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The temperature evolution of the magnetization depth profile in Gd layers of a strongly coupled
[Gd(50 A)/Fe(15 A)];5 multilayer is studied using x-ray resonant magnetic scattef¢¥igMS) and x-ray
magnetic circular dichroisftXMCD) techniques. XRMS vyields a spatially resolved, element-specific, magne-
tization depth profile, while XMCD spatially averages over this profile. The combined data inequivocally show
the presence of an inhomogeneous magnetic profile within the Gd layers at all measured temperatures between
20 and 300 K. These inhomogeneous profiles, which feature enhanced magnetic ordering near the Gd/Fe
interface, were refined using both a kinematic Born approximation and a recently developed distorted-wave
Born approximation, both of which include the contribution of structural and magnetic interfacial roughness.
Calculations of the static magnetic configuration within a mean-field approach that neglects interfacial rough-
ness are in agreement with the measured inhomogeneous profile and its temperature evolution. The results
suggest that the enhanced Gd magnetization near the interface arises from its proximity to magnetically

ordered Fe.
DOI: 10.1103/PhysRevB.70.134420 PACS nuni®er75.70—i, 75.25+z, 75.75+a
I. INTRODUCTION resonant magnetic scatterfi§g® (XRMS) techniques. The

Interfaces play a fundamental role in determining theCombination of XMCD with x-ray standing wave&XSW)
properties of thin film magnetic devices. Examples includgas @lso been used in order to separate interfacial and bulk
interfacial roughness effects on the giant magnetoresistandgagnetizatiort! The advantage of x-ray-based techniques is
(GMR) of spin-valve structures, spin transport across in their elemental specificity, which permits the separation of
interfaces? and exchange biasif@t the interface between magnetic contributions from different atomic species.
an antiferromagnet and a ferromagnet which can yield enWhether through the absorption process of XMCD or the
hancement of magnetic ordering temperature due to theesonant scattering process of XRMS, the excited photoelec-
proximity effect? Interfaces and surfaces can also act agron present in the final or intermediate state acquires a spin
nucleation centers for inhomogeneous magnetization deptpolarization through the spin-orbit coupling interaction.
profile$~" and be responsible for chirality in some magneticThus, it becomes sensitive to the spin imbalance in the un-
structure€ Magnetic behavior at surfaces and interfaces of-occupied density of states near the Fermi energy. By measur-
ten differs from the bulk behavior. For example, on Gd sur-ing the difference in absorption or scattering of x rays with
face layers, enhanced magnetic ordering temperature ar@pposite helicities, a measurement of this spin imbalance is
magnetization were observ&d! On multilayers of Gd and obtained, which is proportional to the absorbing or scattering
nonmagnetic Y, a reduced Gd-magnetic moment near inte@tom’s net magnetic moment.
faces was also reportéd3Iin Gd/Fe multilayers, the strong ~ An enhanced magnetization in the Gd layer near Gd/Fe
coupling between Gd and Fe at the interfaces causes Guterfaces of aGd(54 A)/Fe(35 A)];5 multilayer was ob-
magnetization to persist above the Curie temperature of bulkerved by Ishimatset al, 1° using XRMS and Maéssbauer
Gd. This enhancement of Gd layer magnetization near thepectroscopy. Their XRMS measurements near the compen-
interfaces was observed by spin-polarized Auger-electrosation point(where Gd and Fe magnetizations are equal but
spectroscopy and by x-ray resonant techniqui®s® opposite yielding zero net magnetizati®nrevealed a twist-

The origin of many of the above mentioned magnetic pheing of the Gd magnetization with respect to the applied field
nomena at surfaces and interfaces is not fully understoodlirection. To analyze their XRMS data, a dynamical calcula-
While a proximity effect can possibly account for the ob-tion was used but structural and magnetic roughness were
served enhancement or reduction of magnetization at inteneglected. Similarly, for the analysis of XRMS data from
faces, other sources need to be considered including the eGe/Fe multilayers, Jaouen and co-work&mssumed a per-
fect of intermixing and roughness. The experimentalfect multilayer in deriving the magnetization profile in
characterization of magnetic interfaces is difficult because ofe-Ce layers and noted that their fitted magnetization ampli-
their small fractional volume and buried nature. X-ray andtude was overestimated. Since phase information is lost in a
neutron techniques have been widely used to probe magnetiseasurement of XRMS intensity, the XRMS data cannot be
interfaces in thin filmg21315-19.22-25 particular, x rays inverted to directly yield the magnetization depth profile. It
have been very valuable for studies of magnetism throughas to be deduced by fitting theoretical models to the data.
x-ray magnetic circular dichroisth?’ (XMCD) and x-ray Accurate determination of magnetization requires proper
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(@) | —— - | - | - | 350 K the multilayer is in the Gd-aligned phase at moderate
o 00015 100k v fields3° where the Gd magnetization is parallel to the applied
§ oooto- :gggﬁ E field direction and the Fe magnetization is antiparallel. Up to
£ 00005 350 K, Fig. Xb) does not show a compensation point above
§ 0.0000f = which the moment would increase again.
B 00005 _ X-ray measurements were performed at the 4-1D-D beam-
£ o000k 4 line of the Advanced Photon Source at Argonne National
-0.0015 _ Laboratory. Undulator radiation was passed through double
_4(;00 : _2(;00 : (') : 20'00 : 40'00 Si monochromators, and a diamogid 1) quarter-wave plate
Field (© operated in Bragg transmission geometry was used to pro-
©) feld (Oe) duce the circularly polarized x rayéThe 2.1 kOe field of a
0.0014 l>=e* '— permanent magnet was applied parallel to the sample surface
g ooor2 . and in the scattering plane in order to align the Gd moment
2 00010 . parallel to the applied field at all temperatures considered.
$ 00008 - The sample and the magnet were placed inside a closed-
8 00006 _ cycle He refrigerator mounted on a diffractometer.
£ 0000 i The XRMS measurements were performed in reflectivity
2 o002 - _ mode. The incident photon energy was tuned to near the Gd
00000k e b e L, absorption edg&7929 e_\)), and th_e r.eflected intengities
0 40 80 120 160 200 240 280 320 were measured as a function of the incident angle while flip-
Temperature (K) ping the helicity of the circularly polarized incident x rays.

For the reflectivity measurements, and |~ refer to the re-
FIG. 1. SQUID magnetometry measurements on the Gd/Fdlected intensities for opposite helicities. The XMCD mea-
multilayer. () Magnetization as a function of field at temperatures surements were performed in fluorescence mode by monitor-
20, 100, 200, and 300 Kb) Magnetization as a function of tem- ing the intensity of GdLg radiation while alternating the
perature under 1000 Oe field. helicity at each energy through the Gg edge. For the
XMCD measurements,* and |~ refer to LB fluorescence

treatment of chemical and magnetic roughnesses since botptensities for the two opposite helicities. The incident angle
affect the amplitude of the XRMS sigr#?! was 10°, for which the x-ray penetration depth is much larger

In a previous study of GA(50 A)/Fe(15 A)],5 magnetic  than the multilayer thickness. _
multilayers!® we focused on the enhanced magnetic cou- Resonant scattering factors of Gd atoms were optalned
pling near Gd/Fe interfaces. A Born approximatic®A), from absorption measurem+ents_ through lhgeabs_orptlon
modified to include roughness, absorption, and refractiond9e. The absorptione=[(n"+x7)/2], and dichroismyu,
was used to interpret the XRMS data. This kinematic, single"l#"~#7], spectra were measured by alternating between
scattering, approximation is only valid away from the regimeOpposite helicities of incoming x rays at each photon energy
of total external reflection. Here, we extend this study byWith fixed applied magnetic field.
using the distorted-wave Born approximaﬁbﬁl (DWBA), The imaginary parts of chemical and magnetic resonant
which includes multiple scattering and roughness to derivécattering factors ., are related to the measured absorption
the temperature evolution of the Gd magnetization profilespectra of Gd through the optical theoreffj, = uem and
and to further explore the origin of enhanced interfacial Gothe real parts, f;, were obtained using differential
magnetization. To that effect, mean-field theoretical calculakramers—Kronig transforms. The procedure uses tabulated
tions of the static spin configurations at different temperascattering factors away from resonance for absolute
tures were conducted and compared with the experiment. normalization’®** Resonant scattering factors for Gd are

In Sec. Il of this paper, we describe the XMCD and shown in Fig. 2. Since the real part of the magnetic scattering
XRMS experiments on a Gd/Fe multilayer. In Sec. Ill, the factor dominates the resonant magnetic scattering, the inci-
XRMS data are fitted with theoretical expressions derivedient photon energy was tuned to 7929 eV, wHgyés maxi-
from the DWBA, and the results are compared with thosemized.
using the BA. Section IV presents temperature-dependent Gd To eliminate any experimental artifacts in our dichroic
layer magnetization profiles derived from the XMCD and signals, absorption and scattering measurements were taken
XRMS experiments and their comparison with theoreticalwith applied fields parallel and antiparallel to the photon
calculations within a mean-field approach. Section V sumwave vector. At each temperature, two measurements were
marizes the results. performed aip=0° and 180° whereb is defined as the angle
between the incoming x-ray beam and the applied field. Fig-
ure 3 shows absorption measurements across the,Gdb-
sorption edge. The dichroic process leads to complete sign

The multilayer used in this study was sputtered in vacuumeversal for opposite orientations &f and H. Incomplete
onto a Si substrate with Nb buffé¢t00 A) and cap(30 A)  reversal is due to systematic errors. These errors were only a
layers. The multilaye([Gd(50 A)/Fe(15 A)];s) has 15 bi-  few percent in our measurements and were subtracted from

layers and an extra Gd layer at the top, i.e., Gd termination ahe data before integrating the XMCD signal to obtain aver-
both ends. SQUID measurements in Fig. 1 reveal that up tage magnetization in Gd layers.

Il. EXPERIMENTS AND RESULTS
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Figure 4 shows the XMCD signal at temperatures from 2Qtion. Since the difference cross section measures the mag-
to 300 K. We used the integrated area under these peaks t@tic component in the scattering plafeee Sec. I, an
estimate the relative magnetization of Gd layers at each tenaligned phase will result in zero difference signal if the field
perature. The sign of XMCD signal does not change betweefs applied perpendicular to this plane. This is shown in Fig.
20 and 300 K, and this indicates that, at least up to 300 Kg, where we rotated the sample and magnet assembly by 90
the Gd/Fe multilayer does not go through a compensationg=90°), yielding a negligible difference between the scat-
point above which the Gd XMCD signal would reverse its tered intensities for the two helicities.
sign.

Figure 5 shows x-ray specular reflectivity curves from the [ll. MODELING OF XRMS DATA
[Gd(50 A)/Fe(15 A)],5 multilayer with the incident photon
energy at 7929 eV. The measurements were done at four
different temperatures, 20, 100, 200, and 300 K. The charggc
specular reflectivity curvfFig. 5a)] was obtained by adding
scattering intensities for opposite helicitid$+17), and the f=(fo+f)(& -0 +if (& X &) -Mm+fi(&" -M)(e-m),
magnetic sensitive reflectivity curvgbigs. 5b)-5e)] were (1)
obtained by taking the difference between the two intensities
(I"=17). Changes in the charge specular reflectivity curves atvhere f,=-Zr,, f. andf,, are anomalous charge and mag-
different temperatures were negligible, indicating negligiblenetic scattering length, €’ are polarization vectors of in-
structural change. However, in the difference signal, significoming, scattered radiatiom is local moment direction, and
cant changes occur due to temperature-dependent changesdfjiis linear dichroic term. The last term is ignored sirfcés
the magnetization depth profile of the Gd layers. generally much smaller thafy, at lanthanideL edges and

As mentioned earlier, SQUID measurements indicate thasince the polarization vectors are nearly perpendiculanto
for the moderate field dfl =2.1 kOe the Gd/Fe multilayer is for our scattering geometry. The scattering cross section ob-
in the Gd-aligned statéFig. 1). This implies that there is no tained from Eq(1) includes pure charge, pure magnetic, and
magnetic component perpendicular to the applied field direceharge-magnetic interference terffis.

Assuming negligible nonresonant magnetic scattering and
sing the electric dipole approximation, the resonant elastic
attering length for a Gd ion can be writterf%as
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-0.05 FIG. 4. GdL, edge XMCD at temperatures between 20 and
300 K with 2.1 kOe applied field. The integrated areas under the
-0.10 ] curves were used to obtain relative magnetization of the Gd layers
(© 0.02 at each temperature.
0.00
o 002 Other fitting parameters are the magnetic roughness between
% 0.04 the layers and the relative magnetization in the three Gd
% 006 sublayers. These charge and magnetic parameters were used
to calculate the charge and charge-magnetic reflectivity
-0.08 — —o— artifact ]

curves using the BA.
0100 ' S — ' T The edge-jump normalized.e., per atom Gd XMCD
7880 7900 79%0nergy Zeg“‘,(; 7960 7980 peak signal at 10 K gt/ ue=0.05%3), in agreement with
bulk Gd. In addition to full saturation, this indicates that the
FIG. 3. The XMCD measurements for opposite orientations ofGd magnetic moment is not reduced relative to its bulk
photon wave vector and sample magnetization. The angle betweearalue. The experimentally determined value fgf at 10 K
the incoming beam and the applied field, 2.1 kOe, dis (a) therefore sets the scale for quantitative determination of
Polarization-independent absorption coefficient obtained from thelepth resolved magnetization profiles on an absolute scale. A
sum of fluorescence intensities for opposite helicities of the incomscaling off,,, was used in modeling the local Gd magnetiza-
ing radiation.(b) Difference in absorption coefficient for opposite tjon at each temperature.
x-ray helicities. (¢c) The XMCD signal is [umn(¢=0° - um(é
=1809]/2, and nonmagnetic artifact i um(d=0°+um(P
=1809]/2. A. First Born approximation model for calculation
of charge-magnetic specular reflectivity

Since only dipole transitions dt edges are considered,  charge-magnetic specular reflectivity curves calculated
the magnetization profiles from charge-magnetic specular r&ising the BA are shown as gray lines in Fig. 5. These curves

flectivity fittings represent the profiles of GdiSnoments. \,are calculated using the BA with the fitted DWBA param-
These are assumed to mimic the profiles of théicdunter- eters(Sec. IIl B).

parts due to the strong#f-5d) intra-atomic exchange Cou-  ging the BA, the differential cross section is written
pling that contributes to the spin polarization of the Gal 5

band. This is supported by XMCD measurements on a series gl_g _ |:ne(f0+ fyer _%J J f it gl
V,

charge

of R,Fe B intermetallics taken by Miguel-Soriaret al3°

To simplify the calculations, each Gd layer was divided
into three sublayers. Equivalence of Gd/Fe and Fe/Gd inter- . aptay A 67 3 2
faces was assumed so that the two outer sublayers near Fe *inefy(e€) -m y evdr |, (@2
have the same magnetization. Charge specular reflectivity
curves were fitted with the DWBAL3! which yields the wheren, is the scatterer's number density, and the integrals
same calculated reflectivity curves as the ones using Parrattége over the charge and magnetic volume. After squaring the
recursive formalisni® The fitted structural parameters from sum of the charge and magnetic terms, the cross section has
the charge specular reflectivity curves were then incorpoa pure charge term, a pure magnetic term, and a charge-
rated into the charge-magnetic specular reflectivity fittingsmagnetic interference term. Only the latter depends on the
using the DWBAZ! For the different temperatures, each Gd orientation of magnetizatio¢or helicity). Therefore, the dif-
layer (total 16 Gd layerswas divided into three sublayers. ference in the scattering intensities between the two opposite
The middle sublayer thickness was a fitting parameter, whildnelicities, I*—17, is due to the charge-magnetic interference
that of the equivalent outer sublayer was constrained by theontribution only. The charge-magnetic interference term of
total layer thickness fitted from the charge specular datathe scattering cross section includes the products of the

mag
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o o — ;ags Qe e &% 2] FIG. 6. The XRMS measurements @t 0° and 90° wherep is
= i ¥ X400 ‘2 1 the angle between the applied field and the beam directimnd
-2000 | X 1200 (b) are charge peaks, arid—(f) are charge-magnetic peaks for the
r A | | L first and third multilayer Bragg peakc)—(f) show that there is no
2 4 6 8 magnetization component perpendicular to the applied field
26 (degrees) direction.
FIG. 5. Specular reflectivity measurementsymbolg, the . 1 sl i N
DWBA calculation(dark lineg, the BA calculatior(gray lineg. The Apgi=ng (fo+ )™ —ng(fo+ o),
measurements were performed with an incoming photon energy of
. ) 22 tieitl i e
7929 eV and. 2.1 er applied field. The measured reflectivity Apm,j - nJe+ S{; ]an;r — njesi'nﬂ'n' (3)
curves were fitted with the DWBA theory, and the parameters ob- _
tained from this fitting were used for the BA calculatiga) Charge Here,d,, Oetr. detr, @aNd Betr are defined as
specular reflectivity for Gd/Fe multilayer at 300 K. The root-mean- .
squared roughness of the Gd/Fe chemical interface was 3.0+1.1 A, 0= 4 SiN Befs
and the densities of Gd and Fe layers were 93% of their bulk values. z A '

(b)y«(e) Charge-magnetic reflectivity curves at the indicated tem-
peratures with fits using the BA and DWBA theories.

Oett =\ 67 = 2001t = 12Bett,

charge and magnetic contrasts at the interfaces. Adding

R . _ dFe de
charge and magnetic roughnesses at the interfaces, the 8,Befi= ————6,Bret ——=—5,Bsq. (4)
charge-magnetic cross section for specular reflectivity dret+ dag dret dag

,20,31,37
become® The charge and magnetic density contrasts across interfaces
do _47PL,L, 8, 8(ay) i,j are APZ,i and Apm,, respectively. The degree of circular
a0 polarization isP; n is the atomic number densitg,, is a
scaling factor for the magnetizatiok;; are wave vectors of
the incident and scattered radiation. Height fluctuations
about the average positions of the charge and magnetic in-
terfaces are assumed to be Gaussian, and thus

chargemag_ qg
N
X PJcos H(k; - i) + (k - )], €@
i

X [Apz’iApm’je_(qglz)(”é,i“rzm,j) ([8ze,m(x,y)]2>:o§m. Orientational disorder contributions to
. (@22 102 ) the magnetic roughness are not explicitly considered, i.e.,
+ ApejApp € %27 e mi’], they are folded into aeffectivemagnetic roughness,,.
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The polarization dependence in E@) was calculated TABLE |. Parameters derived from fits to the charge-magnetic
using the matrix formalism of Blume and GiB8dor the specular reflectivity data for the indicated temperatures. The relative
case where no polarization analysis of the scattered beam agnetization of the Gd sublayers avg, and Mp,q. For all tem-
performed. It involves taking traces over matrix products ofPeraturesge gare=3.0+1.1 A, 0 cac=0 A. The fitted thickness of
the form(&'* - &)p([(¢'* X &) -M]*), wherep is the(2 X 2) den- Gd sublayers adjacent to the Fe layersljs=3.94+0.09 A at all
sity matrix of a beam with circular polarization in tife, )  €mperatures.
basis. From Eq(3), the charge-magnetic cross section is

only sensitive to the component of the magnetization densit\-/r ) Mint Mumig Omcdre(B)  omcaca(A)
in the scattering plang(k; - M), (k- M) terms. 300 1.00£0.12 0.00£0.00 4.21+0.23  3.18+0.06
200 1.00£0.13 0.46+0.04 3.89+0.14 3.26+0.13
B. Distorted-wave Born approximation model for fitting 100 1.00£0.13 0.74+0.04  3.76+0.09 3.61+0.23
of charge-magnetic specular reflectivity 20 1.00£0.13 0.91+0.03 3.66+0.06 3.44+0.31

In Fig. 5, fitted curves using the DWBA are shown as
dark solid lines. The DWBA calculations for the charge- O
magnetic reflectivity are based on a recursive formalism R=RT+U+VR, (8)
originally developed by Stepanov and Sifthéor resonant  \here its solution is
specular reflectivity from magnetic multilayers with smooth
interfaces, and recently extended by Leeal. to include R=(1-V) RO +U). 9)

interfacial roughnes%: In this formalism, the Nevot-Croce

f o f | flectivi lized for th Reflection coefficients are expressed as three different
ormula for specular reflectiviff was generalized for the g,nciions for nonmagnetic/magnetinonresonant/resonant
case of a single, rough, magnetic interface using a self:

. L magnetic/nonmagnetic  (resonant/nonresongnt  and
consistent method and then extended to multiple 'nterfacesmagnetic/magnetic interfacésesonant/resonantThese re-
f For the. sp%cular conhdltlor;, the d|ff§rent|_a| %{%‘? Sectlor‘\‘Iectivity coefficients can be expressed as a function of the
or scattering by a rough surface can be writte refracted angles., the wave vectok,, the roughnesse
dor 1 and the dielectric susceptibility. These functions are de-
— = —— (T2 5)  scribed in detail elsewhefé.
10 " 162K (5)

L ~ . . . IV. ANALYSIS AND DISCUSSION
Here, Tf'=(k;,?|Tlk, ) is the scattering matrix element.

Wave vectors of incident and scattered radiationkareand The parameters obtained by fitting the measured reflectiv-
u and v are polarization vectors. The scattering matrix ele-ity curves with the DWBA model are shown in Table I. The
ment is expressed as fitted charge-magnetic specular curves simulated with these
) parameters are shown as dark solid lines in Figs)-5(e). It
(e, V[ Tk, ) = k&= K5, v X OB, (1) + K5(= ki, 1| A%K;, 1) is assumed that there is no charge roughness between the Gd
+ kg<_ kt, V|Am|kiuu/>! (6) Sub|ayel’5(0'e'Gde= O)

With these parameters, the charge-magnetic specular re-
where Eiu(r) is the incident wave an¢-k!,v) is the time-  flectivity curves were calculated using the BA modlEigs.
reversed function corresponding to a wave incident on th&b)-5€), gray solid lineg Overall, both models are in
interface. An ideal system with a smooth interface is denote@greement with the data except near the first multilayer
by x'©, andA® andA™ are structural and magnetic perturba- Bragg peak. In the lovg, region near the critical angle for
tions onx© due to roughness. total external reflection, the BA model does not explain the

For the specular condition, E¢6) can be rewritten as charge-magnetic specular reflectivity because it neglects
multiple scattering and only approximates the x-ray refrac-
R, = R(V?i+ UW+E VV)\R(&, (7)  tion, both of which are strong near total external reflection.
A The DWBA is a dynamical calculation taking account of the
© ) o multiple scattering and thus gives a better description in this
where R,,,R, ~are reflection coefficients for rough and yegion, as also found in nonmagnetic ca¥eSince both the
smooth ideal interfaces, respectively. The tdﬂ(ﬁ can be BA and the DWBA models give consistent magnetic param-
expressed in terms of 22 matrices using the polarization eters in the fits, however, the BA model can be used provided
bases for the incident and reflected waves. For the waves i largeq, range of data are available. An extendgdange is
the nonmagnetic medium, the polarization base is given by prerequisite for refinements of magnetization density pro-
(€;,€5). In the magnetic resonant medium, the polarizationfiles with high spatial resolution. Furthermore, since the BA
base is expressed by two circular polarizatiof&?,€?),  model is a kinematical calculation wherein each interface
whereeV=¢, +ie, andeV=¢ —ie,. In the above equation, acts as an independent scatterer, it is conceptually more
U,..V,, are the correlation terms due to the roughness in thetraightforward than the DWBA model, which needs a recur-
reflection coefficients containing structural and magneticsive approach to treat multiple interfaces.
roughnesso, and oy,). A self-consistent matrix can be writ- As shown in Table I, the Gd moment of the interfacial
ten as regions are enhanced relative to that of the interior regions.
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@,0F ] cell; 8 Fe atomic layers per unit cell; 15 unit cells with Gd on
g 1 L VI y the outside at both ends; Gd moment =Z§ Fe moment
]08 - =2.2 ug. An initial estimate of the exchange-coupling param-
T eters is made from the bulk Curie temperatures of Fe and Gd,
§o°6 B U \ ) ] where Tc=J,S(S+1)/3. The exchange constady, is ex-

504 L - pressed in Kelvins and is a measure of the total effective
2 o T=20K exchange field acting on an individual spin; it includes in-
*;02 — —5— T=100K plane contributions as well as exchange fields from one plane
ool j & j —¥— T=200K acting on a neighboring plane. In the final calculations, the
‘ o —— T=300K values for the exchange constants dggre=—200 K, Jgq
(b) , =13.7 K, andJr.=529.3 K. We expect that the exchange
10~ coupling within a plane will be the same as that between
508__ j/ planes, s0Ji.e=3 Jre for example. To obtain the best
T L agreement with the data, a reduction factor of 0.9 was intro-
So6l- j duced for the Gd moments, and a reduction factor of 0.93
5’ - was included for the Fe moments. Additional details on the
§0~4 B calculation and the choices of parameters can be found in
Bos B Ref. 25.
el As shown in Fig. 7 the profiles obtained from the mean-
00k ) field calculation and those from the fitted parameters are con-

(©)10[C sistent. Both theoretical and experimental results show that
£ T o the Gd layers near Fe are fully magnetized at all tempera-
"50’8 B g- tures considered while the magnetization in the interior de-
So6l 3 creases with increasing temperature.

5’ - g One possible origin of the enhanced Gd magnetizatsn
50‘4 _ g observed in the experiments and in the mean-field calcula-
%042 = s tions) is proximity to magnetized FET.=1024 K) to which
EOO the Gd magnetization couples by a strong antiferromagnetic
: | exchange interaction. This interlayer exchange interaction is
0 50 100 150 short ranged, and therefore the enhancement in the Gd mag-
depth (A) netization is limited to the region near the Gd/Fe interfaces.

This scenario is supported by the results of mean-field cal-
culations, which yield very similar magnetization profiles by
assuming strong interlayer antiferromagnetic coupling across
sharp interfaces. It is known that, in rare-eartRE)

FIG. 7. (a8) Gd magnetization profile obtained by mean-field
calculations, assuming perfect interfacgs.Gd magnetization pro-
file used in fitting the charge-magnetic reflectivity data at the dif-

ferent temperatures. For comparison Wiy, charge and magnetic " . . .
. L transition-metal(TM) intermetallics, a strong coupling be-
roughnesses between Gd/Fe layers are not included in thigglot. ween TM and RE ions exists through strong hybridization

As in (b), but with structural and magnetic roughness included. Th .
dashed line represents Gd concentration obtained from charge fE—etween the REband TM 3 bands. Since Fe has a much

PR . ; . higher ordering temperature than Gd, it induces spin polar-
flectivity fitting. Each profile shows the relative magnetization . 'gher ¢ o
within the Gd layer, which is the product of Gd concentration andiZation in the Gd 8 band through hybridization. The Gdi5

the average magnetic moment within each Gd subléigef. 12. bands play a role in mediating the indirect coupling between
localized Gd 4 momentsi®-4*

It can also be argued that the enhancement in the Gd

While the Gd moment of interior regions decreases as thenagnetization near Gd/Fe interfaces is due to alloying be-
temperature increases, the enhanced moment in the interfaween Gd and Fe. To address this question, off-specular, lon-
cial regions does not change. The width of these magnetizegitudinal, diffuse scattering measurements were performed
regions is 3.94+0.09 A, almost independent of temperaturegn the same Gd/Fe sample. The data in Fig) 8how Bragg
The fitted magnetic roughnessésm cire medcd d0 NOt  peaks corresponding to the Gd/Fe bilayer period, indicating
change noticeably as the temperature changes. However, tHat the roughnesses at the Gd/Fe interfaces are conformal,
can be noted that the magnetic roughness between Fe and G¢., correlated in the normal directiéfThis indicates the
layers (omcare Slightly increases as the temperature in-presence of well-defined interfaces with pure roughnesses
creases. [Fig. 8b)] as opposed to the structureless interfaces expected

The theoretical Gd magnetization profile at each temperafrom pure intermixing[Fig. 8c)]. The question remains
ture was calculated for the sample structure within a meanwhether structural roughness is needed to drive the interface
field approach considering nearest-neighbor interactionmagnetic ordering of Gd. Our theoretical calculations, which
only3° The results of these mean-field calculations at eaclyield similar enhancements by assuming sharp interfaces, in-
temperature are shown in Fig. 7 along with the profiles dedicate that the strong antiferromagnetic coupling is the key
rived from fits to the charge-magnetic specular reflectivityingredient. However, the spatial extent of the magnetized
curves. The key parameters used in the mean-field calculaegion is likely to be determined by a combination of struc-
tion are: applied field =2.1 kOe; 20 Gd atomic layers per unitural roughness and the range of antiferromagnetic interac-
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FIG. 8. (a) Specular reflectivitydark and off-specular reflec- Temperature (K)

tivity (gray) measurements. The offset angle is 0.1° for the off-

specular measurement. The inset shows the wave-vector transfer in FIG. 9. Average Gd layer magnetization at each temperaayre.
the reciprocal plangb) Interface with roughnessc) Interface with ~ XMCD result (rectanglepis obtained from temperature-dependent
intermixing. XMCD measurements by integrating the area undei.Gdbsorp-

tion edge(Fig. 4. Mean-field calculation resulftriangleg and

tion between Gd and Fe. In this particular case, since the rmsharge-magnetic reflectivity resultircles are calculated by inte-
roughness is comparable to the extent of the magnetized Ggfating the area under Gd magnetization profile cuf¥gs. 1a)
layer, the roughness sets an upper limit for the extent of suchnd 1b), respectively. The inset shows SQUID magnetometry re-
antiferromagnetic coupling. sult on the Gd/Fe multilaye(Fig. 1). (b) Magnetization for the

Further evidence for the absence of significant intermix-nterfacial (dashed lingand middle(dotted ling regions were cal-
ing comes from the XMCD measurements. We do not ob<culated using Eq(10) with different T¢ values. The two values
serve significant changes in XMCD line shape between 2@ere added with the thickness ratio includedlid line).
and 300 K, despite the latter probing the enhanced interfacial
region only. Significant changes in local chemical environ-

ment associated with strong intermixing would have resultedpectra taken at 20 K and 300 K since the spectra at 300 K

in an altered line shape, which is not observed. probes only interfacial regions, while the spectra at 20 K
Itis well known that the branching ratio between XMCD pophes the entire layer. We observed, however, no significant

spectra taken over a pair of spin-orbit split edgesy., L, change in the total integral of the XMCD spectra across both

andLs) can be related to the size of the orbital momer)t in theedges, which was nearly zero at both temperatures. Thus the
probed final statee.g., 3 or SQ). In some cases, quantitative ;o moment for the Gd dstates is negligible in both the
values of the size of the orbital moment can be obtained b%entral and interfacial regions

ﬁegrlg-gezlrjtr&ruelgzg tr;eo:/\r/](t:/gerralfhgfs:ahijnllﬂcr:ulljezps:?it b The integrated area under the fitted magnetization profile
reliably applied to thé measuréd spectra due to the stron‘arom the fitted parameters in Tablgi$ calculated to obtain

exchange between thef 4nd & band<’5-47 This exchange e average magnetization of Gd layers for each temperature.
not only spin polarizes thedsband but produces a radial This can be compared yvith similar averages o_btained from
splitting within it, resulting in an asymmetry in the transition the result of the mean-field calculations and with those ob-

probability between the spin up and spin down electrons irf@ined by integrating the XMCD data in Fig. 4. The figure
the radial portion of the matrix elements. This spin depenshows that the mean-field calculation and the integrated mo-
dence in the radial matrix elements is not included in thement calculation from the reflectivity fittings are in agree-
derivation of the sum rules and therefore quantitative meament. Assuming that each Gd layer has interfacial and inte-
surements of the size of the rare-earthrBioments are not rior regions with the same saturation magnetizafibg but
possible. Nevertheless the branching ratio can still be used wifferent T values, the average magnetization from the
obtain qualitative information about relative changes in theXMCD data was fitted using a superposition of two different
magnitude of the moments. Enhancements in the size of thil(T) curves corresponding to interior and near-interface Gd
orbital moment have been observed for thin magnetiozolumes. The following equation was used to describe the
films.#8 Similar changes might be expected in the Gd XMCD temperature-dependent magnetizatién:
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M(T) Te-T\? strongly coupled Gd/Fe multilayer was studied. Spatially re-
Y f T OTc=Tp(Te)dTe, (100 solved magnetization profiles were obtained from fits of
o T ¢ XRMS reflectivity data using dynami®DWBA) calculation
where é(x) is the Heaviside function, ana(Tc) is a Gauss- Of the asymmetry in the reflected intensity of opposite helici-
ian distribution function with a 20 K distribution width in fties of incoming circularly polarized x rays. With the fitted
order to account for disorder in the sputtered sample. Th@arameters, kinematic calculatidBA) was then used to cal-
XMCD average magnetization result was reproduced begtulate the asymmetry in the reflected intensity. Both approxi-
with 8=0.47+0.09. The contributions from the two regions mations include the effect of chemical and magnetic rough-
were added ad(T)=(2r)M;(T)+(1-2r)M(T), wherer ~ Ness on the scattered intensity, allowing for quantitative
is the ratio of interfacial region thickness over total Gd layerdetermination of magnetization profiles. The refined profiles
thickness(r=0.079 obtained from XRMS measurements. &€ inhomogeneous throughout the 20—300 K temperature
The T¢ value of the middle region is estimated to be 220 K, Interval, wherein the magnitudeut not the directionof the
which is lower than that for bulk GET,~ 293 K), consistent G_d magnetization varies throughout the Gd ]ayer thllckness.
with other reportd8 The T value of the interfacial regions is Different origins for the enhanced Gd magnetic ordering near
estimated to be 1050 K, which is comparable to Taevalue Fe were discussed, including strong antiferromagnetic cou-
of bulk Fe. It should be noted that the moment of the inter-PNg at Gd/Fe_ interfaces, Intermixing, and the r_ole of rough-
facial regions is almost independent of temperature betwee ess. Theoretical cqlculatlons W't.h'n a mean—ﬂeld approach
20 and 300 K, and this is consistent with the results from the?'OW that a strong interlayer antiferromagnetic cogphng at
reflectivity fitting (Table 1). The largedagre compared tdlgg _Gd/ Fe interfaces can account for the observ_ed profiles, even
effectively decouples the Gd interfacial and bulk regions giv-" the absence of chemical roughness. While the enhanced
ing justification to the two-component system modeling inorderlng of Gd at Gd/Fe mterfaces does not require rough-
Fig. 9. Further support for this uncoupled behavior is found?€SS: these enhanced regions can extend past the very short
in the work of Binder and Hohenbef§where decoupling of range of antiferromagnetic interactions in the presence of
surface and bulk magnetic orderings is found wiep... CUghness.
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