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Magnetic structure of Fe/Gd multilayers determined by resonant x-ray magnetic scattering
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The magnetic structures of a (Fe/Gd!15 multilayer are determined by resonant x-ray magnetic scattering
using circular polarized light of energies tuned close to the GdL and 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 the 12(T/Tc) law shows a reduced
Curie temperature (Tc5214 K) compared with bulk Gd for the central sublayers, whileTc51023 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 temperature.@S0163-1829~99!03037-4#
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I. INTRODUCTION

Fe/Gd multilayers with alternately stacked iron and ga
linium layers show a reversible change of magnetic struc
between the aligned and twisted states depending on
strengthH of an applied in-plane field and on temperatu
T.1–7 The antiferromagnetically coupled Fe and Gd mome
line up with the applied field in the aligned state, where
they make finite in-plane angles to the field in the twist
state. At a fixedH, the state change occurs near the comp
sation temperature, where the iron and gadolinium lay
have similar magnetizations of opposite signs, thereby yie
ing a minimal net magnetization in the multilayer. In th
temperature regime, the multilayer in a low external ma
netic field tends to decrease the sum of the Zeeman en
and the exchange energy by arranging the Fe and Gd
ments noncollinear with the applied field like in spin-flopp
antiferromagnets. Theoretical modeling of the aligned-
twisted phase transition shows that the decrease in the
man energy by directing the antiparallel Gd~Fe! moments
towards the parallel orientation is larger than the sum of
increase in the Zeeman energy by directing the paralle
~Gd! moments away from the field direction and the increa
in the exchange energy by destroying the antiferromagn
configuration of the Fe and Gd moments.1,2

Our previous resonant x-ray magnetic scattering exp
ment confirmed the presence of canted Gd moments in
twisted state of an Fe/Gd multilayer.8 The difference signal,
I 12I 2, observed at the GdL edge, showed finite multilaye
Bragg peaks in thef590° geometry in which the plane o
x-ray scattering made a 90° angle to the applied field. T
PRB 600163-1829/99/60~13!/9596~11!/$15.00
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difference Bragg peaks observed in thef50° and 90° ge-
ometries showed2 and 1 signs, i.e., negative and positiv
profiles, in the odd- and even-order reflections, for bo
aligned and twisted states. It was suggested that this fea
originates from nonuniform magnetizations of gadoliniu
layers over the 5-nm thickness.8

Resonant x-ray magnetic scattering has proven to b
useful technique to study magnetism. It profits from the s
nificant enhancement of the magnetic scattering signal w
the x-ray photon energy is tuned to an absorption edge.9–11

The resonant enhancement is particularly pronounced a
spin-orbit splitL and M edges of the 3d, 4f , and 5f mag-
netic atoms. The availability of intense, energy-tunab
highly polarized x rays from synchrotron sources has
abled resonant x-ray magnetic scattering to become a p
erful probe of magnetic structures in surfaces12,13 and thin
films.8,14–21The signal is element specific and can be as la
as several percent of Thomson scattering, in contrast to
nonresonant magnetic scattering that is not element spe
and is typically three orders of magnitude weaker in amp
tude than Thomson scattering. At small scattering anglesu
a circular polarized probing beam is required because of
tan 2u factor involved in the scattering of plane polarized
rays.15 The observed signal includes pure charge scatter
pure magnetic scattering~resonant and nonresonant comp
nents! and charge-magnetic interference scattering.22 The
last component is isolated by calculating a difference,I 1

2I 2, of the two scattering intensities measured with rig
handed~1 helicity! and left-handed~2 helicity! circular po-
larized probing photons. The helicity flip technique is pre
erable to field reversal, as all magnetic moments in
9596 ©1999 The American Physical Society
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PRB 60 9597MAGNETIC STRUCTURE OF Fe/Gd MULTILAYERS . . .
nonsaturated magnet do not necessarily reverse their d
tions in a reversed external field. The interference signa
only sensitive to the magnetization component parallel to
plane of scattering. This allows us to study the spatial ori
tations of local magnetic moments in ferromagnets. T
technique features a high momentum resolution and sur
sensitivity. A much smaller sample volume is required th
in neutron scattering.

In this paper, we first describe in Sec. II an experim
which measured the resonant magnetic specular reflec
from a @Fe~3.5nm!/Gd~5.4nm!#15 multilayer using a circular
polarized probing beam. Our previous Fe/Gd sample,
which x-ray data were presented elsewhere,8 had no protec-
tive surface layer and could have been affected by oxidat
We prepared a new sample and repeated x-ray measurem
for the present work. In Sec. III, we determine the mag
tudes and orientations of local magnetizations in the alig
and twisted states of our sample, using the newly develo
formulas which are presented in the Appendix. In Sec.
we discuss the derived structures by comparing them w
data from other experiments. Finally, Sec. V concludes
paper.

II. EXPERIMENT

A. Procedure

The Fe/Gd multilayer investigated has 15 bilayers of 3
nm-thick Fe and 5.2-nm-thick Gd~design values!, grown on
a silicon ~111! wafer in a vacuum-deposition chamber (
31027 Pa) equipped with E-gun evaporators and a qua
thickness monitor. The substrate was kept at room temp
ture, and the first grown layer was Gd and the last layer w
Fe. The deposition rate was 1.2–1.8 nm/min for both Fe
Gd. A protective silicon layer, 3.5 nm in thickness, was d
posited on the top surface. X-ray diffraction scans show
that both iron and gadolinium layers are polycrystalline.
identical multilayer was grown on a Kapton film in the sam
deposition run for magnetization measurements. The ma
tization (M2H) curves, measured at various temperatu
using a SQUID magnetometer with a field applied paralle
the sample surface, showed rapid initial increases. This
followed by a slower rise in which an inflection was o
served~inset in Fig. 1! for temperatures~T! between 240 and

FIG. 1. Inflection fieldsH inf versus temperatureT ~closed
circles! for the magnetization curves observed from the Fe/
multilayer. The solid line is a guide to eye. Open circles show
temperatures at which the magnetic x-ray scattering data were
lected. The inset shows a typical magnetization curve.
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140 K, indicative of field-induced magnetic structu
changes in the multilayer. Figure 1 is a plot of the inflecti
fields H inf versusT. We expect that the sample is in a
aligned state on the right of the traced curve and in a twis
state on the left.2 At a fixed field,H52.4 kOe, for example,
the transition should occur atT* close to 160 K.

We collected magnetic x-ray data on the SRI-CAT~Syn-
chrotron Radiation Instrumentation Collaborative Acce
Team! 1-ID beamline at the Advanced Photon Source, A
gonne National Laboratory, using circular polarized x-r
beams of energies tuned close to theL3 absorption edge of
Gd. The setup and the measurement procedure are simil
those reported previously.8 We controlled the undulator ga
distance in the light source to maximize the photon flux
7.25 keV in the first harmonic peak. The beamline opt
used a cryogenically cooled Si~111! double-crystal mono-
chromator, followed by a diamond quarter-wavelength pl
and a flat harmonics-rejection mirror. The phase plate,
mm in thickness, was in the symmetric Bragg-case 111
flection, and the transmitted beam was used for the exp
ment. The Fe/Gd sample, 43430.6 mm in size, was
mounted inside a Displex cryostat with a NdFeB magn
Purpose built pole pieces allowed an in-plane field~H! to be
applied to the sample without blocking the grazing x-r
beams in arbitrary azimuthal directions. All data were c
lected withH52.4 kOe. We flipped the photon helicity b
oscillating the diamond plate, with a piezoelectric actuat
between the10.42 and20.42 mrad positions offset from th
111 Bragg peak duringu22u scans, which measured spec
lar reflections from the sample at room and low tempe
tures. The sum intensityI 11I 2 represents the charge sca
tering, while the differenceI 12I 2 is due to the resonan
magnetic-charge interference scattering.19 A dynamical-
theory calculation indicated2 ~1! helicity for the 1 ~2!
offset position of the diamond in the setup used. The e
mated degree of circular polarization in the transmitted x-
beam is 0.994. The whole cryostat was rotated by 90° on
f axis of a Huber goniometer to switch thef50° and 90°
geometries.

Prior to the scattering experiment, we located the pho
energies~E! at which resonant enhancement occurs on
magnetic circular dichroic~MCD! absorption spectrum of a
metal Gd foil. The bulk of our Fe/Gd scattering data w
collected using photons of 7243.5 eV, 2 eV below the MC
peak observed at the GdL3 edge. The MCD data also serve
to evaluate the resonant magnetic scattering factors of
atoms~Fig. 2!. The real partf m8 ~Gd! was derived from the
measured imaginary partf m9 ~Gd! @see Eq.~2!# using the
Kramers-Kronig relation.

In all plots to be presented hereafter,I 1(I 2) is the signal
measured with a1 ~2! field applied on the sample. W
define the direction of an in-plane field with reference to t
helicity vector of the incoming x-ray beam as shown in F
3 which is taken from Ref. 8. In thef50° geometry, the
field is 1 ~2! when theB vector is directed parallel~anti-
parallel! to the projected helicity vector. Circular polarize
light with 1 ~2! helicity has a helicity vector parallel~anti-
parallel! to the wave vectork. The field directed towards the
downstream x ray is then1 ~2! for light with 1 ~2! helicity
in our definition. In thef590° geometry, theB vector of
the1 ~2! field is rotated clockwise~counterclockwise! from

d
e
ol-



in

te
fi

iza

g
th
e

ry
fit
do

81
e
tu
d
a

r
w
s

en
d

ur
fil
2

s
te
o

an
a

e
em
Th

lar
,

eV.
ors
n,
tor,
ly

ro-

cat-
c-
h
of

the

s.
ga-
il,

e

to
ow-
,

d

d

ne

o
d

9598 PRB 60N. ISHIMATSU et al.
the projected helicity vector, as viewed with the scatter
vector q head on. In our definition,I 1(I 2) is the x-ray in-
tensity measured with a field of a same~opposite! sign as the
photon helicity of the incoming beam. One can use an al
native definition for field direction, but an unambiguous de
nition is essential to unique determination of the magnet
tion orientation from x-ray data.

B. Results

Figure 4 plots the average intensities (I 11I 2)/2 mea-
sured from the Fe/Gd sample atE57243.5 eV andT
;300 K in thef50° geometry. The prominent four Brag
peaks indicate a highly ordered chemical structure of
multilayer. The reflectivity profile is consistent with th
layer-thicknesstFe53.4860.11 andtGd55.4360.11 nm, de-
termined by a fit of a similar profile recorded on a laborato
reflectometer at a CuKa x-ray source. The least-squares
refined the uniform electron densities in the iron and ga
linium layers to 0.8860.05 and 0.9760.06 relative to those
of bulk bcc Fe and hcp Gd, respectively. A value of 0.
60.06 nm was obtained for the root-mean-square roughn
at the Fe/Gd interfaces. We evaluated the chemical struc
parameters at the off-edge energy, where the anomalous
persion effects are unimportant and the scattering factors
more accurately known.

Figure 5~A! shows (I 12I 2)/(I 11I 2)Bragg for the four
Bragg peaks, observed in thef50° and 90° geometries fo
T5300, 240, 200, 180, 160, and 140 K. The ordinate sho
the x-ray counts of the difference intensities divided by tho
of the sum intensities at the individual Bragg peaks. A sali
feature in Fig. 5~A! is the reversed signs of the odd- an
even-order Bragg peaks. The first-order peaks are obsc
by the photon statistics but appear to have negative pro
accompanied by positive bumps or plateaus on the lowu
flanks at some temperatures. In Fig. 5~A! for f590°, defi-
nite peaks are observed at 160 and 140 K, whereas peak
much less prominent at and above 180 K. This indica
finite perpendicular components of the Gd magnetic m
ments in the sample at 160 and 140 K, which vanish at
above 180 K. Taken together with the finite peaks at
temperatures in Fig. 5~A! for f50°, the result shows that th
Gd moments are aligned with the external field above a t
perature between 160 and 180 K and are canted below.
picture is consistent with theH inf behavior in Fig. 1.

FIG. 2. Resonant magnetic scattering factors of Gd atoms
the L3 absorption edge versus photon energyE. f m8 : real part,f m9 :
imaginary part. Error bars are smaller than the size of the symb
The broken vertical lines show the three photon energies use
take the data shown in Fig. 6.
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Figure 6~A! compares the normalized difference specu
peaks observed with photons of slightly shifted energiesE
57243.0, 7245.5, and 7247.5 eV, atT;300 K andf50°.
There is a clear sign-change in the Bragg peaks at 7247.5
This is due to the energy variations of the scattering fact
of Gd atoms near theL3 edge. At the three energies chose
the real part of the resonant magnetic scattering fac
f m8 ~Gd!, is negatively maximal, nearly zero, and positive
maximal~Fig. 2!. Figure 6~A! shows a strongE dependence
of the resonant x-ray magnetic scattering, although the p
file change observed is not solely due to the variedf m8 ~Gd!
and f m9 ~Gd!. The resonant magnetic-charge interference s
tering is affected by theE-dependent charge scattering fa
tors f c8~Gd! and f c9~Gd!, as well, which show similar strengt
variations to the magnetic scattering factors in the vicinity
the absorption edge.23

In all data presented thus far, Gd is in resonance, but
preliminary data in Fig. 7~A! were obtained at E
57111.0 eV close to the FeK absorption edge~T;300 K,
f50°!. All difference Bragg peaks show positive profile
The chosen x-ray energy is located 0.5 eV above the ne
tive peak in an MCD spectrum measured with an iron fo
where f m9 ~Fe!.0. A K-K conversion showed a positiv
f m8 ~Fe! at this energy.

III. MAGNETIC STRUCTURE MODELS

Using Eq. ~A11!, a number of models were tested
simulate the observed difference Bragg peak profiles, sh
ing the2, 1, 2, and1 signs for the first-, second-, third-

FIG. 3. The f50° ~A! and f590° ~B! geometries. TheB
vector of the applied magnetic field is parallel~A! and perpendicu-
lar ~B! to the plane of scattering defined byk andk8. The scattering
vectorq is pointing out of the page. For a right circular polarize
probing beam (k), the field direction is positive in both~A! and~B!
by the convention described in the text.

FIG. 4. Charge specular reflection profile of the Fe/G
multilayer sample measured at the GdL3 edge.
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PRB 60 9599MAGNETIC STRUCTURE OF Fe/Gd MULTILAYERS . . .
FIG. 5. Temperature variation of the first-, second-, third-, and fourth-order difference Bragg peaks from the Fe/Gd multilayer
normalized by the x-ray counts at the individual sum Bragg peaks~not shown!. ~a! for thef50° geometry and~b! for thef590° geometry.
~A!: observed,~B!: simulated. TheI 12I 2 signal strengths in thef50° geometry at 200 K are 7196, 3689, 470, 263 cps at the first, sec
third, and fourth Bragg peaks, respectively.

FIG. 6. Energy variation of the four normal
ized difference Bragg peak profiles in the vicinit
of the GdL3 edge.~A!: observed,~B!: simulated.



re

e
t.
k

n
p

gn
o
al
th
iu

ec
o
rv

i
n

d
d
ss

ns

the
di-

he
pe

ss

ra-
llel

,
son

in

at
t Fe

ze
m-
in

uc-
ons
rior

ore
etic

s is
en-

r
on

ve

d
ar-

9600 PRB 60N. ISHIMATSU et al.
and fourth-order reflections, respectively, in Fig. 5~A!. The
resonant magnetic scattering factors of Gd atoms were
from Fig. 2 and identified asgm8 andgm9 @see Eq.~A19!#. The
charge scattering factors were derived from the nonmagn
absorption data,I 11I 2, obtained in the MCD measuremen
The nonresonant Fe charge scattering factors were ta
from Cromer and Liberman.24 We assumed uniform electro
densities in both iron and gadolinium layers, with abru
changes at the interfaces. Models assuming uniform ma
tizations, either positive or negative, for the fifteen gad
linium layers did not produce difference Bragg peaks of
ternating signs consistent with the data. To explain
observed peaks, we had to assume that each gadolin
layer magnetized nonuniformly along the out-of-plane dir
tion. Under the simplifying assumption that all fifteen gad
linium layers have the same magnetic structure, the obse
peak sign pattern was reproduced by the models assum
larger antiparallel magnetizations in the interface regio
than at the centers of the individual films. Figure 5~B! shows
best fitting simulations. These are calculated from the mo
magnetization structures shown in Fig. 8, where each ga
linium layer is divided in twenty sublayers of equal thickne
(p520). The negativeSp

i in Fig. 8~A! indicates that the

FIG. 7. Normalized difference Bragg peaks at the FeK edge
from the multilayer at room temperature.~A!: observed,~B!: simu-
lated.
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parallel components of the local gadolinium magnetizatio
are directed opposite to the applied field. The positiveSp

' in
Fig. 8~B! indicates that the perpendicular components of
same magnetizations are rotated in the counterclockwise
rection from the field direction when viewed from above t
multilayer surface. Symmetric exponential profiles of ty
a1b@exp(2t/t)1exp$(2tGd1t)/t%# were used to describe
the nonuniform magnetization over the mean film thickne
tGd, with parametersa, b, and t varied until the main fea-
tures of the data were reproduced for the individual tempe
tures. This function was used independently to fit the para
and perpendicular magnetizations. For thef590° geometry,
we assumeda5b50 for temperatures higher than 180 K
where no definite Bragg peak was observed. A compari
with Fig. 5~A! shows that the calculated profiles in Fig. 5~B!
well reproduce the relative Bragg-peak heights observed
the f50° and 90° configurations. Figure 5~B! includes no
magnetic scattering from Fe. This is justified by the fact th
the experimental photon energy is away from the neares
absorption edge by more than 100 eV.

In Fig. 8, the gadolinium layers significantly magneti
only in the interface regions close to the iron layers at te
peratures higher than 240 K. At 160 K, the twisting occurs
the interface region, but the deviation from the aligned str
ture is small. The twist angles of the interface magnetizati
increase at 140 K, and the magnetizations in the film inte
are nearly perpendicular to the field. These features are m
clearly seen in Fig. 9, which shows the schematic magn
structures composed from Fig. 8.

Further support for the derived magnetization structure
provided by the Bragg peak profiles at the shifted x-ray
ergies. Figure 6~B! is calculated from theSp

i profile for 300
K, using thegm8 ~Gd! and gm9 ~Gd! evaluated in Fig. 2 at the
relevant energies. The Bragg peaks of reversed signs foE
57247.5 eV are nicely reproduced. A closer comparis
with Fig. 6~A! shows a fairly good agreement in the relati
peak heights.

Because of the antiferromagnetic coupling of Fe with G
at the layer interfaces, the iron moment may be directed p
yers to
FIG. 8. Model magnetization structures for the gadolinium layer. A 5.43-nm-thick gadolinium layer is divided into twenty subla
calculate the difference Bragg peak profiles shown in Fig. 5~B!. ~A! for thef50° geometry and~B! for thef590° geometry. The applied
field H is directed upward in~A! and out of the page in~B!.
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PRB 60 9601MAGNETIC STRUCTURE OF Fe/Gd MULTILAYERS . . .
allel to the applied field at temperatures higher than 180
where the gadolinium moments are found antiparallel~Fig.
9!. This is evidenced in Fig. 7~B!, calculated for a parallel
uniform magnetization in the fifteen iron layers. The res
confirms that our Fe/Gd multilayer is in the Fe-aligned st
at room temperature.2,7

IV. DISCUSSION

Figures 8 and 9 uniquely specify the orientations of lo
gadolinium magnetizations in our Fe/Gd multilayer with r
spect to the direction of the applied in-plane field. The res
critically depends on the signs assigned to the various qu
tities in the chain of x-ray experiment and data handling
wrong sign assignment could lead to totally different stru
tures. There have been disputes about the sign of the M
signal at the GdL3 edge. According to our field sign con
vention, we define the MCD absorption coefficientmm by

mmt5m1t2m2t52 ln~ I 1/I 0!1 ln~ I 2/I 0!, ~1!

wherem1(m2) is the absorption coefficient measured w
an applied magnetic field of the same~opposite! sign as the
photon helicity. The MCD spectrum we observed show
simple negative peak at the GdL3 edge, indicatingmm,0.
This is consistent with Baudeletet al.25 who observed a posi
tive peak but definedmm by m22m1. The imaginary part of
the resonant magnetic scattering factorf m9 is related tomm

via

mm52~8pn0r e /k!~ k̂• ẑ…f m
9 , ~2!

where k̂• ẑ is the direction cosine of the Gd moment wi
respect to the incident x-ray wave vector. We determin
f m9 ~Gd! from the experimentalmm assuming that all Gd at
oms in the metal Gd foil at 200 K have magnetic mome
parallel to the applied field. This assumption affects the s
and magnitude of the obtainedf m9 ~Gd!, and hence those o
the real part f m8 ~Gd!, shown in Fig. 2. Ourf m8 ~Gd! and
f m9 ~Gd! values involve errors no smaller than 10%. A ma
error source is the offset level defined in the lnI12ln I2 data
to evaluatemm . We removed a reproducible offsetI b from
I 1 to bring ln(I12Ib)2ln I2 to the zero level at off-edge
energies, but this process could introduce an error of sev

FIG. 9. Schematic magnetization structures of the gadolin
layer in the Fe/Gd multilayer for 300 K~A!, 200 K ~B!, 160 K ~C!,
and 140 K~D!. Arrows show the strengths and directions of loc
Gd magnetizations over a 5.43-nm-thick gadolinium layer.H indi-
cates the applied in-plane field direction. The multilayer surfac
located towards the top of the diagrams.
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percent in thef m9 ~Gd! values. The origin ofI b is not clear.
Nonequal intensities of the1 and 2 beams on the Gd foil
are not responsible because the measurement was made
fixed count on the monitor ion chamber placed after the d
mond phase plate. An additional error of several perc
could result from the error in the foil thickness~t! measure-
ment. These errors affectgm8 and gm9 in Eq. ~A19!, but not
Sp . Hence the structure model in Fig. 8 is independent of
scattering factor errors.

We measuredI 1 and I 2 using the x-ray beams transmi
ted through the diamond plate set at10.42 and20.42 mrad
off the Bragg position. One may wonder if this ensures
same momentum transferq in the specular reflection mea
surements on the multilayer. Dynamical diffraction theo
guarantees that the transmitted beam through a plane-pa
crystal is parallel to the primary incoming beam at an ar
trary angular setting of the crystal.

Our chemical model of the multilayer, assuming equ
uniform electron densities in the individual layers with sha
interfaces, appears to be too simple in view of Leeet al.20

who report significantly graded Fe/Gd interfaces in th
multilayer. However, our model appears to be a reasona
approximation because it fits well the measured nonmagn
specular reflectivity profile over a largeqz range of 0.1
;4.5 nm21 for the CuKa radiation. Agreement of the calcu
lated difference Bragg peaks with the experiment, i.e., F
5~A! versus Fig. 5~B!, would be improved by including
roughness, chemical and magnetic,26 at the Fe/Gd interfaces
which is all ignored in our simulations.

Figure 10 illustrates the consistency of our structure m
els with the magnetization measurement. The filled circ
plot the magnetizationsM measured atH52.4 kOe, which
show a minimum near 140 K. This is close toT* shown in
Fig. 1. The open circles show the magnetizations estima
from Fig. 8~A!. The net magnetization of the Fe/G
multilayer in the Fe-aligned state may be given byMFe
2MGd, whereMFe andMGd are the total magnetizations o
the fifteen iron and the fifteen gadolinium layers, resp
tively. The thick broken line in Fig. 10 showsMFe estimated
assuming that the iron layers fully magnetize in the appl
2.4 kOe field. Using 1740 emu cm23 for the saturation mag-
netization of bcc iron, corresponding to 2.2mB per Fe atom,
and 3.9731026 cm3 for the total volume (Vt) of the Fe/Gd
multilayer grown on the Kapton film, estimated from th

l

is
FIG. 10. Comparison of the measured multilayer magnetizati

~closed circles and solid line! with those estimated from the struc
ture models shown in Fig. 8~open circles!.
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9602 PRB 60N. ISHIMATSU et al.
known substrate area and the layer thicknesses determ
from the x-ray data, the iron layers are known to contrib
2.3731023 emu to the total magnetization. This estimate
cludes the relative density of 0.88 for the iron layers.MGd
may be given byCAGd, whereAGd is the integrated area o
theSp

i histograms in Fig. 8~A! (AGd5SpSp
i ). We determined

proportionality constantC as follows. LetmGd be the mag-
netization per unit volume of the gadolinium layer. Takin
the layer thicknesses into account, we havemGd5(1
13.48/5.43)(m2598) emu cm23, wherem is the measured
magnetization per unit volume of the multilayer,m
5M /Vt . Figure 11 is a plot ofmGd versusAGd. A least-
squares fit of the four data points for 300, 240, 200, and
K, at which the multilayer is in the aligned state, givesmGd
527.97AGd. The regression line should pass through the o
gin. The magnetizationsMFe2MGd thus estimated are in
good agreement withM at 300, 240, 200, 180, and 160 K i
Fig. 10. The large deviation at 140 K appears to prov
another support for the twisted structure, in which the
moments would be canted and thus the thin broken
would be a poor estimate ofMFe in the applied-field direc-
tion.

A similar process allows us to evaluate the absolute lo
magnetizations in the gadolinium layers. Letmp be the mag-
netization of sublayerp. ThenSpmp520mGd, and we have
mp5559.4Sp emu cm23. For the interface sublayers~p51 or
20!, we findmp51762, 1846, 1846, and 1678 emu cm23 for
300, 240, 200, and 180 K, respectively, from Fig. 8~A!.
These are not far from 2056 emu cm23, the saturation mag
netization of bulk Gd at 0 K (7.55mB) corrected for the
density of our gadolinium layers. It is likely that the interfa
sublayers nearly fully magnetize in our Fe/Gd sample. M
accuratemp values would be obtainable by refining th
chemical structure of the multilayer. Structural disorder,
cluding varied bilayer periods, Fe/Gd interdiffusion and
terface roughness, weakens the multilayer Bragg reflecti
whilst not affecting the SQUID magnetization measureme

In Fig. 9 the twisted gadolinium magnetizations are
tated counterclockwise from the external field vectorB when
viewed from above the multilayer surface. It is likely that t
twist direction was determined by the transverse field of
permanent magnet. In fact, a post-experiment field meas
ment evidenced a small transverse field of about 100
which rotated slightly the total field clockwise from the ma

FIG. 11. Magnetizations per unit volume of the gadolinium la
ers estimated from the structure models shown in Fig. 8~closed
circles!. Broken line shows a regression for the four hig
temperature data points. See text.
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field direction. The transverse field accounts for the sm
Bragg peaks seen at 300, 240, 200, and 180 K in Fig. 5~A!
for f590°. At these temperatures, the Fe magnetizations
parallel to the total field. The Gd magnetizations are th
slightly rotated counterclockwise from the main field dire
tion. This rotation direction is maintained in the twisted sta

We conclude that Fig. 8 represents the consistent mag
tization structures of the gadolinium layers. Our twist stru
ture is similar to the so-called ‘‘bulk twisted’’ structure o
Camleyet al.1,2 in that the average twist angle is the same
all fifteen gadolinium layers throughout the multilayer. O
result shows, however, that the local magnetization tw
highly nonuniformly in each gadolinium layer along the ou
of-plane direction.

To obtain support for the magnetization directions deriv
from the x-ray measurement, we collected Mo¨ssbauer data
from a @Fe~3.5nm!/Gd~5.2nm!#15 sample grown on a Kapton
film using an57Fe-enriched iron evaporation source, at roo
temperature. The estimated57Fe content in the iron layers i
10%, and an x-ray specular reflectivity profile, recorded fro
a simultaneously grown sample on a silicon substra
showed as high a multilayer order as in the sample used
the magnetic x-ray experiment. Filled circles in Fig. 12 sh
the hyperfine fields at the57Fe nuclei,Hhf , estimated from
the spacings of the outermost resonance peaks in the M¨ss-
bauer spectra, plotted versus the in-plane fieldH applied to
the sample. The zero-field data were measured twice, be
and after the field was increased up to 10 kOe. The aver
Hhf is 320.861.1 kOe at zero field, which decreases
318.261.1 at 2.5 kOe. The broken line depictsHhf ~zero
field! 2 H, the hyperfine field expected for the Fe momen
aligned parallel to the applied field. The error bars are lar
but it is very likely that the Fe moments are directed para
to the applied field atH52.4 kOe, which we used to calcu
late Fig. 7~B!. Note that the parallel Fe moments also supp
the antiparallel gadolinium moments determined from
independent x-ray data but using the same technique.
increasing deviations of the Mo¨ssbauer data from the straigh
line at higherH in Fig. 12 do not contradict the expecte
field-induced aligned-to-twisted phase change of
multilayer structure and increasing rotation angles of the
moments away from the parallel orientation.

Clearly the large interface gadolinium magnetizations
induced by the magnetized iron layers. In Fig. 8 the fi

FIG. 12. Hyperfine fieldsHhf around57Fe nuclei~closed circles!
determined from the Mo¨ssbauer experiment at room temperatu
Broken line shows the hyperfine field expected for Fe magn
moments aligned parallel to the applied magnetic field.
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interior does not magnetize at temperatures as low as 24
and shows growing spontaneous magnetizations with
creasingT below 200 K. This suggests that the Curie te
peratureTc for the thin gadolinium layers is located som
where between 240 and 200 K, which is more than 50
lower than theTc for bulk Gd ~293 K!. An application of the
2056(12T/Tc) law to the interior (p510) magnetizations
showsTc5214.3 K. The 3% smaller density in the gad
linium layers than in bulk would not explain the lowTc . It
should be a thin-film effect. The same law indicatesTc
51023 K for the interface sublayers~p51 and 20!. The el-
evated interfaceTc , predicted by the energy calculations,1,2

is due to the molecular field of Fe. Once the multilayer
cooled to the transition temperatureT* in the moderate ex-
ternal field, the interface moments appear to twist first~Fig.
9!. The interior magnetizations rotate at a lower temperat
but over a larger angular range than the interface magne
tions, once set in ‘‘motion.’’ This leads us to speculate th
the twist of the interface magnetizations are driven and c
strained by the rotating Fe moments, whereas the behavi
the interior magnetizations is dominated by the Zeeman
teraction with the external field. The idea could be tested
future resonant x-ray magnetic scattering measuremen
the Fe edge. Additional information would be provided
energy calculations, which are in progress.

V. CONCLUDING REMARKS

Canted magnetizations in Fe/Gd multilayers have pre
ously been detected by Mo¨ssbauer measurements4,6 and neu-
tron scattering.5,7 57Fe Mössbauer spectroscopy is only se
sitive to Fe moments and the spin-flip neutron techniq
does not distinguish between the Fe and Gd. The pre
work gives evidence for the transition between the align
and twisted states in the gadolinium layers. The eleme
specific resonant x-ray magnetic scattering has allowed u
confirm that the Fe and Gd moments in the Fe-aligned s
line up parallel and antiparallel to the external field, resp
tively. The directions of the Fe and Gd magnetizations h
been determined independently of each other. Simula
calculations using our formalism for magnetic specular
flections have enabled the local magnetizations in the 5
nm-thick gadolinium layers to be mapped out at a fractio
nanometer resolution. The proposed structures show
strongly magnetized interface sublayers for both aligned
twisted states, indicating the short-range nature of the Fe
interaction. The vanishing interior magnetizations at 240
suggest that the thin gadolinium film has a Curie tempera
much lower than bulk Gd. The twist angle of the local G
magnetization is also nonuniform in the out-of-plane dire
tion, indicating the influence of the adjacent Fe magneti
tions on the interface twist angles. The derived magn
structures are consistent with the magnetization meas
ment.

The technique of resonant x-ray magnetic scattering
veloped in this work is applicable to a variety of magne
thin films and surfaces. Using the known helicity informati
of a circular polarized probing beam, one can determine
unique local orientations of the in-plane magnetizations
selected atom species, in addition to their strengths. Un
Bragg reflections by crystals, the specular reflections are
K,
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restricted in x-ray wavelength nor the crystalline quality o
sample. The absorption edges, eitherK or L, of all magnetic
atoms are well located on the hard x-ray spectrum availa
from synchrotron sources. The resonant enhancement is
tainly lower at theK edge, but our experience shows that t
difference signals,I 12I 2, are well measurable from ou
Fe/Gd multilayer in specular reflection at the FeK edge. The
major part of this signal is the resonant scattering since
nonresonant magnetic scattering approximately scales
uqu, which is very small in multilayer diffraction.
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APPENDIX: RECURSION FORMULA FOR MAGNETIC
SPECULAR REFLECTIONS

In Parratt’s recursion formula27 for nonmagnetic specula
reflections from a multilayer, the complex amplitudes of t
electric fields of the transmitted and reflected x-rays in la
j, Tj andRj , are related to those in layerj 11 by

FTj

Rj
G5S̃j , j 11FTj 11

Rj 11
G , ~A1!

where S̃j , j 11 is a 232 scattering matrix includingdm and
bm (m5 j , j 11), which define the refractive index bynj
512d j1 ib j for layer j. Tj andRj are related by the Fresne
formulas, which are functions of the glancing inciden
angle of x-rays on the multilayer surfaceu1 . Equation~A1!
applies to the plane polarization components of x-rays.
extending this to magnetic scattering, we note that the ref
tive index of a magnetic medium depends on x-ray circu
polarizationn25e6 iq. Here e and q are the elements o
dielectric tensorẽ of an isotropic medium for an x-ray beam
propagating along the magnetization direction:

«̃5F « q 0

2q « 0

0 0 «
G .

For our experimental geometry shown in Fig. 13, we hav

«̂5F « 0 2q cosc

0 « q sinc

q cosc 2q sinc «
G , ~A2!

wherec is the angle between the in-plane magnetizationM
and they axis. In Fig. 13, they-zplane is parallel to the plane
of x-ray scattering, defined by the incident and scatte
wave vectorsk and k8, and the1z axis is parallel to the
outward normal of the multilayer surface. In specular refle
tion, k andk8 make angles2u andu to the1y axis respec-
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9604 PRB 60N. ISHIMATSU et al.
tively, which is alongk1k8. The squared refractive indexn2

derived from Eq.~A2! includes theq2 and higher terms.
When these are neglected against theq term,n is given by

n25«6 iq cosu cosc. ~A3!

The circular polarized light is expressed by

Ey5
6 i« sinu cosu2q sinu cosc6 iq sinc

« cosu
Ex ,

~A4a!

Hx56 ikn6 cos2 u•Ex /m0c, ~A4b!

Hy52kn6 sinu•Ex /m0c, ~A4c!

where the upper and lower signs correspond to the right
left circular polarizations, respectively. Equation~A4a! does
not include the approximation of smallu, although theq2

and higher terms were neglected. We are only intereste
the x andy components. We make it clear that right-hand
circular light has1helicity and left-handed light has2
helicity.28 Any x-ray wave can be expressed as a sum of
right and left circular components. We writen1512d1

1 ib1 and n2512d21 ib2 for the refractive indices for
right-handed and left-handed circular beams, respectiv
Assuming right and left components for each of raysA andB
in layer j of a multilayer~Fig. 14!, we write for transmitted
ray A

Ex
A5Tj

11Tj
2 , ~A5a!

Ey
A5~2aju j

11bj !Tj
11~2cju j

22bj !Tj
2 , ~A5b!

Hx
A5~ iknj

1Tj
12 iknj

2Tj
2!/m0c, ~A5c!

Hy
A5~ku j

1nj
1Tj

11ku j
2nj

2Tj
2!/m0c, ~A5d!

and for specular reflected rayB

Ex
B5Rj

11Rj
2 , ~A6a!

Ey
B5~aju j

11bj !Rj
11~cju j

22bj !Rj
2 , ~A6b!

Hx
B5~ iknj

1Rj
12 iknj

2Rj
2!/m0c, ~A6c!

Hy
B5~2ku j

1nj
1Rj

12ku j
2nj

2Rj
2!/m0c, ~A6d!

FIG. 13. X-ray specular reflection on a magnetic medium.M
indicates the in-plane magnetization vector. Thex-y plane is paral-
lel to the sample surface and thez axis is defined along the outwar
normal of the surface. X rays are incident and scattered in they-z
plane.u is defined to be positive when thez component of a wave
vector is positive.
d

in
d

e

y.

where

aj5~ i« j2qj cosc j !/« j , ~A7a!

bj5 iq j sinc j /« j , ~A7b!

cj5~2 i« j2qj cosc j !/« j , ~A7c!

k52p/l and we assumed a smallu j . The refraction angles
u j

1 and u j
2 are given by Snell’s law nj 11

6 cosuj11
6

5nj
6 cosuj

6 , where n1
651 for air above the top surface

Similar expressions hold for the transmitted and reflec
raysC andD in layer j 11. The continuity of the tangentia
components of the electric and magnetic fields at the la
interface requires

Ex
A1Ex

B5Ex
C1Ex

D , ~A8a!

Ey
A1Ey

B5Ey
C1Ey

D , ~A8b!

Hx
A1Hx

B5Hx
C1Hx

D , ~A8c!

Hy
A1Hy

B5Hy
C1Hy

D . ~A8d!

A substitution of Eqs.~A5! and~A6!, together with those for
raysC andD, in Eq. ~A8! leads to

F Tj
1

Tj
2

Rj
1

Rj
2

G5C̃j , j 11F Tj 11
1

Tj 11
2

Rj 11
1

Rj 11
2

G , ~A9!

whereC̃j , j 11 is a 434 scattering matrix. The recursion for
mula ~A9! is reduced to

F T1
1

T1
2

R1
1

R1
2

G5C̃1,2C̃2,3¯C̃N21,NF TN
1

TN
2

RN
1

RN
2

G , ~A10!

where N is the number of the layers. One can solve E
~A10! by assuming thatRN

150 andRN
250 for an infinitely

thick substrate.27 For a right circular polarized beam inciden
on the multilayer surface,T1

151 andT1
250, for example,

the specular reflectivityr on the top surface is given by

r 5uR1
1u21uR1

2u2. ~A11!

In general, the nondiagonal elements of matrixC̃j , j 11 have
nonzero values. Hence the specular reflection is no longe

FIG. 14. Specular reflection of x rays in a magnetic multilay
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pure right circular polarization but includes a left circul
component, i.e.,R1

2Þ0 in Eq.~A11!. x-ray circular polariza-
tions are mixed by finite-angle scattering on a magnetic m
dium.

We define the scattering factor of a magnetic atom by11

f 5~ ên8
8* •ên!~ f 01 f c81 i f c9!1 i ~ ên8

8* 3ên!• ẑ~ f m8 1 i f m9 !
~A12!

in the dipole approximation, wheref 0564 for Gd~Thomson
scattering!, f c8(,0) and f c9(.0) are the anomalous dispe
sion corrections,f m8 and f m9 are the resonant magnetic sca
tering factors. Unit vectorẑ is along the quantization axi
parallel to the local magnetic moment.ên andên8 , are the unit
polarization vectors of the incident and scattered x-rays,
spectively, withn andn8 indicating the polarization states o
the relevant beams. The magnetic scattering factors are g
by11

f m8 1 i f m9 52~3/4kre!~F112F121!, ~A13!

whereFLM is the matrix element of the dipole transition, G
2p3/2→5d in our case, andr e is the electron classical radius
Note that Eq.~A12! does not include the (ên8

8* • ẑ)(ên• ẑ) term
and the nonresonant magnetic scattering, which are ne
gible against the (ên8

8* 3ên)• ẑ term. The first and secon
terms of Eq.~A12! represent the charge and resonant m
netic scattering, respectively. We define the charge struc
factorFc and the resonant magnetic structure factorFm for a
multilayer by

Fc5(
all

j~ f 0 j1 f c j8 1 i f c j9 !exp~ iq•r j !, ~A14a!

Fm5(
mag

j ẑj~ f m j8 1 i f m j9 !exp~ iq•r j !, ~A14b!

giving the total structure factor

Fn8n5~ ên8
8* •ên!Fc1 i ~ ên8

8* 3ên!•Fm . ~A14c!

The summation runs over all atoms in Eq.~A14a! and over
the resonating magnetic atoms in Eq.~A14b!. When squared
for intensities, Eq.~A14c! produces cross terms, which a
the resonant magnetic-charge interference scattering.
difference intensity measured by flipping the helicity of t
incident beam, but not analyzing the polarization of the sc
tered beam, is given by

(
n8

uFn81u22(
n8

uFn82u2522~ k̂1 k̂8 cos 2u!•~Fc8Fm8

1Fc8Fm9 !, ~A15!
t
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whereFc andFm are written as sums of the real and imag
nary parts:

Fc5Fc81 iF c9 , ~A16a!

Fm5Fm8 1 iFm9 . ~A16b!

Fc8 , Fc9 , Fm8 , andFm9 are real quantities for centrosymmetr
structures. Equation~A15! shows that the magnetic-charg
interference scattering is only sensitive to the magnetiza
component parallel tok̂1 k̂8 cos 2u, which is contained in the
plane of scattering.19,29

The refractive index parameters are related tof for the
forward scattering by

d5~2pn0r e /k2!Ref ~ k̂85 k̂,ên8
8 5ên!, ~A17a!

b5~2pn0r e /k2!Im f ~ k̂85 k̂,ên8
8 5ên!, ~A17b!

wheren0 is the atom number per unit volume. For circul
polarized beams

d65~2pn0r e /k2!~ f 01 f c87 f m8 cosu cosc!,
~A18a!

b65~2pn0r e /k2!~ f c97 f m9 cosu cosc!. ~A18b!

At the GdL3 edge, the quadrupole component occupies 1
of the total resonant magnetic scattering,30,31 which we ig-
nored in Sec. III of this paper where we discussed the m
netic structure of the Fe/Gd multilayer.

The resonant scattering factorsf m8 and f m9 depend on the
local magnetization. When a layer magnetizes nonuniform
along the out-of-plane direction, we divide the layer intop
sublayers of uniform magnetization

ẑj~ f m j8 1 i f m j9 !→ ẑpSp~gm8 1 igm8 !, ~A19!

where unit vectorẑp andSp are parameters representing t
direction and relative strength of the magnetization of s
layer p, respectively.gm8 and gm9 are the reference resona
magnetic scattering factors, which are common to all subl
ers. gm8 and gm9 are energy dependent, whereasẑp and Sp

describe the energy-independent sample structure. Co
spondingly, we replacef m8 and f m9 in Eq. ~A18! by Spgm8 and
Spgm9 , respectively, for the refractive index parameters
nonuniformly magnetized layers.
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