
P P 93btainable depends on the adopted geometry, but it is easily

approximately 275 A of Fe to be reflected at the first Fe/Co . : : 12
interface and come out again. This distance is larger than th s high as pbgeryeq n absorptlon or even hidfief’. To- .
absorption length at the maximum of the Eg edge, hence gether with its |ntr_|n3|c photon-ln—photon-out chgracter_, tr_us
photons of 707—710 eV can hardly feel the periodic structurdnakes the technique perfectly suited for semiquantitative
of the multilayer. In general, the Bragg peak is bound to gefnagnetometr)(element _speC|f|c_hystereS|s loops, orientation
broader at resonance since the increased absorption redu@seasy axes, ete.In this experiment, we have also shown
the number of planes scattering in phase. If the Bragg peaihat the monochromator and the end station of beamline
remains measurabl@ow oscillator strength and/or reduced 6.3.2 at the Advanced Light Source are perfectly suited for
thickness of the absorbing element for a giveth & the  resonant magnetic scattering experiments in the soft x-ray
multilayen, data can easily be corrected for absorption andange. The location of the beamline on a bending magnet
still give very useful informatiort}*? source means that a wide energy range may be covered with
The enhanced surface sensitivity in the proximity of aonly smooth variations of the incoming intensity, albeit at
resonance is also indicated by the appearance in Figjo8 the price of a lower flux. Together with easy tunability of the
a second Bragg peak. Combined absorption measurementspolarization state, this represents a major advantage over an
total electron yield modéprobing depth~ 20-30 A indi-  insertion device delivering high flux in narrow energy bands,
cate that a partial oxidation of the top layer might be at thefor this kind of spectroscopy.
origin of the altered Bragg peak position through a change of
the actual top layer thickness and/or of its refractive index.
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