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The magnetic structures of a (Fe/@gdmultilayer are determined by resonant x-ray magnetic scattering
using circular polarized light of energies tuned close to theLGuhd the FeK absorption edges. Difference
superlattice Bragg peaks observed by flipping the photon helicity show that the magnetic moments of the Gd
layers are directed antiparallel to the in-plane applied field at temperatures higher than 180 K, and are twisted
below. The local Gd magnetizations in each 5.4-nm-thick layer are highly nonuniform in both magnitude and
twist angle in the out-of-plane direction: the interface sublayers nearly fully magnetize at room and low
temperatures under the influence of the adjacent Fe magnetizations, whereas the central sublayers show mea-
surable spontaneous magnetizations at 200 K and below. An application of- e 1) law shows a reduced
Curie temperatureT.= 214 K) compared with bulk Gd for the central sublayers, while=1023 K for the
interface sublayers. The interface and central sublayers exhibit distinct twist behaviors as a function of tem-
perature below the compensation temperature, indicating the short-range nature of the Fe-Gd interaction. The
element-specific resonant x-ray scattering confirmed the antiferromagnetic arrangement of the Gd and Fe
moments at room temperatuf&0163-18209)03037-4

[. INTRODUCTION difference Bragg peaks observed in the=0° and 90° ge-
ometries showed- and + signs, i.e., negative and positive

Fe/Gd multilayers with alternately stacked iron and gado-profiles, in the odd- and even-order reflections, for both
linium layers show a reversible change of magnetic structuraligned and twisted states. It was suggested that this feature
between the aligned and twisted states depending on thariginates from nonuniform magnetizations of gadolinium
strengthH of an applied in-plane field and on temperaturelayers over the 5-nm thickne&s.
T.1~" The antiferromagnetically coupled Fe and Gd moments Resonant x-ray magnetic scattering has proven to be a
line up with the applied field in the aligned state, whereasuseful technique to study magnetism. It profits from the sig-
they make finite in-plane angles to the field in the twistednificant enhancement of the magnetic scattering signal when
state. At a fixedH, the state change occurs near the compenthe x-ray photon energy is tuned to an absorption €de.
sation temperature, where the iron and gadolinium layerdhe resonant enhancement is particularly pronounced at the
have similar magnetizations of opposite signs, thereby yieldspin-orbit splitL and M edges of the 8, 4f, and 5§ mag-
ing a minimal net magnetization in the multilayer. In this netic atoms. The availability of intense, energy-tunable,
temperature regime, the multilayer in a low external mag-highly polarized x rays from synchrotron sources has en-
netic field tends to decrease the sum of the Zeeman ener@pled resonant x-ray magnetic scattering to become a pow-
and the exchange energy by arranging the Fe and Gd merful probe of magnetic structures in surfaés and thin
ments noncollinear with the applied field like in spin-flopped films #4-2The signal is element specific and can be as large
antiferromagnets. Theoretical modeling of the aligned-to-as several percent of Thomson scattering, in contrast to the
twisted phase transition shows that the decrease in the Zesenresonant magnetic scattering that is not element specific
man energy by directing the antiparallel G8e) moments and is typically three orders of magnitude weaker in ampli-
towards the parallel orientation is larger than the sum of theude than Thomson scattering. At small scattering angtes 2
increase in the Zeeman energy by directing the parallel Fa circular polarized probing beam is required because of the
(Gd) moments away from the field direction and the increasdan 29 factor involved in the scattering of plane polarized x
in the exchange energy by destroying the antiferromagneticays'® The observed signal includes pure charge scattering,
configuration of the Fe and Gd momehts. pure magnetic scatteringesonant and nonresonant compo-

Our previous resonant x-ray magnetic scattering experinent and charge-magnetic interference scattefinghe
ment confirmed the presence of canted Gd moments in thiast component is isolated by calculating a differenice,
twisted state of an Fe/Gd multilayBThe difference signal, —1-, of the two scattering intensities measured with right-
I*—1", observed at the GH edge, showed finite multilayer handed+ helicity) and left-handed— helicity) circular po-
Bragg peaks in theb=90° geometry in which the plane of larized probing photons. The helicity flip technique is pref-
x-ray scattering made a 90° angle to the applied field. Theerable to field reversal, as all magnetic moments in a
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140 K, indicative of field-induced magnetic structure
g changes in the multilayer. Figure 1 is a plot of the inflection
o1 fields H;y; versusT. We expect that the sample is in an
= ! iy * 1 aligned state on the right of the traced curve and in a twisted
state on the left. At a fixed field,H= 2.4 kOe, for example,

N the transition should occur &* close to 160 K.

] We collected magnetic x-ray data on the SRI-C{Syn-
chrotron Radiation Instrumentation Collaborative Access
Team 1-ID beamline at the Advanced Photon Source, Ar-
00 50 300 gonne National Laboratory, using circular polarized x-ray
Temperature T (K) beams of energies tuned close to thgabsorption edge of

Gd. The setup and the measurement procedure are similar to
FIG. 1. Inflection fieldsH;y versus temperaturd (closed  those reported previousfyWe controlled the undulator gap
circles for the magnetization curves observed from the Fe/Gddistance in the light source to maximize the photon flux at
multilayer. The solid line is a guide to eye. Open circles show the7 25 keV in the first harmonic peak. The beamline optics
temperatures at which the mggnetic x-ray sc_attering data were cojised a cryogenically cooled ($i11) double-crystal mono-
lected. The inset shows a typical magnetization curve. chromator, followed by a diamond quarter-wavelength plate
and a flat harmonics-rejection mirror. The phase plate, 0.4
nonsaturated magnet do not necessarily reverse their dil’eﬁ1m in thickness, was in the Symmetric Bragg_case 111 re-
tions in a reversed external field. The interference signal iglection, and the transmitted beam was used for the experi-
only sensitive to the magnetization component parallel to thenent. The Fe/Gd sample, X4 x0.6 mm in size, was
plane of scattering. This allows us to study the spatial orienmounted inside a Displex cryostat with a NdFeB magnet.
tations of local magnetic moments in ferromagnets. ThePurpose built pole pieces allowed an in-plane fi¢kl to be
technique features a high momentum resolution and surfacgpplied to the sample without blocking the grazing x-ray
sensitivity. A much smaller sample volume is required thanpeams in arbitrary azimuthal directions. All data were col-
In neutron scattering. lected withH=2.4kOe. We flipped the photon helicity by
In this paper, we first describe in Sec. Il an experimentpscillating the diamond plate, with a piezoelectric actuator,
which measured the resonant magnetic specular reflectionetween thet-0.42 and—0.42 mrad positions offset from the
from a[Fe(3.5nm/Gd(5.4nm];s multilayer using a circular 111 Bragg peak during— 26 scans, which measured specu-
polarized probing beam. Our previous Fe/Gd sample, fofar reflections from the sample at room and low tempera-
which x-ray data were presented elsewHenad no protec- tyres. The sum intensity" +1 - represents the charge scat-
tive surface layer and could have been affected by oxidatiortering, while the differencé* —1~ is due to the resonant
We prepared a new sample and repeated x-ray measuremeg{ggnetic-charge interference scatteriigA dynamical-
for the present work. In Sec. Ill, we determine the magni'theory calculation indicated- (+) helicity for the + (—)
tudes and orientations of local magnetizations in the alignegfset position of the diamond in the setup used. The esti-
and twisted states of our sample, using the newly developeghated degree of circular polarization in the transmitted x-ray
formulas which are presented in the Appendix. In Sec. IV,neam is 0.994. The whole cryostat was rotated by 90° on the

we discuss the derived structures by comparing them withy, axis of a Huber goniometer to switch tife=0° and 90°
data from other experiments. Finally, Sec. V concludes thgyepometries.
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paper. Prior to the scattering experiment, we located the photon
energies(E) at which resonant enhancement occurs on the
Il. EXPERIMENT magnetic cirpular dichroi¢€MCD) absorption spectrum of a
metal Gd foil. The bulk of our Fe/Gd scattering data was
A. Procedure collected using photons of 7243.5 eV, 2 eV below the MCD

The Fe/Gd multilayer investigated has 15 bilayers of 3.5Peak observed at the Gd; edge. The MCD data also served
nm-thick Fe and 5.2-nm-thick G@lesign values grown on  to evaluate the resonant magnetic scattering factors of Gd
a silicon (111) wafer in a vacuum-deposition chamber (3 atoms(Fig. 2. The real partf;,(Gd) was derived from the
X 10 " Pa) equipped with E-gun evaporators and a quartmeasured imaginary parft,(Gd) [see Eq.(2)] using the
thickness monitor. The substrate was kept at room temperdsramers-Kronig relation.
ture, and the first grown layer was Gd and the last layer was In all plots to be presented hereaftef(l 7) is the signal
Fe. The deposition rate was 1.2—1.8 nm/min for both Fe andheasured with at+ (—) field applied on the sample. We
Gd. A protective silicon layer, 3.5 nm in thickness, was de-define the direction of an in-plane field with reference to the
posited on the top surface. X-ray diffraction scans showedhelicity vector of the incoming x-ray beam as shown in Fig.
that both iron and gadolinium layers are polycrystalline. An3 which is taken from Ref. 8. In the¢=0° geometry, the
identical multilayer was grown on a Kapton film in the samefield is + (—) when theB vector is directed parallglanti-
deposition run for magnetization measurements. The magngaralle) to the projected helicity vector. Circular polarized
tization (M —H) curves, measured at various temperaturedight with + (—) helicity has a helicity vector parall¢anti-
using a SQUID magnetometer with a field applied parallel toparalle) to the wave vectok. The field directed towards the
the sample surface, showed rapid initial increases. This wadownstream x ray is thet (—) for light with + (—) helicity
followed by a slower rise in which an inflection was ob- in our definition. In the¢p=90° geometry, the8 vector of
served(inset in Fig. 1 for temperature$T) between 240 and the + (—) field is rotated clockwis¢counterclockwisgfrom
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Photon energy £ (keV) vector of the applied magnetic field is paral{@l) and perpendicu-

FIG. 2. Resonant magnetic scattering factors of Gd atoms neA?r (B) to'the P'aﬂe of scattering defined byan_dk’. The scatterin_g
the L; absorption edge versus photon eneByyf: real part,f;: vectgrq IS pointing ouF of the page. For Z.i.”ght circular polarized
imaginary part. Error bars are smaller than the size of the symbol%otk::ng beam If_)’ tr:je f'el_% d(ljrgctltct:n 'f‘ ptosmve in bottA) and(B)
The broken vertical lines show the three photon energies used f € convention described in the text.

take the data shown in Fig. 6. Figure GA) compares the normalized difference specular

: - : - ; ks observed with photons of slightly shifted energies,
the projected helicity vector, as viewed with the scatterlnggea PN
vectorq head on. In our definition,* (17) is the x-ray in- =7243.0, 72455, and 7247.5 eV, Bt-300K and$=0°.

tensity measured with a field of a sarupposite sign as the There is a clear sign-change in the Bragg peaks at 7247.5 eV.

photon helicity of the incoming beam. One can use an aIterTh'S is due to the energy variations of the scattering factors

native definition for field direction, but an unambiguous defi-Of Gd atoms near the; edge. At the threg energies chosen,
nition is essential to unique determination of the magnetizaﬂ)e real_ part Of_ the resonant magnetic scattering _f_actor,
tion orientation from x-ray data. fm(Qd), is 'negatlvgly maximal, nearly zero, and positively
maximal (Fig. 2). Figure §A) shows a strong: dependence
B. Results of the resonant x-ray magnetic scattering, although the pro-
) ] o file change observed is not solely due to the varfigtGd)
Figure 4 plots the average intensities™ ¢-17)/2 mea- 53¢ (Gd). The resonant magnetic-charge interference scat-

sured from the Fe/Gd sample &=7243.5eV andT  o/ing s affected by th&-dependent charge scattering fac-
~300K in the¢p=0° geometry. The prominent four Bragg tors ' (Gd) andf”
C

ks indi hichl dered chemical £ ih <(Gd), as well, which show similar strength
peaks indicate a highly ordered chemical structure of e, iatinns to the magnetic scattering factors in the vicinity of
multilayer. The reflectivity profile is consistent with the .
layer-thickness,.— 3.48+ 0 11 andt e, 5.43-0.11 nm, de- ¢ absorption edge.
t2¥r?1ri;1e§ br;/e; fiie(;f é similér praorf]ileeﬂe_co.rded dn ar:;nb'or:t-ory In all data presented thus far, Gd is in resonance, but the
Jpreliminary data in Fig. were obtained atE
reflectometer at a Gl x-ray source. The least-squares fit b y 9. @

refined the uniform electron densities in the iron and gado-:7111'oev close to the P absorption edgeT 300K,
linium layers to 0.880.05 and 0.9 0.06 relative to those ¢=0°). Al difference Bragg peaks show positive profiles.

) The chosen x-ray energy is located 0.5 eV above the nega-
D e e ol Cae peak n an MCD spectum measured wih an fon ol
= VU. - = - ] 4 >0. _ H H
at the Fe/Gd interfaces. We evaluated the chemical structur, here fr,(F&=>0. A K-K conversion showed a positive

parameters at the off-edge energy, where the anomalous di (Fe) at this energy.
persion effects are unimportant and the scattering factors are
more accurately known.

Figure 5A) shows (" —17)/(1"+17)gagq for the four _
Bragg peaks, observed in the=0° and 90° geometries for  YSiNg EQ.(A1l), a number of models were tested to
T=300, 240, 200, 180, 160, and 140 K. The ordinate showsimulate the observed difference Bragg peak profiles, show-
the x-ray counts of the difference intensities divided by thosé"d the =, +, —, and + signs for the first-, second-, third-,
of the sum intensities at the individual Bragg peaks. A salient Mormentum transfer g (™)
feature in Fig. BA) is the reversed signs of the odd- and 0 1 2 3
even-order Bragg peaks. The first-order peaks are obscured 10°f ‘ ' '
by the photon statistics but appear to have negative profiles

. MAGNETIC STRUCTURE MODELS

accompanied by positive bumps or plateaus on the lew 2 S
flanks at some temperatures. In FigA) for ¢=90°, defi- 210°]
nite peaks are observed at 160 and 140 K, whereas peaks are S
much less prominent at and above 180 K. This indicates 5
finite perpendicular components of the Gd magnetic mo- 100l

ments in the sample at 160 and 140 K, which vanish at and
above 180 K. Taken together with the finite peaks at all
temperatures in Fig.(B) for ¢=0°, the result shows that the
Gd moments are aligned with the external field above a tem-
perature between 160 and 180 K and are canted below. This FIG. 4. Charge specular reflection profile of the Fe/Gd
picture is consistent with the;; behavior in Fig. 1. multilayer sample measured at the Ggledge.

2 4
Scattering angle 26 (degree)
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FIG. 5. Temperature variation of the first-, second-, third-, and fourth-order difference Bragg peaks from the Fe/Gd multilayer sample,

normalized by the x-ray counts at the individual sum Bragg péassshown. (a) for the ¢=0° geometry andb) for the =90° geometry.
(A): observed(B): simulated. Theé * — 1~ signal strengths in thg=0° geometry at 200 K are 7196, 3689, 470, 263 cps at the first, second,

third, and fourth Bragg peaks, respectively.

A) (B}
1st 2nd 3rd 4th 1st 2nd 3rd 4th
012 = . . . ; ,
7247.5eV 7247.5eV
0.09 W g w ] \/ . -
@ 11 72455ev J\
% 72436V J\ J\
008 > 3 4 1 2 3 4

Scattering angle 26 (degree)

FIG. 6. Energy variation of the four normal-
ized difference Bragg peak profiles in the vicinity
of the GdL ; edge.(A): observed(B): simulated.
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1st 2nd 3rd 4th parallel components of the local gadolinium magnetizations
are directed opposite to the applied field. The posiBﬁe’n
Fig. 8B) indicates that the perpendicular components of the

(A
0 & s w ié same magnetizations are rotated in the counterclockwise di-

0.02

rection from the field direction when viewed from above the
multilayer surface. Symmetric exponential profiles of type

(/ o Wi MO A )Bragg

0.008 - ® 1 a+b[exp(—t/n)+exp{(—tgytt)/7}] were used to describe
0.004 - J\ /\ J\ j\ ] the nonuniform magnetization over the mean film thickness
0 teq, With parameters, b, and 7 varied until the main fea-

] > 3 2 tures of the data were reproduced for the individual tempera-
Scattering angle 20 (degree) tures. This function was used independently to fit the parallel
and perpendicular magnetizations. For #we 90° geometry,
FIG. 7. Normalized difference Bragg peaks at thekredge e assumed=b=0 for temperatures higher than 180 K,
from the multilayer at room temperatur@): observed(B): simu-  where no definite Bragg peak was observed. A comparison
lated. with Fig. 5(A) shows that the calculated profiles in FigB5
well reproduce the relative Bragg-peak heights observed in
and fourth-order reflections, respectively, in FigAk The the ¢=0° and 90° configurations. Figur€E includes no
resonant magnetic scattering factors of Gd atoms were readagnetic scattering from Fe. This is justified by the fact that
from Fig. 2 and identified ag,, andg), [see Eq(A19)]. The  the experimental photon energy is away from the nearest Fe
charge scattering factors were derived from the nonmagnetiabsorption edge by more than 100 eV.
absorption datd,” +1~, obtained in the MCD measurement.  In Fig. 8, the gadolinium layers significantly magnetize
The nonresonant Fe charge scattering factors were takely in the interface regions close to the iron layers at tem-
from Cromer and Libermaff. We assumed uniform electron peratures higher than 240 K. At 160 K, the twisting occurs in
densities in both iron and gadolinium layers, with abruptthe interface region, but the deviation from the aligned struc-
changes at the interfaces. Models assuming uniform magnéure is small. The twist angles of the interface magnetizations
tizations, either positive or negative, for the fifteen gado-increase at 140 K, and the magnetizations in the film interior
linium layers did not produce difference Bragg peaks of al-are nearly perpendicular to the field. These features are more
ternating signs consistent with the data. To explain theclearly seen in Fig. 9, which shows the schematic magnetic
observed peaks, we had to assume that each gadoliniugiructures composed from Fig. 8.
layer magnetized nonuniformly along the out-of-plane direc- Further support for the derived magnetization structures is
tion. Under the simplifying assumption that all fifteen gado-provided by the Bragg peak profiles at the shifted x-ray en-
linium layers have the same magnetic structure, the observegfgies. Figure @) is calculated from th(S',‘) profile for 300
peak sign pattern was reproduced by the models assumirtg, using theg,,(Gd) and g, (Gd) evaluated in Fig. 2 at the
larger antiparallel magnetizations in the interface regiongelevant energies. The Bragg peaks of reversed signg for
than at the centers of the individual films. Figui@bshows =7247.5eV are nicely reproduced. A closer comparison
best fitting simulations. These are calculated from the modelith Fig. 6(/A) shows a fairly good agreement in the relative
magnetization structures shown in Fig. 8, where each gadgeak heights.
linium layer is divided in twenty sublayers of equal thickness  Because of the antiferromagnetic coupling of Fe with Gd
(p=20). The negativeS‘l'J in Fig. 8A) indicates that the at the layer interfaces, the iron moment may be directed par-

(&) §=0° (B) $=90°

D

Local magnetization S (arbitrary)
Lacal magnstization S,f' (arbitrary)

10 20 0 0 20
Gadolinium sublayer p Gadolinium sublayer p
FIG. 8. Model magnetization structures for the gadolinium layer. A 5.43-nm-thick gadolinium layer is divided into twenty sublayers to

calculate the difference Bragg peak profiles shown in FiB)5A) for the ¢=0° geometry andB) for the ¢=90° geometry. The applied
field H is directed upward ifA) and out of the page i(B).
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FIG. 9. Schematic magnetization structures of the gadolinium 0 0 160 2(')0 360

layer in the Fe/Gd multilayer for 300 KA), 200 K (B), 160 K (C),

?)s L Temperature T (K)
and 140 K(D). Arrows show the strengths and directions of local

Gd magnetizations over a 5.43-nm-thick gadolinium lay€indi- FIG. 10. Comparison of the measured multilayer magnetizations
cates the applied in-plane field direction. The multilayer surface igclosed circles and solid linavith those estimated from the struc-
located towards the top of the diagrams. ture models shown in Fig. &pen circles

allel to the applied field at temperatures higher than 180 Kpercent in thef;,(Gd) values. The origin of, is not clear.
where the gadolinium moments are found antipardféy.  Nonequal intensities of the- and — beams on the Gd foil

9). This is evidenced in Fig.(B), calculated for a parallel, are not responsible because the measurement was made for a
uniform magnetization in the fifteen iron layers. The resultfixed count on the monitor ion chamber placed after the dia-
confirms that our Fe/Gd multilayer is in the Fe-aligned statemond phase plate. An additional error of several percent

at room temperature’ could result from the error in the foil thickne$8 measure-
ment. These errors affegt, and gy, in Eqg. (A19), but not
IV. DISCUSSION S, . Hence the structure model in Fig. 8 is independent of the

scattering factor errors.

Figures 8 and 9 uniquely specify the orientations of local e measured™ andl~ using the x-ray beams transmit-
gadolinium magnetizations in our Fe/Gd multilayer with re- ted through the diamond plate set-8.42 and—0.42 mrad
spect to the direction of the applied in-plane field. The resuliff the Bragg position. One may wonder if this ensures the
critically depends on the signs assigned to the various quarsame momentum transfey in the specular reflection mea-
tities in the chain of x-ray experiment and data handling. Asyrements on the multilayer. Dynamical diffraction theory
wrong sign assignment could lead to totally different struc-gyarantees that the transmitted beam through a plane-parallel

tures. There have been disputes about the sign of the MClystal is parallel to the primary incoming beam at an arbi-
signal at the Gd_; edge. According to our field sign con- trary angular setting of the crystal.

vention, we define the MCD absorption coefficignt, by Our chemical model of the multilayer, assuming equal,
. B N B uniform electron densities in the individual layers with sharp
pmt=p " t=p"t=—In(1"/1o) +In(1"/1o), (D) interfaces, appears to be too simple in view of leteal®

where " (17) is the absorption coefficient measured with who. report significantly graded Fe/Gd interfaces in their
multilayer. However, our model appears to be a reasonable

SE Oa;grp]) “ﬁ(ejli?ig/grﬁg &e(I:dDo;g;itrsl?mzoggg esrl\%]en dasshtgv(\a/s aapproximation because it fits well the measured nonmagnetic

. . L specular reflectivity profile over a large, range of 0.1
simple negative peak at the Gd edge, indicatingu,,<O. N 1 . z
This is consistent with Baudelet al?® who observed a posi- I t4§ g:?f rf?nr theB?lKa fadll(atl\C,Jv?t.hAt%reeTenrtir?qf tnhte ica|CL|,I:-i
tive peak but definegi,, by u~ —u*. The imaginary part of ate erence bragg peaxs € experiment, 1.€., Fg.

! . . 5(A) versus Fig. , would be improved by includin
the resonant magnetic scattering factfiyis related tog, réuéjhness chegmicqa?)l)and magnéfiat fhe Fe/Gg interfaceg
via | '

which is all ignored in our simulations.

Figure 10 illustrates the consistency of our structure mod-
els with the magnetization measurement. The filled circles
plot the magnetization® measured aH=2.4 kOe, which

how a minimum near 140 K. This is close Td shown in

tm=—(87Nor o /K) (K- 2)F )

wherek-2 is the direction cosine of the Gd moment with

respect to the incident x-ray wave vector. We determineqig 1 The open circles show the magnetizations estimated
fm(Gd) from the experimental, assuming that all Gd at- fom Fig. gA). The net magnetization of the Fe/Gd

oms in the metal Gd foil at 200 K have magnetic momem%ultilayer in the Fe-aligned state may be given B,
parallel to _the applied field..This assumption affects the sign_ Maq, WhereM g, andM o are the total magnetizations of
and magnitude of the obtainei¢,(Gd), and hence those of the fifteen iron and the fifteen gadolinium layers, respec-
the real partf;(Gd), shown in Fig. 2. Ourf/(Gd) and tively. The thick broken line in Fig. 10 showd . estimated
fm(Gd) values involve errors no smaller than 10%. A majorassuming that the iron layers fully magnetize in the applied
error source is the offset level defined in thé1r-In1~ data 2.4 kOe field. Using 1740 emu cmfor the saturation mag-
to evaluatew,,. We removed a reproducible offskf from  netization of bcc iron, corresponding to 2.2 per Fe atom,

I " to bring In(*—Ip)—InI~ to the zero level at off-edge and 3.9% 10 6 cn? for the total volume Y,) of the Fe/Gd
energies, but this process could introduce an error of severahultilayer grown on the Kapton film, estimated from the
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FIG. 11. Magnetizations per unit volume of the gadolinium lay- g1 12. Hyperfine field$i,; around®’Fe nuclei(closed circles
ers estimated from the structure models shown in Figcl8sed  etermined from the Mesbauer experiment at room temperature.
circles. Broken line shows a regression for the four high- gyouen line shows the hyperfine field expected for Fe magnetic
temperature data points. See text. moments aligned parallel to the applied magnetic field.

known substrate area and the layer thicknesses determinggd|d direction. The transverse field accounts for the small
from the x-ray data, the iron layers are known to contributeBragg peaks seen at 300, 240, 200, and 180 K in Fig) 5
2.37X 1073 emu to the total magnetization. This estimate in'for ¢: 90°. At these temperatureS, the Fe magnetizations are
cludes the relative density of 0.88 for the iron layevsq  parallel to the total field. The Gd magnetizations are thus
may be given byCAgy, whereAgq is the integrated area of slightly rotated counterclockwise from the main field direc-
the S, histograms in Fig. 8\) (Agq=2,S,). We determined  tion. This rotation direction is maintained in the twisted state.
proportionality constanC as follows. Letmgq be the mag- We conclude that Fig. 8 represents the consistent magne-
netization per unit volume of the gadolinium layer. Taking tization structures of the gadolinium layers. Our twist struc-
the layer thicknesses into account, we hang=(1 ture is similar to the so-called “bulk twisted” structure of
+3.48/5.43) (n—598) emu cm?, wherem is the measured Camleyet al}?in that the average twist angle is the same in
magnetization per unit volume of the multilayem  all fifteen gadolinium layers throughout the multilayer. Our
=M/V,. Figure 11 is a plot oingy versusAgq. A least-  result shows, however, that the local magnetization twists
squares fit of the four data points for 300, 240, 200, and 18®ighly nonuniformly in each gadolinium layer along the out-
K, at which the multilayer is in the aligned state, givegy;  of-plane direction.
=27.97Agq. The regression line should pass through the ori- To obtain support for the magnetization directions derived
gin. The magnetization$1.— Mgy thus estimated are in from the x-ray measurement, we collected $dbauer data
good agreement witM at 300, 240, 200, 180, and 160 K in from a[Fe3.5nm/Gd(5.2nm],5 sample grown on a Kapton
Fig. 10. The large deviation at 140 K appears to providefilm using an®’Fe-enriched iron evaporation source, at room
another support for the twisted structure, in which the Feemperature. The estimatédFe content in the iron layers is
moments would be canted and thus the thin broken lindl0%, and an x-ray specular reflectivity profile, recorded from
would be a poor estimate &fl . in the applied-field direc- a simultaneously grown sample on a silicon substrate,
tion. showed as high a multilayer order as in the sample used for
A similar process allows us to evaluate the absolute localhe magnetic x-ray experiment. Filled circles in Fig. 12 show
magnetizations in the gadolinium layers. L&t be the mag-  the hyperfine fields at thé’Fe nuclei,H,¢, estimated from
netization of sublayep. ThenX u,=20mgq, and we have the spacings of the outermost resonance peaks in thesMo
Mp=559.45,emu cm 3. For the interface sublayefp=1 or  bauer spectra, plotted versus the in-plane flgldpplied to
20), we find u,=1762, 1846, 1846, and 1678 emu thior  the sample. The zero-field data were measured twice, before
300, 240, 200, and 180 K, respectively, from FigAB and after the field was increased up to 10 kOe. The average
These are not far from 2056 emu chnthe saturation mag- Hy is 320.8-1.1kOe at zero field, which decreases to
netization of bulk Gd 80 K (7.55ug) corrected for the 318.2£1.1 at 2.5 kOe. The broken line depidts; (zero
density of our gadolinium layers. It is likely that the interface field) — H, the hyperfine field expected for the Fe moments
sublayers nearly fully magnetize in our Fe/Gd sample. Morealigned parallel to the applied field. The error bars are large,
accurateu, values would be obtainable by refining the but it is very likely that the Fe moments are directed parallel
chemical structure of the multilayer. Structural disorder, in-to the applied field aH =2.4 kOe, which we used to calcu-
cluding varied bilayer periods, Fe/Gd interdiffusion and in-late Fig. 1B). Note that the parallel Fe moments also support
terface roughness, weakens the multilayer Bragg reflectionshe antiparallel gadolinium moments determined from the
whilst not affecting the SQUID magnetization measurementindependent x-ray data but using the same technique. The
In Fig. 9 the twisted gadolinium magnetizations are ro-increasing deviations of the \dsbauer data from the straight
tated counterclockwise from the external field ve®avhen  line at higherH in Fig. 12 do not contradict the expected
viewed from above the multilayer surface. It is likely that the field-induced aligned-to-twisted phase change of the
twist direction was determined by the transverse field of thenultilayer structure and increasing rotation angles of the Fe
permanent magnet. In fact, a post-experiment field measurenoments away from the parallel orientation.
ment evidenced a small transverse field of about 100 Oe Clearly the large interface gadolinium magnetizations are
which rotated slightly the total field clockwise from the main induced by the magnetized iron layers. In Fig. 8 the film



PRB 60 MAGNETIC STRUCTURE OF Fe/Gd MULTILAYER . .. 9603

interior does not magnetize at temperatures as low as 240 Kestricted in x-ray wavelength nor the crystalline quality of a
and shows growing spontaneous magnetizations with desample. The absorption edges, eitKeor L, of all magnetic
creasingT below 200 K. This suggests that the Curie tem-atoms are well located on the hard x-ray spectrum available
peratureT, for the thin gadolinium layers is located some- from synchrotron sources. The resonant enhancement is cer-
where between 240 and 200 K, which is more than 50 Ktainly lower at theK edge, but our experience shows that the
lower than theT for bulk Gd (293 K). An application of the difference signals]*—1~, are well measurable from our
2056(1-T/T,) law to the interior p=10) magnetizations Fe/Gd multilayer in specular reflection at the likedge. The
showsT.=214.3K. The 3% smaller density in the gado- major part of this signal is the resonant scattering since the
linium layers than in bulk would not explain the low,. It nonresonant magnetic scattering approximately scales with
should be a thin-film effect. The same law indicates  |g|, which is very small in multilayer diffraction.

=1023K for the interface sublayefp=1 and 20. The el-

evated interfacd ., predicted by the energy calculatioh’, ACKNOWLEDGMENTS

is due to the molecular field of Fe. Once the multilayer is
cooled to the transition temperatufé in the moderate ex-
ternal field, the interface moments appear to twist fiFsg.

9). The interior magnetizations rotate at a lower temperatur X } . .
but over a larger angular range than the interface magnetiz ersion computer COd? available to us. S. Miya as_3|sted. the
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In Parratt’s recursion formuf&for nonmagnetic specular
V. CONCLUDING REMARKS reflections from a multilayer, the complex amplitudes of the
electric fields of the transmitted and reflected x-rays in layer

Canted magnetizations in Fe/Gd multilayers have previ]', T]. and R]., are related to those in layg¢r 1 by
ously been detected by Mebauer measuremehtand neu-
tron scattering:’ 5’Fe Mdssbauer spectroscopy is only sen-
sitive to Fe moments and the spin-flip neutron technique
does not distinguish between the Fe and Gd. The present ~ ) ) o )
work gives evidence for the transition between the alignedVhere S j. 1 is a 2x2 scattering matrix including,, and
and twisted states in the gadolinium layers. The elementBm (M=],]+1), which define the refractive index hy,
specific resonant x-ray magnetic scattering has allowed us to 1~ ;+15; for layerj. T; andR; are related by the Fresnel
confirm that the Fe and Gd moments in the Fe-aligned statfrmulas, which are functions of the glancing incidence
line up parallel and antiparallel to the external field, respecangle of x-rays on the multilayer surfadg. Equation(A1)
tively. The directions of the Fe and Gd magnetizations havépplies to the plane polarization components of x-rays. In
been determined independently of each other. Simulatio§xtending this to magnetic scattering, we note that the refrac-
calculations using our formalism for magnetic specular redive index of a magnetic medium depends on x-ray circular
flections have enabled the local magnetizations in the 5.430larizationn’=e+iq. Here e and q are the elements of
nm-thick gadolinium layers to be mapped out at a fractionadielectric tenso& of an isotropic medium for an x-ray beam
nanometer resolution. The proposed structures show thropagating along the magnetization direction:
strongly magnetized interface sublayers for both aligned and
twisted states, indicating the short-range nature of the Fe-Gd
interaction. The vanishing interior magnetizations at 240 K -q ¢ 0].
suggest that the thin gadolinium film has a Curie temperature 0 0 &
much lower than bulk Gd. The twist angle of the local Gd
magnetization is also nonuniform in the out-of-plane direc-For our experimental geometry shown in Fig. 13, we have
tion, indicating the influence of the adjacent Fe magnetiza-
tions on the interface twist angles. The derived magnetic
structures are consistent with the magnetization measure- e= 0 £ gsiny
ment. :

The technique of resonant x-ray magnetic scattering de- a cosy asing e
veloped in this work is applicable to a variety of magneticwhere is the angle between the in-plane magnetizatibn
thin films and surfaces. Using the known helicity information and they axis. In Fig. 13, the/-zplane is parallel to the plane
of a circular polarized probing beam, one can determine thef x-ray scattering, defined by the incident and scattered
unique local orientations of the in-plane magnetizations ofvave vectorsk andk’, and the+z axis is parallel to the
selected atom species, in addition to their strengths. Unlikeutward normal of the multilayer surface. In specular reflec-
Bragg reflections by crystals, the specular reflections are ndton, k andk’ make angles-6 and 6 to the +y axis respec-

T

R

_3 Tja
=5 j+1

) Al
Rj:1 (AL)

e q O

ol
I

€ 0 —(Q cosy
, (A2)
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FIG. 13. X-ray specular reflection on a magnetic mediln.
indicates the in-plane magnetization vector. Khg plane is paral-

lel to the sample surface and thaxis is defined along the outward

normal of the surface. X rays are incident and scattered irythe
plane. @ is defined to be positive when tlzecomponent of a wave
vector is positive.

tively, which is alongk+k’. The squared refractive indexX
derived from Eq.(A2) includes theg? and higher terms.
When these are neglected againstdherm, n is given by

n?=g+iq cose cosiy. (A3)
The circular polarized light is expressed by
*ie sin# coshd—qsind cosyxiq sing
v £ cosf x
(Ada)
=+ikn” cog 0-E,/uoi, (A4b)
Hy=—kn" sin6-E,/uoi, (A4c)

ISHIMATSU et al.

PRB 60

Ao

surface

A B layer j
) 0

@M@H :
layer j+1
c p o

FIG. 14. Specular reflection of x rays in a magnetic multilayer.

where
aj=(ie;—qjcosy;)lej, (A7)
bj=iq;siny;/ej, (A7b)
cj=(—igj—qjcosy)lej, (A7c)

k=2m/\ and we assumed a smal|. The refraction angles
6?+ and 6; are glven by SneII s law nchosH

—n cose—, wheren; =1 for air above the top surface
S|m|Iar expressmns hold for the transmitted and reflected
raysC andD in layer j+ 1. The continuity of the tangential
components of the electric and magnetic fields at the layer
interface requires

where the upper and lower signs correspond to the right and

left circular polarizations, respectively. Equatitidda) does
not include the approximation of smad| although theg?

and higher terms were neglected. We are only interested in
the x andy components. We make it clear that right-handed

circular light has-helicity and left-handed light has-

helicity Any x-ray wave can be expressed as a sum of th

right and left circular components. We write" =1— 5"
+iBT andn~=1—6"+ipB~ for the refractive indices for

right-handed and left-handed circular beams, respectively.

Assuming right and left components for each of rayandB
in layerj of a multilayer(Fig. 14), we write for transmitted
ray A

Ex=T,+T,, (A5a)
E)=(—a,6] +b) T/ +(—c;6; =b)T,, (A5b)
HY = (ikn] T =ikn] T7)/ pott, (A5c)
HY = (ko n T +ko; n T)) moip, (A50)
and for specular reflected rdg/

Ex=R +R/, (ABa)
Ey=(a;0] +b)R/ +(c;6; —b)R],  (A6b)
HE=(ikn," R —ikn; R)/ poip, (A6c)

B_ — — —
Hy=(—k6, n R —ko n/ R )/ uop,  (ABd)

EX+EP=ES+ED, (A83)
E)+Ej=E,+EJ, (A8b)
HA+HB=HS+HD, (A8c)
HY+Hy=HS+HY . (A8d)

A substitution of Eqs(A5) and(A6), together with those for

JaysC andD, in Eq. (A8) leads to

T T/
| _ -
j _ j+1
Ry =Cjj+1 Rit | (A9)
Ry Rit1

whereC; i+l is a 4xX 4 scattering matrix. The recursion for-
mula(A9) is reduced to

T T
T, TN
R =C1.C23 Cnoin RS | (A10)
Ry Ry

where N is the number of the layers. One can solve Eq.
(A10) by assuming thaRy, =0 andRy =0 for an infinitely
thick substraté’ For a right circular polarized beam incident
on the multilayer surfaceT; =1 andT; =0, for example,
the specular reflectivity on the top surface is given by
r=|R{[2+[Ry | (AL1)
In general, the nondiagonal elements of ma'éij),(jﬂ have
nonzero values. Hence the specular reflection is no longer of
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pure right circular polarization but includes a left circular whereF. andF,, are written as sums of the real and imagi-

component, i.elR; #0 in Eq.(A11). x-ray circular polariza- nary parts:

tions are mixed by finite-angle scattering on a magnetic me-

dium. . . Fe=Fi+iFy, (A16a)
We define the scattering factor of a magnetic atorh by

f=(é:f~é,,)(f0+fé+if'é)+i(é;fXé,,)-i(f,’n-l—ifﬁn Fn=F,tiFn. (A16h)
(A12)
in the dipole approximation, wheffg=64 for Gd(Thomson  Fe¢. F¢. Fr, andFy, are real quantities for centrosymmetric

scattering, f.(<0) andf”(>0) are the anomalous disper- Structures. EquatioA15) shows that the magnetic-charge
sion correctionsf’. and ”. are the resonant magnetic scat- interference scattering is only sensitive to the magnetization

tering factors. Unit vectog is along the quantization axis Component parallel ta+k’ cos 29, which is contained in the

parallel to the local magnetic momey.and&, , are the unit  Plane of scattt_ermé?*zg

polarization vectors of the incident and scattered x-rays, re- The refractl\(e index parameters are related for the
spectively, with» and»’ indicating the polarization states of [orward scattering by

the relevant beams. The magnetic scattering factors are given

by** 5= (2mngr o/k2)Ref (K’
ftifm=—(3/4kre)(F1i—Fi_1), (A13)

ke

=e,), (Al79

— 2 b/ — & —a
whereF , is the matrix element of the dipole transition, Gd B=(2mnore/k)Imf(k'=k,&),=8&,), (ALl7b
2p5,—5d in our case, and, is the electron classical radius. ) . ,
Note that Eq(A12) does not include thed{* -2) (8, 2) term whereng is the atom number per unit volume. For circular
and the nonresonant magnetic scattering, which are negIP—OlarlzeOI beams
gible against the & x&,)-2 term. The first and second

terms of Eq.(A12) represent the charge and resonant mag- 5% =(2mnr o/K?)(fo+ f 5 f[,cOS6 cosy),
netic scattering, respectively. We define the charge structure (Al8a)
factorF; and the resonant magnetic structure faétgrfor a
multilayer by BF=(27ngro/K?)(fL5 ! cosfcosy). (A18b)
F.= E i(foj+ féj+ if’c’j)exp(iq- r, (Al4a  Atthe GdLjs edge, the quadrupole component occupies 10%
all of the total resonant magnetic scatterfig: which we ig-
nored in Sec. Il of this paper where we discussed the mag-
Fo=> 2(f  +if” Yexplig-r), Al4b)  hetic structure of the Fe/Gd multilayer.
" %g 12 (f* 1 €XRIGT) ( ) The resonant scattering factof§ and f, depend on the

local magnetization. When a layer magnetizes nonuniformly
along the out-of-plane direction, we divide the layer ipto
Frv=(&/* & )F +i(2*x8,) F,. (A14c) sublayers of uniform magnetization

vr " v

giving the total structure factor

The summation runs over all atoms in E§14a and over
the resonating magnetic atoms in E414b). When squared
for intensities, Eq(Al4c) produces cross terms, which are . ~ i
the resonant magnetic-charge interference scattering. THENEre unit vectoz, ands, are parameters representing the
difference intensity measured by flipping the helicity of thedirection and relative strength of the magnetization of sub-

incident beam, but not analyzing the polarization of the scatl@yer p, respectively g, andgy, are the reference resonant
tered beam, is given by magnetic scattering factors, which are common to all sublay-

ers. gy, and gy, are energy dependent, wheregsand S,
describe the energy-independent sample structure. Corre-
spondingly, we replacé;, andfy, in Eq. (A18) by S;g;, and
S,9m. respectively, for the refractive index parameters of
+FF), (A15)  nonuniformly magnetized layers.

2(f i 1T — 20Sp(gmFig1), (A19)

2 |FV'+|2_Z |F'~|2= —2(k+Kk’ cos 20) - (FLF!.
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