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Element Specific Magnetization of Buried Interfaces Probed by Diffuse X-Ray
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The magnetization of buried interfaces and its relationship to interfacial roughness is probed for
Co films and CgCu multilayers using diffuse x-ray resonant magnetic scattering, a method in which
the average diffusely scattered x-ray intensity is compared with the component that reflects magnetic
scattering. The comparison demonstrates that the boundary between magnetic and nonmagnetic layers
is smoother than the interfacial roughness, with short-wavelength roughness less effective in magnetic
scattering than longer-wavelength roughness. [S0031-9007(96)01572-4]

PACS numbers: 75.70.Cn, 61.10.Eq, 78.70.Ck

Much of the recent interest in thin-film magnetism is the scattered intensity may be extracted [10]. Although
driven by the potential application of magnetic multilayersearly XRMS measurements used Bragg reflections from
as magnetoresistive recording heads. Such multilayers atke crystal lattice, XRMS is also observed in the specular
typically devised from alternating layers of a transitionreflection of soft x rays from a film surface [18,19].
element (Fe, Co, Ni) and a noble-metal spacer layer (Ag, To our knowledge, XRMS has not been used to
Au, Cu), These systems exhibit so-called giant magnetonvestigate the diffuse intensity scattered away from the
resistance, associated with spin dependent scattering specular direction, in either a thin film or a multilayer.
conduction electrons from antiferromagnetically alignedin this Letter, we show that the magnetization of buried
magnetic layers [1]. Interlayer exchange coupling causemterfaces can be probed directly by diffuse XRMS
the magnetic layers to align antiferromagnetically for spe-associated with the specular reflection from a magnetic
cific spacer layer thicknesses [2]. As with any multilayerfilm to provide new information that cannot b obtained in
structure, the quality of the interfaces between the differother ways. We measure the diffuse XRMS in Co films
ent layers affects performance. For magnetic multilayersand Cg'Cu/Co sandwiches using synchrotron radiation
interfacial roughness is of particular importance becaustuned to thelL; absorption edge of Co. We compare
it is believed to reduce the interlayer exchange couplingliffuse XRMS to the average diffuse scattering, and
and thus the magnetoresistance [3,4]. demonstrate that the diffuse XRMS intensity displays

Although the surface morphology of a multilayer may a dependence on the length scale of the interfacial
be probed with one of several imaging microscopies oroughness different from that displayed by the average
spectroscopies, these techniques give only very indirectcattered intensity. We conclude that the magnetization
information about buried interfaces. Diffuse x-ray scat-associated with interfacial features depends on the size of
tering can yield information on the roughness of buriedthe feature.
interfaces [5,6]. Conventional x-ray scattering techniques, We measure surface and interface morphology using
however, are not sensitive to the magnetic properties of awo methods, atomic force microscopy (AFM) for the sur-
film, making it difficult to quantify the relationship be- face, and soft-x-ray scattering, which probes both the sur-
tween interfacial roughness, interlayer exchange couplindace and buried interfaces. AFM images of the surface
and magnetoresistance. In recent years, x-ray resonaot our films show there is short-wavelength roughness in
magnetic scattering (XRMS) has been developed to inthe 10—100 nm scale, but on larger scales the films are
vestigate the interaction of polarized x rays and magnetizery smooth. This kind of morphology gives rise to a
materials [7,8]. XRMS is due to electronic transitions of characteristic two-component profile in the x-ray scatter-
inner-shell electrons into empty electronic states, with theng measurements, an instrument-limited central peak, and
magnetic field dependence of the scattered intensity aris diffuse component [5,6]. The scattered intensity as a
ing from the spin-orbit interaction in the core level and thefunction of detector positiof) out of the scattering plane
spin polarization of the conduction band [8]. Away from is given by
the absorption edge, pure magnetic scattering is observed _
but is very much weaker than the usual charge scatter- 1(Q) = I{Q)specutar + 1(Q)aitfuse (1)
ing [9]. Near the absorption edge of a magnetic elementvith the incident angl@ held fixed as illustrated in Fig. 1.
the magnetic-field dependence of the scattered intensitye refer to a scan i) as an azimuthal transverse scan.
can be quite large [10—17]. By using circularly polarizedFor a surface or multilayer with no interfacial roughness,
photons tuned to an absorption edge of a magnetic matenly a specular peak would be observed. Roughness has
rial, the element specific resonant magnetic component dghe effect of scattering x rays away from the specular
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Detector are interested in the angular dependence of the difference
- [1:(Q) — I-(Q)] = AIM, Q), as the difference isolates

the element specific resonant contribution to the scattered
/ intensity. AI(M) is element specific because it is large

only for scattering from magnetic atoms with an absorp-
tion edge corresponding to the selected photon energy.
AI(M, Q) will have a specular and diffuse component as
in Eq. (1),

"""" / AIM, Q) = AI(M, Q)specular + AI(M, Q)giffuse - (3)

The morphology of the boundaries between the magnetic
film and the nonmagnetic layer or surface is reflected in
the shape and relative intensity of the diffuse compo-
Magnetic film nent AT(M, Q)girruse.  If the roughness of the magnetic

FIG. 1. Scattering geometry for azimuthal transverse Scanboundary is identical to the interfacial roughness, then
from a magnetic film. 6 is the angle of incidence anf is ZI(M’Q) will have the same relationship between the

the azimuthal angle out of the scattering plane. The photo$Pecular and diffuse components as the average intensity

helicity S is shown with the magnetization parall® ;) and (). In addition Ive (Q)gitfuse @and AI(M, Q )gitfuse

antiparallel(M-) to the photon spin. will have the same shape and width. It is, however, pos-
sible thatAT(M, Q)gitruse can differ from I, yve (Q)giffuse -

If the magnetic moments at the interface do not respond to
direction, creating a diffuse background. Both the specuthe reversal of the magnetic field in the same way as those
lar and diffuse components are observed br= 0, al- in the bulk of the film, then there will be a difference be-
though the specular component is typically very muchtween the ratio of the specular and diffuse components of
larger. The angular width of the specular component isA7(M, )) when compared td,..({). It is also possible
determined by beam size and the detector aperture. Modhat A7(M, Q )4itruse CaN have a shape different from that
eling the intensity distribution allows one to extract theof I,ye (€))difruse » Which would indicate that the roughness
mean square roughness from the relative intensities of thaf the magnetic boundary does not have the same length
specular and diffuse components, the lateral length scakcale as the interfacial roughness.
of the roughness from the width of the diffuse compo- We deposited Co films and ¢8u/Co sandwiches by
nent, and the power spectrum from the shape of the difdc magnetron sputtering in a system with a base pres-
fuse component [5,6]. sure of5 X 1078 Torr. Films were grown at a pressure

The scattering amplitude for circularly polarized x raysof 2.0 mTorr on Si(100) and capped with 2.0 nm of Al
at the L, or L3 absorption edge of a transition elementto prevent oxidation. AFM in air was used to image the
such as Co contains the usual charge scattering term plgsirface before and after growth. Diffuse x-ray scatter-
a resonant magnetic scattering term that depends on tlmeg measurements were performed using a W/C multilayer
magnetizationM [8]. The scattered intensity contains monochromator (beamline 051) at the Synchrotron Radia-
the product of magnetic and nonmagnetic amplitudesion Center. The monochromator delivers< 108 ellip-
and is changed by reversing the magnetization. Fotically polarized photonsec to the sample at780 eV,
the scattering geometry in Fig. 1 with a photon helicitynear theL; edge of Co. Azimuthal transverse scans are
parallel (+) or antiparallel(—) to the magnetization, the made with a three-circle diffractometer, holding the angle
scattered intensity can be written as of incidence fixed at 3 degrees. The scattered intensity

. is measured using a channel electron multiplier and a Si
[=(Q) = Ieharge () + Lresonam (2, M), (2) photodiode as the photocathode. The detector is masked
wherelLesonant ({2, M+) refers to the component of the in- by a slit 0.7 mm wide by 10 mm high, so that the inten-
tensity that changes with reversal of the magnetizationsity in the scattering plane is integrated (see Fig. 1). An
The asymmetry rati¢/. — 1-)/(1/2)(I+ + I-) is usu- electromagnet delivers a maximum field of 700 G either
ally defined to quantify the change in the scattered inparallel or antiparallel to the photon helicity. Hysteresis
tensity with the change of direction of the magnetizationcurves were taken using the XRMS specular reflection to
[14]. The denominator is simply the average intensitydetermine the coercive field and magnetic quality of each
I+w.(Q). The magnitude of the asymmetry ratio dependssample. All of the samples have coercive fields less than
strongly on the angle of incidence [8,19]. However by50 G, and nearly square hysteresis loops indicating that
holding the angle of incidence fixed and making azimuthathe films are single domain. We determine the difference
transverse scans in the plane normal to the scattering/(M, Q) and the sum,,.(Q) by measuring ™ and/~
plane, the specular and diffuse intensities may be probepoint by point for the magnetic field, respectively, paral-
for a constant asymmetry ratio (see Fig. 1) [20]. Welel and antiparallel to the photon helicityA7(M, 2) and
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I.v.(Q)) are normalized to one at the specular-peak maxi- Figure 3 comparesAI(M,() and I,,.(Q)) azi-
mum = 0. Even though we cannot compare the ab-muthal scans normalized & = 0 for an Al capped
solute intensities, normalization allows us to compare th€€o(2.0 nmyCu(1.0 nm)Co(2.0 nm) sandwich grown
relative shapes of the specular and diffuse intensities afn Si(100). The results are similar to those displayed
AI(M, Q) andl,,.(Q). by the single Co film. From,,.({2) we obtain an rms
Figure 2 compareA/(M, ) and I,,.() transverse roughness of 0.30 nm witf = 13 = 1 nm, in agree-
scans for a 7.0 nm thick Co film grown on Si(100) andment with AFM, while AI(M, Q) gives an rms rough-
capped with 2.0 nm of Al. From fits td,.,.({2) we ob- ness of ¢ = 0.15 nm and a correlation length of
tain an rms roughness of the Co film of = 029 nm ¢ =19 = 6 nm. The trend illustrated by the films in
and a correlation length of = 12.5 = 1.5 nm, in good Figs. 2 and 3 of decreasex{ (M, Q)g4ifruse, giving lower
agreement with AFM measurements. These are typicaims roughness and somewhat increased correlation length
values for sputter deposited films [5,6]. The normalizedcompared tdl,..({2), continues for rougher films grown
L.v.(Q)) specular peak is reproduced by the normalizedy increasing the sputtering pressure. In contrast, similar
AI(M, Q) specular peak, as expected, because the lafims grown on substrates deliberately prepared with
ter reflects the magnetic scattering from all the atomsperiodic laterally correlated roughness of long correlation
In contrast, the diffuse background for the normalizedength are very different. For these fildg/ (M, () and
AI(M, Q) is smaller, with less intensity scattered awayl/,..({)) are identical, indicating that the roughness and
from the specular peak, demonstrating that the magneticorrelation length of the magnetic boundary are the same
boundary roughness is less than the interfacial roughas the interfacial roughness [21].
ness. In addition, the shape of the diffuse background To summarize, diffuse XRMS intensity measurements
for the normalizedAI(M, Q) is different from that of demonstrate that the magnetic scattering at the interfaces
L.ve(Q2). The narrowing ofAI(M, Q)4irruse COMpared to  differs from charge scattering for these samples. The
Lve (Q)aifruse iMplies a longer effective lateral correla- magnetic boundary roughness appears to be smaller than
tion length, and demonstrates that Co atoms constitutinthe interfacial roughness. Several explanations for this
the short-range structural roughness at the interfaces diifference in response at the magnetic boundary are pos-
this film do not contribute as well to magnetic scatter-sible. The Co moments at the interface could be pinned
ing. Fits to AI(M, Q) given an rms roughness for the by the surrounding atoms, either Al, Cu, or Si. We can-
magnetic boundary oé = 0.145 nm with a correlation not discount the possibility that the coercive field was not
lengthé = 20 = 5 nm. sufficient to align the magnetic moment of Co atoms at
the interface with those of the bulk film. Increasing the
applied magnetic field to 700 G—10 times the coer-
cive field) did not change&\I(M, Q )giffuse- It Would be
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FIG. 2. AIM, Q) and I,..(Q) transverse scans normalized -0.04  -0.02  0.00 1 0.02 0.04

to their respective specular peaks @t= 0 for a 7.0 nm Sy (2n/A”")

Co film capped with 2.0 nm of Al grown on Si(100). The

curves are plotted as a function 8f, the momentum transfer FIG. 3. AI(M,Q) and [,.()) transverse scans of a
perpendicular to the scattering plartg (< (27/A) cosé sin(}, Co(2.0 nm)Cu(1.0 nm)Co(2.0 nm) sandwich capped with
where A is the photon wavelength). The diamonds Arg(Q2) 2.0 nm of Al grown on Si(100). The diamonds akg.({))
and the circles ard\/(M, ). The best fit tol,,.() gives and the circles ard/(M, ). The best fit tol,,.() gives
an rms roughness ofr = 0.29 nm and a correlation length an rms roughness of = 0.30 nm and a correlation length
& =125+ 1.5 nm. The best fit toAI(M, ) gives anrms ¢ =13 = 1 nm. The best fit toA/(M, ) gives an rms
roughness of the magnetic boundary @f= 0.15 nm and a roughness of the magnetic boundary @f= 0.15 nm and a
correlation lengthé = 20 = 5 nm. correlation lengthé = 19 = 6 nm.
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