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

PACS numbers: 75.70.Cn, 61.10.Eq, 78.70.Ck
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Much of the recent interest in thin-film magnetism i
driven by the potential application of magnetic multilayer
as magnetoresistive recording heads. Such multilayers
typically devised from alternating layers of a transitio
element (Fe, Co, Ni) and a noble-metal spacer layer (A
Au, Cu), These systems exhibit so-called giant magne
resistance, associated with spin dependent scattering
conduction electrons from antiferromagnetically aligne
magnetic layers [1]. Interlayer exchange coupling caus
the magnetic layers to align antiferromagnetically for sp
cific spacer layer thicknesses [2]. As with any multilaye
structure, the quality of the interfaces between the diffe
ent layers affects performance. For magnetic multilaye
interfacial roughness is of particular importance becau
it is believed to reduce the interlayer exchange coupli
and thus the magnetoresistance [3,4].

Although the surface morphology of a multilayer ma
be probed with one of several imaging microscopies
spectroscopies, these techniques give only very indir
information about buried interfaces. Diffuse x-ray sca
tering can yield information on the roughness of burie
interfaces [5,6]. Conventional x-ray scattering technique
however, are not sensitive to the magnetic properties o
film, making it difficult to quantify the relationship be-
tween interfacial roughness, interlayer exchange couplin
and magnetoresistance. In recent years, x-ray reson
magnetic scattering (XRMS) has been developed to
vestigate the interaction of polarized x rays and magne
materials [7,8]. XRMS is due to electronic transitions o
inner-shell electrons into empty electronic states, with t
magnetic field dependence of the scattered intensity a
ing from the spin-orbit interaction in the core level and th
spin polarization of the conduction band [8]. Away from
the absorption edge, pure magnetic scattering is obser
but is very much weaker than the usual charge scatt
ing [9]. Near the absorption edge of a magnetic eleme
the magnetic-field dependence of the scattered intens
can be quite large [10–17]. By using circularly polarize
photons tuned to an absorption edge of a magnetic ma
rial, the element specific resonant magnetic component
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the scattered intensity may be extracted [10]. Althoug
early XRMS measurements used Bragg reflections fro
the crystal lattice, XRMS is also observed in the specula
reflection of soft x rays from a film surface [18,19].

To our knowledge, XRMS has not been used t
investigate the diffuse intensity scattered away from th
specular direction, in either a thin film or a multilayer.
In this Letter, we show that the magnetization of burie
interfaces can be probed directly by diffuse XRMS
associated with the specular reflection from a magnet
film to provide new information that cannot b obtained in
other ways. We measure the diffuse XRMS in Co film
and CoyCuyCo sandwiches using synchrotron radiation
tuned to theL3 absorption edge of Co. We compare
diffuse XRMS to the average diffuse scattering, an
demonstrate that the diffuse XRMS intensity display
a dependence on the length scale of the interfaci
roughness different from that displayed by the averag
scattered intensity. We conclude that the magnetizatio
associated with interfacial features depends on the size
the feature.

We measure surface and interface morphology usin
two methods, atomic force microscopy (AFM) for the sur
face, and soft-x-ray scattering, which probes both the su
face and buried interfaces. AFM images of the surfac
of our films show there is short-wavelength roughness
the 10–100 nm scale, but on larger scales the films a
very smooth. This kind of morphology gives rise to a
characteristic two-component profile in the x-ray scatte
ing measurements, an instrument-limited central peak, a
a diffuse component [5,6]. The scattered intensity as
function of detector positionV out of the scattering plane
is given by

IsVd ­ IsVdspecular 1 IsVddiffuse , (1)

with the incident angleu held fixed as illustrated in Fig. 1.
We refer to a scan inV as an azimuthal transverse scan
For a surface or multilayer with no interfacial roughness
only a specular peak would be observed. Roughness h
the effect of scattering x rays away from the specula
© 1996 The American Physical Society 3925
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FIG. 1. Scattering geometry for azimuthal transverse sca
from a magnetic film. u is the angle of incidence andV is
the azimuthal angle out of the scattering plane. The phot
helicity S is shown with the magnetization parallelsM1d and
antiparallelsM2d to the photon spin.

direction, creating a diffuse background. Both the spec
lar and diffuse components are observed forV ­ 0, al-
though the specular component is typically very muc
larger. The angular width of the specular component
determined by beam size and the detector aperture. M
eling the intensity distribution allows one to extract th
mean square roughness from the relative intensities of
specular and diffuse components, the lateral length sc
of the roughness from the width of the diffuse compo
nent, and the power spectrum from the shape of the d
fuse component [5,6].

The scattering amplitude for circularly polarized x ray
at the L2 or L3 absorption edge of a transition elemen
such as Co contains the usual charge scattering term p
a resonant magnetic scattering term that depends on
magnetizationM [8]. The scattered intensity contains
the product of magnetic and nonmagnetic amplitud
and is changed by reversing the magnetization. F
the scattering geometry in Fig. 1 with a photon helicit
parallel s1d or antiparallels2d to the magnetization, the
scattered intensity can be written as

I6sVd ­ IchargesVd 1 IresonantsV, M6d , (2)

whereIresonantsV, M6d refers to the component of the in-
tensity that changes with reversal of the magnetizatio
The asymmetry ratiosI1 2 I2dys1y2d sI1 1 I2d is usu-
ally defined to quantify the change in the scattered i
tensity with the change of direction of the magnetizatio
[14]. The denominator is simply the average intensi
IavesVd. The magnitude of the asymmetry ratio depen
strongly on the angle of incidence [8,19]. However b
holding the angle of incidence fixed and making azimuth
transverse scans in the plane normal to the scatter
plane, the specular and diffuse intensities may be prob
for a constant asymmetry ratio (see Fig. 1) [20]. W
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are interested in the angular dependence of the differen
fI1sVd 2 I2sVdg ­ DIsM, Vd, as the difference isolates
the element specific resonant contribution to the scatter
intensity. DIsMd is element specific because it is large
only for scattering from magnetic atoms with an absorp
tion edge corresponding to the selected photon energ
DIsM, Vd will have a specular and diffuse component a
in Eq. (1),

DIsM, Vd ­ DIsM, Vdspecular 1 DIsM, Vddiffuse . (3)

The morphology of the boundaries between the magne
film and the nonmagnetic layer or surface is reflected
the shape and relative intensity of the diffuse compo
nent DIsM, Vddiffuse. If the roughness of the magnetic
boundary is identical to the interfacial roughness, the
DIsM, Vd will have the same relationship between th
specular and diffuse components as the average inten
IavesVd. In addition IavesVddiffuse and DIsM, Vddiffuse

will have the same shape and width. It is, however, po
sible thatDIsM, Vddiffuse can differ from IavesVddiffuse .
If the magnetic moments at the interface do not respond
the reversal of the magnetic field in the same way as tho
in the bulk of the film, then there will be a difference be
tween the ratio of the specular and diffuse components
DIsM, Vd when compared toIavesVd. It is also possible
that DIsM, Vddiffuse can have a shape different from tha
of IavesVddiffuse , which would indicate that the roughness
of the magnetic boundary does not have the same len
scale as the interfacial roughness.

We deposited Co films and CoyCuyCo sandwiches by
dc magnetron sputtering in a system with a base pre
sure of5 3 1028 Torr. Films were grown at a pressure
of 2.0 mTorr on Si(100) and capped with 2.0 nm of A
to prevent oxidation. AFM in air was used to image th
surface before and after growth. Diffuse x-ray scatte
ing measurements were performed using a W/C multilay
monochromator (beamline 051) at the Synchrotron Rad
tion Center. The monochromator delivers6 3 108 ellip-
tically polarized photonsysec to the sample at,780 eV,
near theL3 edge of Co. Azimuthal transverse scans ar
made with a three-circle diffractometer, holding the ang
of incidence fixed at 3 degrees. The scattered intens
is measured using a channel electron multiplier and a
photodiode as the photocathode. The detector is mask
by a slit 0.7 mm wide by 10 mm high, so that the inten
sity in the scattering plane is integrated (see Fig. 1). A
electromagnet delivers a maximum field of 700 G eithe
parallel or antiparallel to the photon helicity. Hysteresi
curves were taken using the XRMS specular reflection
determine the coercive field and magnetic quality of eac
sample. All of the samples have coercive fields less th
50 G, and nearly square hysteresis loops indicating th
the films are single domain. We determine the differenc
DIsM, Vd and the sumIavesVd by measuringI1 and I2

point by point for the magnetic field, respectively, para
lel and antiparallel to the photon helicity.DIsM, Vd and
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IavesVd are normalized to one at the specular-peak max
mum V ­ 0. Even though we cannot compare the ab
solute intensities, normalization allows us to compare t
relative shapes of the specular and diffuse intensities
DIsM, Vd andIavesVd.

Figure 2 comparesDIsM, Vd and IavesVd transverse
scans for a 7.0 nm thick Co film grown on Si(100) an
capped with 2.0 nm of Al. From fits toIavesVd we ob-
tain an rms roughness of the Co film ofs ­ 0.29 nm
and a correlation length ofj ­ 12.5 6 1.5 nm, in good
agreement with AFM measurements. These are typic
values for sputter deposited films [5,6]. The normalize
IavesVd specular peak is reproduced by the normalize
DIsM, Vd specular peak, as expected, because the
ter reflects the magnetic scattering from all the atom
In contrast, the diffuse background for the normalize
DIsM, Vd is smaller, with less intensity scattered awa
from the specular peak, demonstrating that the magne
boundary roughness is less than the interfacial roug
ness. In addition, the shape of the diffuse backgrou
for the normalizedDIsM, Vd is different from that of
IavesVd. The narrowing ofDIsM, Vddiffuse compared to
IavesVddiffuse implies a longer effective lateral correla-
tion length, and demonstrates that Co atoms constituti
the short-range structural roughness at the interfaces
this film do not contribute as well to magnetic scatte
ing. Fits to DIsM, Vd given an rms roughness for the
magnetic boundary ofs ­ 0.145 nm with a correlation
lengthj ­ 20 6 5 nm.

FIG. 2. DIsM, Vd and IavesVd transverse scans normalized
to their respective specular peaks atV ­ 0 for a 7.0 nm
Co film capped with 2.0 nm of Al grown on Si(100). The
curves are plotted as a function ofSy , the momentum transfer
perpendicular to the scattering plane (Sy ­ s2pyld cosu sinV,
wherel is the photon wavelength). The diamonds areIavesVd
and the circles areDIsM, Vd. The best fit toIavesVd gives
an rms roughness ofs ­ 0.29 nm and a correlation length
j ­ 12.5 6 1.5 nm. The best fit toDIsM, Vd gives an rms
roughness of the magnetic boundary ofs ­ 0.15 nm and a
correlation lengthj ­ 20 6 5 nm.
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Figure 3 comparesDIsM, Vd and IavesVd azi-
muthal scans normalized atV ­ 0 for an Al capped
Co(2.0 nm)yCu(1.0 nm)yCo(2.0 nm) sandwich grown
on Si(100). The results are similar to those display
by the single Co film. FromIavesVd we obtain an rms
roughness of 0.30 nm withj ­ 13 6 1 nm, in agree-
ment with AFM, while DIsM, Vd gives an rms rough-
ness of s ­ 0.15 nm and a correlation length of
j ­ 19 6 6 nm. The trend illustrated by the films in
Figs. 2 and 3 of decreasedDIsM, Vddiffuse, giving lower
rms roughness and somewhat increased correlation len
compared toIavesVd, continues for rougher films grown
by increasing the sputtering pressure. In contrast, sim
films grown on substrates deliberately prepared w
periodic laterally correlated roughness of long correlati
length are very different. For these filmsDIsM, Vd and
IavesVd are identical, indicating that the roughness an
correlation length of the magnetic boundary are the sa
as the interfacial roughness [21].

To summarize, diffuse XRMS intensity measuremen
demonstrate that the magnetic scattering at the interfa
differs from charge scattering for these samples. T
magnetic boundary roughness appears to be smaller t
the interfacial roughness. Several explanations for t
difference in response at the magnetic boundary are p
sible. The Co moments at the interface could be pinn
by the surrounding atoms, either Al, Cu, or Si. We ca
not discount the possibility that the coercive field was n
sufficient to align the magnetic moment of Co atoms
the interface with those of the bulk film. Increasing th
applied magnetic field to 700 G (,10 times the coer-
cive field) did not changeDIsM, Vddiffuse. It would be

FIG. 3. DIsM, Vd and IavesVd transverse scans of a
Co(2.0 nm)yCu(1.0 nm)yCo(2.0 nm) sandwich capped with
2.0 nm of Al grown on Si(100). The diamonds areIavesVd
and the circles areDIsM, Vd. The best fit toIavesVd gives
an rms roughness ofs ­ 0.30 nm and a correlation length
j ­ 13 6 1 nm. The best fit toDIsM, Vd gives an rms
roughness of the magnetic boundary ofs ­ 0.15 nm and a
correlation lengthj ­ 19 6 6 nm.
3927
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difficult to confirm by conventional experiments such a
the magneto-optic Kerr effect or x-ray magnetic circula
dichroism that the field was too weak, because the cont
bution to the signal from the interface is103 smaller than
that from the bulk. A second explanation for the differ
ent response of magnetic moments at the interface is
enhanced orbital moment for atoms there [22]. An en
hanced moment seems unlikely for the following reason
Recent x-ray magnetic circular dichroism experiments in
dicate that the asymmetry ratio for atoms at the interfa
is 1y2 that for atoms in the bulk of the film, whereas the
asymmetry ratio for magnetic scattering at the interfac
of our films is less than one-tenth that of atoms in th
bulk film. Additionally, the asymmetry ratio is not con-
stant over the diffuse XRMS intensity, inconsistent with
a single value for an enhanced orbital moment. Henc
we do not believe that an enhanced orbital moment can
responsible for the effect that we observe. We suggest
stead a different explanation. We believe that roughne
causes weaker coupling of the magnetic moments of inte
face atoms to the bulk magnetization of the film, with th
sharpest structural asperities at the interface most poo
coupled to the bulk magnetization, while smoother varia
tions are better coupled. Moments at the interface cou
fluctuate in the plane about the direction of the extern
magnetic field. Recent calculations support this pictu
[21]. The coupling would then depend on temperatur
Thermally assisted fluctuation of the magnetic momen
would be more effective in decoupling spins of atoms a
sites where the number of magnetic neighbors is most
duced. The fact that the interfaces for charge and ma
netic scattering are similar at long length scales suppo
this view. A measurement of the temperature dependen
of the diffuse XRMS intensity can confirm this picture a
well as differentiate between pinned magnetic momen
and reduced coupling.

In conclusion, we have shown that with a high-flux
tunable, and stable source of soft x rays, the interfaces
magnetic film or a magnetic multilayer makes with othe
elements or the vacuum can be probed by measureme
of the x-ray-magnetic-scattering diffuse intensity. Fo
sputter deposited Co and CoyCuyCo films with typical
interface roughness, we find that the magnetic bounda
roughness differs from the structural interface roughnes
The magnetic boundary appears to be smoother. We s
gest that the magnetic moments of atoms that “stick ou
producing the short-wavelength roughness, are not able
follow the magnetization reversal and thus effectively d
not contribute to the resonant magnetic scattering. W
are presently measuring the temperature dependence
the diffuse magnetic scattering, and working to explai
both theoretically and experimentally the dependence
magnetic scattering on the size of interfacial features.
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