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Charge-magnetic roughness correlations in an Fe/Gd multilayer
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Charge-magnetic roughness correlations of the Gd layers in an Fe/Gd multilayer are studied using diffuse,
X-ray resonant magnetic scattering. The strong interfacial coupling exhibited by this system, which restricts the
orientation of the magnetic moments, makes possible a detailed study of the intrinsic charge-magnetic rough-
ness. Quantitative analysis of the data is carried out by using a newly developed model, based on the Born
approximation, for diffuse, x-ray resonant magnetic scattering from multilayers. Fits to the charge and charge-
magnetic interference data result in longer correlation lengths for both in-plane and out-of-plane charge-
magnetic roughness than for charge roughne33163-182609)10241-§

[. INTRODUCTION The increased penetration provided by the use of hard x rays
makes possible the study of out-of-plane—in addition to in-
Interface structure plays a role in many of the interestingplane—roughness correlations.

phenomena exhibited by magnetic films and multilayers, The second objective of this paper is to report the devel-
such as magnetization reversal processes, magnetic anisopment of a model for the diffuse XRMS. This model is
ropy, and exchange coupling of magnetic films through nonbased on the Born approximatioBA) in which a perturba-
magnetic films. The characterization of interface parameterson of charge and magnetic roughness is used to calculate
is therefore an important step in modeling the behavior othe diffuse XRMS from a multilayer. The quantitative results
magnetic films and multilayers. Unfortunately, conventionalpresented in this paper are obtained through fits to the data
x-ray techniques used to study interface structure, such assing this model. Finally, we will show and discuss anoma-
reflectivity and diffuse scattering, are sensitive only to thelous scattering features and interference effects between the

electron density, or charge, information. For a complete undifferent charge and magnetic structures of the multilayer.
derstanding of interface structure, a technique sensitive to the

magnetic information is a necessity. Such a technique is
X-ray resonant magnetic scatteridRMS), which has been
used to date to study transition-metal filli'sThese studies
report both a smaller rms magnetic roughness than rms
charge roughness and a longer in-plane correlation length f .
charge-magnetic roughness than for charge roughness. Bo e SRl CAT. at Fhe Advanced Photon Source, using the
of these features are thought to be due to the weak couplin%EtLJp shown in Fig. 1. A double-crystal(£11) monochro-

of interface magnetic moments to the “bulk” magnetization Mator was used to select an energg eV above the Gd

of the film. Therefore, the differences in the roughness pa€dge(7.243 keV. This energy was chosen because it corre-
rameters are merely a selection effect due to the dependenéB0nds to the maximum in the circular magnetic x-ray di-
of the magnetic scattering on the direction of the magneti€hroism spectrum. The predominantly linearly polarized
moments. In this paper, we take a closer look at the intrinsi®eam was converted t899% circularly polarized beam by a
charge-magnetic roughness by eliminating this possible exdiamond(111) phase retarder. The rotation of the phase re-
planation for the differences between the charge and magarder was carried out through the use of a piezoelectric
netic roughness parameters. This is accomplished by studyransducer(PZT) and lever arm, which allowed for rapid
ing a system with strong interfacial coupling—an Fe/Gdhelicity reversal of the x-ray beam. Finally, after reflection
multilayer—and comparing the charge and charge-magnetitrom a harmonic rejection mirror, the beam was incident on
roughness correlation lengths. The use of this systera vacuum-deposited Fe/Gd multilayer, which was placed be-
provides an additional advantage due to its rare-earth coniween the poles of a permanent magnet with the fiel@.4
ponent, which has resonances in the hard x-ray regime&kG) applied parallel to the surface of the multilayer.

II. EXPERIMENT AND DATA

Diffuse XRMS data were collected on beamline 1-ID of
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FIG. 1. Experimental setup on beamline 1-ID. Components in-
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The structural parameters of the multilayer were deter- FIG. 3. Sum(*) and difference(<) of opposite helicity offset
mined by measuring the specular reflectivity with circularly scans, with BA fit-). Statistical error bars for the summed data are
polarized x rays. The sum of the reflectivity measured withsmaller than the size of the symbol.
opposite photon helicities was used to determine the struc-
tural parameters through a modified—to include interfacesubsequent measurements were made with the applied field
roughness—Parratt fit(see Fig. 2 The nominal Si cap/ parallel to the scattering plane.

[Fe(35 A)/Gd(52 A)],5/Si substrate structure was modeled The diffuse XRMS data collected consist of an offset
as Si/Fe silicide/FEGd/Fe,,/Gd/Si substrate due to the ex- scan, mostly alongj, (see inset in Fig. 2 for the scattering
pected formation of iron silicide at the interface between thegeometry, in which the detector angle was offset from the
silicon cap and the first iron layérThe fitted structure was specular peak by 0.24°, and two rocking curves takeg,at
determined to be 819.9A/Fe silicide(19.R8)/Fe  ~0.147A! and 0.215 A! (over the second and third
(36.1A)[Gd(53.28)/Fe(36.4 A)],4/Gd(53.28)/Si sub- multilayer Bragg peaks Charge diffuse and diffuse XRMS
strate. Note that for all fits described in this paper, Fe/Gd andata were extracted from these three scans by taking the sum

Gd/Fe interfaces were treated as identical. and difference, respectively, of the data from opposite pho-
At room temperature, the spin structure of the multilayerton helicities. . o
is expected to be in an aligned state, with all of the(Ge) The sum and difference offset scans, shown in Fig. 3,

magnetic moments parall@ntiparalle) to the applied field.  exhibit peaks atj, corresponding to the multilayer Bragg
This was verified by taking advantage of the geometricapeaks, which are due to out-of-plane correlations in the in-
dependence of the XRMS, which requires the magnetic moterface roughness. Another obvious feature in Fig. 3 is the
ments to be in the scattering plagsee Sec. l). By subtract-  sign reversal of adjacent peaks in the difference data, which
ing the reflectivity measured with opposite photon helicitieshas also been seen in specular XRMS §dt&@his is caused
and with the applied field parallel and then perpendicular tdy a nonuniform magnetic moment distribution within the
the scattering plane, these measurements showed that tfel layers, which is to be expected as the strong coupling of
multilayer was in an aligned state, with no component of thehe Fe and Gd atoms at the interfaces allows the interfacial
Gd magnetic moment perpendicular to the applied field. AllGd atoms to remain ferromagnetic above the bulk Gd Curie
temperaturé. The change in sign of the charge-magnetic
scattering as a function af, is therefore the result of an

108F ] interference effect between the different charge and magnetic
- structures of the multilayer.
10" - .
0 1081 i lll. BORN APPROXIMATION MODEL
5 OF DIFFUSE XRMS
> 5
5 10T T In order to fit the diffuse XRMS data and make a quanti-
’é 104k | tative comparison with the charge diffuse scattering, a theo-
S retical model of the diffuse scattering difference signal in a
- 103 § multilayer is required. While following the approach of Os-
good et al,’ we begin to develop such a model with the
102} - expression for the elastic scattering amplitude for a single
' ! ' . ' ' resonant ion using the electric dipole approximation. To
0.00 0.05 ©0.10 0.15 0.20 0.25 0.30 leading order, this amp"tudel%

-1
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FIG. 2. Specular reflectivity*) with modified Parratt fit(-). o€t it g {[F1 e & tilFo, — R
Statistical error bars are smaller than the size of the symbol. Inset

shows the scattering geometry. X (& X &)-m+[2F5—F1—FL](ef -m)(&-m)}, (1)
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where —Zr is the Thomson scattering amplitude per ion,where c.c. is the complex conjugate of the previous term.
the &'s are initial and final photon polarizations, th&'s are To calculate the polarization dependence, the degree of
dipole transition matrix elements, anil is the ion’s mag-  circular polarization is alternately reversed between a value
netic moment direction. The much smaller, nonresonanef +P. and —P., which results in the following for the
magnetic scattering is not included in the amplitude. difference signal, differential cross section between positive
The first approximation in this treatment is the!,  and negative helicity:
—F1]>[2F3;—Fi—F',]. This is generally satisfied for
rare-earthL edges-! and so we ignore the last term in Eq.
(1). The next step is to extend the scattering amplitude to a
system of scatterers, such as a layer of identical ions, and®
perturb the surfaces of the scattering system with both charge
and magnetic roughness. Using the BA, the differential cross

section is then written + Nrg_;\_ [Fi+FL ]* ] Nrg—:; [F!,—Fl+cec.

dcr_ £) PR
aq || Nel=2ro) +Negm [Pt Foq ] &7 - & xfff jjf e lar=rgdrd3’.  (4)
Ve Vm

xf f f e—i0|~fo|3r+iNri [F1,—F]
Ve ™
2
x(%}*x%i)-fnf ff e 19Tddr| | ) ) _
Vi roughnesk (z;)=o7, (mean-squared magnetic roughness
and (z.z,)=C.(X,Y) (charge-magnetic correlation func-

whereN, and N, are the number densities of all electronstion), the double integral is:
and the resonant electrons, respectively, and the integrals are
over the total charge volum&/() and the magnetic, resonant

j—g) = PC[Rf~m+cos(a+B)Ri~l‘n]{(Ne(—Zro)

To evaluate the integrals, the approach of Siehal!?is
followed. A Gaussian distribution af.(x,y) —zy,(x",y’) is
(2) assumed, and definingz?)=02 (mean-squared charge

orbital volume ¥,,).
When multiplied out, Eq(2) can be grouped into three f f f f f f e ia (=" )g3rg3y’
terms—a pure charge term, a pure magnetic term, and an Ve Vim

imaginary, interference term. The only term that is sensitive

to the reversal of the photon helicity, however, is the inter- LyLy —qg s o
ference term: = 0 5 (oetom)
do 3\ 11 e
RTo) _t= Ne(—Zro)+Nig—[F1+F24] xff exH 92Cen(X,Y) —i(a,X+qy,Y)]1dX dY,
n

®)

- A . 3\ 1 1 ~ ~ ~
X (€f - ei)*lNr_ﬂ_ [Fo—F1l[(&F X&) -m]

whereL, andL, are the linear dimensions of the part of the

tfeec. e 19 (=3 437 sample probed by the beam. .
fvaJ f fvm Subtracting out the specular=( fe '(@X* % dX dY)

and combining everything, the difference signal in the dif-
(3)  fuse scattering for a single system of scatterers is

Ada’
dQ

Lly . . —q; 3\
:PC%[kf-m+cosa+3)ki-m]ex;{%(a§+a§) [Ne(—Zro)+Nr8—W[F1+F1_1]*

) diffuse z

<IN , .
XNeg—[FL -Fil+cec. J’ f{ex;{qzcem(X,Y)]—l}eXF[—l(qu+QyY)]dXdY- (©6)

Finally, we extrapolate the above expression to a multilayer Withterfaces-> With the simplifying assumption that the
average positions of the charge interfaces correspond to those of the magnetic interfaces, the final result is
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do LL, . _ . —q? _
A(m) =P [ki-M+coga+ Bki-m] [Apem” exp[f(aéﬁafn,,-) exilid,(z—2)]
diffuse az )
—q?
xj f (X 02Cemij(X,Y)]—Dexd —i(quX+qyY)]dX dY+Ap;mjiexp[Tz(a§,j+aﬁﬂ)
Xexqiqz(zi—zj)]f f (€XH AZCem;i (X,Y)]— Dexd —i(a,X+a,Y)]dX dY}, @)
|

where Apemij is the difference across thigh interface of To fit the difference data, a magnetic moment profile
{Ne(—Zro)+N,(3\/87)[F1+FL,]*} times the difference within the Gd layers was required. This profile was obtained
across thgth interface offN,(3\/8w)[FL,—F1]}. by fitting the difference offset data in Fig. 3 with the BA of

A couple of points should be noted about the expressioffd. (7). Each of the Gd layers was divided into three
in Eq. (7). The first is that the diffuse scattering difference layers—two identical interfacial layers and a paramagnetic
signal scales with the value ., and therefore an x-ray inner layer. The interfacial layers were assumed to be ferro-
beam with a h|gh degree of circular po|arizati0n is a necesmagnetic, and the dlpOle transition matrix elements used in
sity for efficient measurements. Second, interface roughnedte fit were taken from Hamrick An interfacial layer thick-
from magnetic moments oriented perpendicular to the sca?ess of 7.8 A was determined by the fit, which is shown in
tering plane do not contribute to the diffuse scattering differ-Fig. 3. In addition to determining the magnetic moment pro-
ence signal. And further, out-of-plane magnetic moment§i|e, the fit to the offset scan also provides information about
contribute negligibly since sia, sing~0. A final point that the out-of-plane correlation length for charge-magnetic
must be emphasized is that the technique of using circularljoughnessi.e., &em, ). The value obtained through this fit
polarized photons to isolate the interference term probe¥as 670 A, while a BA fit to the charge diffuse scattering—
charge-magnetic correlations and not pure magnetic correl@lso shown in Fig. 3—resulted in a shorter out-of-plane cor-
tions. A measurement of the latter type of correlation wouldrélation length for charge roughness of 440 A.
require a different technique, such as magnetic scattering us-

ing the linearly polarizedr— 7 channel. 1x108
of (@)
IV. FIT RESULTS 8x107
To fit the diffuse sum and difference data, layer thick- 2 . 5[
nesses obtained from the specular reflectivity fit were fixed, § I
and correlation functions appropriate for Gaussian roughness ¢ ax105]
distributions were used. The form of the correlation function 2 -

for both the charge and charge-magnetic fits is that for a 53
self-affine fractal surface with a cutoff length, i.€eq; 2A07r
= Ugi eXF[_(ngeei)Zheei] and Cemi=o0eiom;exd—(R/
Eomi)?emi], 12 where is the cutoff or correlation length arid
is the Hurst parameter describing the texture of the rough- 8000 -
ness. For correlations between interfaces, the Schlomka

14 . . . o 6000 -
etal’™” expression and its charge-magnetic analogue were ¢
used. Explicitly, they are: 8 4000
8 2000
O¢,iUe,j ) o
Ce&ijo{exq_(ngee,i)Zhee"] %) 0
—2000 L on
+exp — (Rl&gej)?Meeil}ex] —[zi—z|/ éee. 1, 4000 ,=0215 A"
—-0.006 -0.003  0.000 0.003 0.006
c _O'e,iO'm,j —(R/ Zhem.i <1
emij — 2 {EX[I[ ( gem,i) ] q, (A7)
+exd_(R/§emj)2hemj]}qu—_ |Zi_zj|/§emj_]u FIG. 4. BA fits (-) for (a) sum and(b) difference of opposite

photon helicity rocking curve data> ). Arrows indicate the anoma-
(8)  lous scattering in the diffuse XRMGee text Statistical error bars
for the summed data are smaller than the size of the symbol. Note
where £.o, and &, are the out-of-plane correlation that the data and fit aj,~0.147 A~* have been shifted upward in
lengths for charge and charge-magnetic roughness correlg) and the data and fit a,~0.215 A~* have been shifted down-
tions, respectively. ward in (b) for clarity.
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In order to obtain the in-plane roughness correlationcorrelations, the charge-magnetic roughness is also found to
lengths, the BA for charge diffuse scattering and the BA ofhave a longer out-of-plane correlation length. While mag-
Eq. (7) were used to fit the two summed data and two dif-netic moments oriented in the out-of-plane direction could
ference data rocking curves, respectively. The magnetic mexplain these observations, the demagnetizing fields that
ment distribution determined by the fit to the offset scan wasvould result make this scenario unlikelyther possible ex-
used in the latter fit, and both fits are displayed in Fig. 4.planations include local variations in the Gd Curie tempera-
From these fits, the correlation length for charge-magneti¢ure within the interfacial region and shape anisotropy, which
roughness is again found to be longer than that for chargé@avors a planar magnetic structure for the multilayer.
roughness(1420 A with h,;=0.71 vs 230 Awith hg, In conclusion, we have collected diffuse XRMS data from
=0.49, respectively, in this case for the in-plane direction. a multilayer that exhibits evidence of anomalous scattering

A striking feature of Fig. &) that deserves comment is and interference effects due to the different charge and mag-
the structure in the data, indicated by arrows, which correnetic structures of the multilayer. We have applied the BA to
sponds in reciprocal space to the anomalous scattering peak®del the data and to obtain values for both the in-plane and
in the summed data of Fig.(@. We believe this to be the out-of-plane correlation lengths for charge-magnetic rough-
first observation of such scattering in the diffuse XRMS. Theness. By extracting this information from our fits, we have
peaks in Fig. 4a) are due to the incident or exit angle satis- demonstrated that charge-magnetic roughness is smaller than
fying the Bragg condition for the multilayer, and can be charge roughness in a system with strong interfacial coupling
simulated by applying the distorted-wave Born and we have displayed the power that diffuse XRMS studies
approximation:>® The data of Figure @) call for a similar  can bring to the important question of interface roughness.
treatment, and derivation of this theory is in progr¥ss.
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