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Electron scattering mechanisms within metallic multilayers are affected by both structural and
magnetic disorders. Off-specular x-ray scattering has long been used to probe the structural
interfaces, and it is only recently that it has been applied to the study of magnetic disorder. We
compare the resonant magnetic x-ray scattering with off-specular neutron studies from
magnetron-sputtered Co/Cu and Co/Ru multilayers grown at the second antiferromagnetic coupling
peak. Both techniques yield similar results for the Cu system, and a simple domain model can be
applied to extract the magnetic interface morphological parameters. For the Cu system, the in-plane
correlation length is field dependent and is 880620 Å after saturation along the hard axis, but
increases to 70006100 Å after saturation along the orthogonal easy axis. Both systems show strong
out-of-plane correlations in both the structural and magnetic disorders. In all cases, the out-of-plane
correlation length for the structural interfaces is 200–250 Å, but the ratio of the magnetic to
structural correlations length is dependent on the magnitude of the exchange coupling and ranges
from 0.4 to 1.4. ©2003 American Institute of Physics.@DOI: 10.1063/1.1543876#
st
uc
o

ea

an
ro
tin
e
n
ve
a
an
de
Th
e
t
tte

th
o

he
o

ca
de

us
th
te

ing
to

ag-
an

cter-
lar-
ic
ng
ses
se

si-
ide
the
s in
ri-

that
ith
en

t be

g-
than

to

ge
an
In recent years, there has been considerable intere
the magnetotransport properties of thin magnetic films s
as spin valves and multilayers. Their magnetoresistive pr
erties have been exploited in the fields of magnetic r
heads and magnetic memory storage.1,2 Use of a wide variety
of characterization techniques, such as high-resolution tr
mission electron microscopy as well as x-ray and neut
scattering, have resulted in significant progress in correla
structure with transport properties, thereby improving the
ficiency of such devices. However, in order to understa
completely the magnetotransport properties of spin val
and magnetic multilayers, a full description and thus char
terization of the magnetic structure is required. The gi
magnetoresistance properties resulting from spin-depen
scattering is often hypothesized to occur at the interface.
role of the chemical interface is now becoming better und
stood, but the magnetic interface is also a key componen
understanding both spin accumulation and electron sca
ing.

Initial characterization techniques concentrated on
chemical structure, with particular emphasis being placed
the role of the interface morphology with respect to t
transport. Modeling the distribution of scattered intensity
either neutrons or x-rays around the origin of recipro
space allows the chemical interface morphology to be
duced, and to be separated from interdiffusion effects.3 The
high flux of synchrotron sources has greatly advanced diff
x-ray scattering studies, and both experimental ideas and
oretical concepts are well developed. Although x-ray scat
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ing has proved to be immensely beneficial in elucidat
structural parameters, the technique has little sensitivity
the magnetization profile. Away from resonance, the m
netic contribution is many orders of magnitude weaker th
the Thompson charge scattering. In the past, the chara
ization of the magnetic structure has been confined to po
ized neutron reflectometry.4 This technique probes the atom
moment directly, with the neutron–spin interaction bei
well understood. Advances in detector design and increa
in source flux have enabled off-specular and other diffu
neutron studies to be performed routinely.

However, recent synchrotron experiments,5,6 in which
the incident x-ray energy is tuned close to an atomic tran
tion, directly probe the magnetic band structure and prov
a magnetic scattering amplitude comparable to that of
charge scatter. For transition metals, it is the empty state
the 3d band that give rise to the magnetization, thus expe
ments need to be conducted at the LIII and LII edges, which
for cobalt are at 778.1 and 793.2 eV, respectively.7 This pro-
vides an alternative magnetic characterization technique
has the advantage of high synchrotron flux, coupled w
element specificity. However, since the interaction betwe
the photon and the magnetic moment is indirect, it canno
separated uniquely from the charge scattering.

Multilayers of Co/Cu and Co/Ru were prepared by ma
netron sputtering in a system with a base pressure better
1028 Torr. The thickness of the spacer layer was adjusted
correspond to the second antiferromagnetic~AF! coupling
maxima. The samples were deposited on Si~001! substrates
without removal of the native oxide. The interlayer exchan
coupling in the Co/Ru system is significantly greater th
that in the Co/Cu case.
0 © 2003 American Institute of Physics
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Neutron reflectometry was conducted at room tempe
ture on the CRISP reflectometer at the time-of-flight IS
facility at the Rutherford Appleton Laboratory as a functi
of applied field. Two-dimensional maps in reciprocal spa
were recorded using a one-dimensional detector and neu
with wavelengths in the range 1.2–6.5 Å.

Resonant magnetic x-ray scattering was recorded
beamline 5U1 at the SRS, Daresbury Laboratory. The sam
was mounted in an in-vacuum, two-circle diffractomet
Specular and diffuse scatter were recorded in the conv
tional manner using linearly polarized x-rays. Experime
were conducted at remanence, but prior to sample alignm
they were saturatedex situby the application of a 140 mT
field along the hard or easy axis.

Figure 1 shows the neutron data recorded at remane
for a sample with nominal structure Co~20 Å!/Cu~22 Å!. The
Bragg peak associated with the repeat structure occurs a
out-of-plane momentum transfer ofqz50.155 Å21. No dif-
fuse intensity associated with the structural interfaces co
be observed, and the apparent broadening at the struc
Bragg peak is resolution limited. However, this is not t
case at the magnetic Bragg peak, centered onqz

50.075 Å21 where a broad peak in bothqx and qz can be
seen.

The width of the peak inqz was used to estimate th
extent of the out-of-plane correlation of the magnetic int
faces. We observed clear differences between Co/Cu
Co/Ru multilayers.8 For the Cu system, the magnetic an
structural out-of-plane correlation lengths were appro
mately 600 Å. In the Ru system, the structural correlat
length was similar, but that associated with the magnetic
order was larger and approached 2000 Å, the total thickn
of the film.

Resonant magnetic scattering was performed on sam
deposited in the same growth run as those used in the
tron experiments. Longitudinal diffuse scans that probe
diffuse scatter as a function ofqz were measured from
samples from both the Cu and Ru systems. In addition
those samples deposited with spacer layers correspondin

FIG. 1. Full reciprocal space map of the neutron scattering from an
coupled Cu/Co multilayer. The specular data are seen in the data as a
at qx50.
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the second. AF coupling maximum, we also measured th
grown at the first AF peak.

Unlike the neutron data, the x-ray scans showed str
diffuse intensity at both the charge and magnetic Bra
peaks~Fig. 2!. On application of a saturating field, the ma
netic peaks disappeared. The peaks were fitted to Lore
ians, and we find that for all samples, the out-of-plane c
relation length for the structural roughness was similar, a
in the range from 200 to 250620 Å. We have defined the
out-of-plane correlation length as being equal to the inve
of the half width at half maximum of the peak inqz , which
corresponds to the length scale at which the out-of-pl
correlation has reduced to a value of 1/e. The greater signal-
to-noise ratio in the x-ray data, compared to the neutron d
enabled this more explicit formulism to be used. The wid
of the magnetic peak varied; in the Ru system the associ
magnetic correlation length was always greater than
structural correlation length, the effect being greater
samples prepared at the first AF coupling peak, the ratio
magnetic to structural being 1.4. In the Cu system, the ra
for samples grown with Cu59 Å, corresponding to the firs
AF peak, was 1. Samples prepared at the second coup
maximum had much broader magnetic peaks~Fig. 2!, giving
a out-of-plane magnetic correlation length of only 9
615 Å and a ratio of 0.4. This length scale was not dep
dent on magnetization direction. We note that there is a tr
towards higher exchange coupling, resulting in larger out-
plane coherence of the magnetic disorder.

The distribution of the neutron data along the in-pla
direction qx has been modeled assuming a Gaussian di
bution of domains, characterized by an in-plane domain c
relation function given by:

C~R!5sm
2 expS 2

R

jm
D . ~1!

Here,sm is the magnitude of the magnetic domain d
order andjm is the lateral correlation length, defined as t
length scale of the magnetic disorder.9 Equation~1! is a spe

cial case of the general correlation function introduced
Sinhaet al.used to model the charge interface, with the fra
tal parameterh set to 0.5.10 Line scans were extracted at th
magnetic Bragg peak and the in-plane correlation len
found to be 15 00064000 Å.8 This value is significantly less

-
eak

FIG. 2. Longitudinal x-ray diffuse scans for a series of AF-coupled
multilayers with different spacer layers. Magnetic peaks occur at~0 0 0.5!
and ~0 0 1.5!.
e or copyright; see http://jap.aip.org/about/rights_and_permissions



n
.
s

gu
ne

ha
nc
-
th
th
li
a

rd
0.

el
r

io
th
f

er
a
g
o
ul
th

th

o
a

in
a

ul
le
th

, i

heir
d
ec-
en-
on

ng
yer

ely
em
The
r-
en-
th
he
he
but
ter-

n,
ort
rk

ev.

G.

.
ter.

C.
ett.

. J.

. J.

s-

t
ne
la
-

he

6512 J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Hase et al.

Down
than the maximum measurable correlation length at the a
ferromagnetic peak of 8mm set by the instrument resolution

Similar x-ray data were obtained by conducting tran
verse scans through the Bragg peaks shown in Fig. 2. Fi
3 shows such transverse scans taken through the mag
Bragg peak for both magnetization directions.

The data could be fitted to a Lorentzian line shape t
corresponds to the Fourier transform of the correlation fu
tion given in Eq.~1!. We note that the higher flux and ex
tendedq range of the synchrotron experiments enables
data to be recorded over a wider intensity range than
possible in the comparable neutron case. The Lorentzian
shape found here confirms the correlation function that w
used to fit the neutron data, and that the magnetic diso
can be described with a scaling, or fractal parameter of
In the special case ofh50.5, the full width at half maximum
of the diffuse peak in reciprocal space is simply 2/jm .11 Af-
ter magnetization along the hard axis, the in-plane corr
tion length was 880620 Å, compared to the much large
70006100 Å length scale observed after magnetizat
along the easy axis. Both length scales are much smaller
the largest resolvable length scale, which is of the order o
mm.

As expected, no change was observed in the transv
scans taken through the structural Bragg peak upon field
plication. The peak shape, similar to the magnetic Bra
peak, corresponded to a correlation length of 48 Å. We n
that, as was the case in our previous study on Cu/Co m
layers grown at the first AF coupling maximum, the leng
scale of the structural roughness is substantially shorter
that defining the magnetic interface.7

The resonant x-ray and neutron off-specular data sh
remarkably good agreement, however, the specular data
less consistent. Figure 4 shows the specular and longitud
diffuse scans from a 20-period Co/Ru multilayer grown
the second AF coupling peak. The quality of the sample
high, with structural Bragg peaks being seen in the spec
data out to many orders. Neutron data on similar samp
show clear magnetic and structural Bragg peaks, but in
x-ray data the specular magnetic peaks cannot be seen

FIG. 3. Transverse x-ray scans at fixedqz50.1128 Å taken through the firs
magnetic Bragg peak for an AF-coupled Cu/Co multilayer for two mag
tization directions. The full width at half maximum of the sharp specu
peak (1.10360.00131024 Å 21) is the instrument resolution and corre
sponds to an in-plane length scale of over 5mm.
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only in the diffuse scan that the magnetic peaks appear. T
magnetic origin is confirmed by their field sensitivity an
energy resonance. The variation in the AF peaks with dir
tion of magnetization is consistent with the predominant s
sitivity of x-ray scattering to the component of magnetizati
in the scattering plane.12

We have successfully applied two different scatteri
mechanisms to the study of magnetic disorder in multila
systems. The agreement in the off-specular data is extrem
good for the Co/Cu system, but we find in the Co/Ru syst
that the two techniques do not give comparable results.
difference in sensitivity could arise from the different inte
action potentials of the two probes, one being primarily s
sitive to the point-like nuclei, and the other interacting wi
the electron density profile. However, the high flux of t
x-ray source does allow for rapid determination of t
element-specific interface morphological parameters,
how these data relate to the better-understood neutron in
actions remains unclear.
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FIG. 4. Specular and diffuse x-ray scans from a Co/Ru multilayer. T
magnetic Bragg peaks in the diffuse data are marked by arrows.
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