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Comparison of magnetic- and chemical-boundary roughness
in magnetic films and multilayers

J. J. Kelly IV, B. M. Barnes, F. Flack, D. P. Lagally, D. E. Savage, M. Friesen,
and M. G. Lagallya)

University of Wisconsin-Madison, Madison, Wisconsin 53706

~Received 19 November 2001; accepted for publication 21 March 2002!

Diffuse x-ray resonant magnetic scattering, atomic-force microscopy, and magnetic hysteresis
measurements are used to explore the relationship between the roughness and magnetic properties
of interfaces between magnetic and nonmagnetic thin films. Bare Co films and Co films capped with
magnetic and nonmagnetic thin films are investigated to elucidate why and under what
circumstances the magnetic boundary differs from the chemical boundary. Competing models to
explain why the magnetic boundary appears smoother than the chemical boundary are explored.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1478142#
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INTRODUCTION

Technology to read and write bits for magnetic data st
age has been evolving rapidly. Read heads in modern
drives use the magnetoresistance or giant magnetoresis
~GMR! effect rather than the older inductive methods. No
volatile memory based on GMR is also of current interest
key component of such magnetoelectronic devices i
single, thin magnetic film or stack of thin magnetic film
with nonmagnetic spacer layers, with layer thicknesses u
ally less than 10 nm. For these films, interfaces become c
cally important. In magnetic films in contact with nonma
netic ones one can describe separately a chemical boun
and a magnetic boundary between the two materials.
chemical boundary simply lies between the atoms of the
materials. The magnetic boundary, defined for the magn
material, separates those atoms that follow the applied m
netic field ~the ‘‘bulk’’ atoms! from those that do not. The
magnetic boundary need not, in general, follow the chem
boundary. If it does not coincide with the chemical bounda
it must lie more in the magnetic material, i.e., an interfa
region, sometimes inappropriately called a dead layer
which the magnetic moments do not perfectly follow t
applied field, is implied. The width of this magnetic interfa
region presumably depends on the magnitude of the app
field, the temperature, and possibly also the thickness of
magnetic film.

The topography defined by the chemical boundary~e.g.,
roughness, wavelength of undulations, etc.! can apparently
play a role in defining thin-film magnetic properties. In-pla
magnetization reversal processes, magnetic anisotropy,1,2 and
spin dependent scattering depend on the chemical-boun
morphology. Chemical-boundary morphology may also
fect exchange bias3 in some systems, for exampl
antiferromagnetic-ferromagnetic bilayers, with evidence t
the underlying physical mechanism is related to uncomp
sated spins present at the ferromagnetic-antiferromagneti
terface caused by structural disorder at the interface.4 A de-

a!Electronic mail: lagally@engr.wisc.edu
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tailed understanding of the influence of surface and interf
morphology on these thin-film magnetic properties is lac
ing. Several studies, both theoretical and experimental, h
examined the effect of interface morphology on sp
dependent scattering by measuring the GMR of films w
varying degrees of interfacial roughness.5–11 Two studies7,11

find that the GMR increases with increasing roughne
while one6 finds that the GMR decreases with increasi
roughness. Others8,10 find no influence of roughness, bu
rather that bulk scattering8 or crystallographic texture10

dominates.
It is difficult to characterize the morphology of burie

interfaces. A scanned-probe microscopy measurement o
nanomorphology of surfaces may not reflect that of a bur
interface, because the internal boundaries may be mod
by interdiffusion and chemical reaction. Although cros
sectional transmission electron microscopy can image bu
interfaces and is sensitive to the chemical interface, it is
structive, has a limited bandwidth of roughness length sca
that can be probed, and averages over depth along the d
tion of viewing. X-ray scattering, and in particular diffus
x-ray scattering~DXRS!, is more powerful; it is nondestruc
tive and can be used to quantify buried-interface morpholo
under appropriate conditions. Morphology can be measu
with x rays in two ways. One can measure the specula
reflected intensity as both the sample and the detector
moved together. This approach provides information ab
layer thicknesses, composition, and total roughness. Alte
tively, either the sample or the detector may be fixed wh
the other moves. With this approach one can measure
the specularly scattered intensity and the diffusely scatte
intensity, providing information about the lateral distributio
of the roughness, as well as the total roughness. In all
studies mentioned earlier,5–11 the interfacial morphology was
measured by specular x-ray scattering. DXRS is also se
tive to the chemical interface between two media, i.e.,
atoms of one material can be distinguished from those of
other, if the wavelength of the x rays can be varied.

The magnetic boundary may differ from the chemic
boundary. There may be magnetic moments in the chemi
8 © 2002 American Institute of Physics
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interface region~in which both magnetic and nonmagnet
atoms are present! that do not contribute to the bulk magn
tism. Thus, a probe that is sensitive to magnetic mome
such as neutrons or polarized x rays, is needed to exp
possible differences in the morphology of magnetic a
chemical boundaries. Neutron scattering studies provided
first evidence of differing magnitudes of the chemical a
the magnetic roughness. The decrease of the specular re
tivity, caused by interfacial roughness, was less for magn
scattering than for chemical scattering, suggesting a m
netic boundary that is smoother than the chemi
boundary.12,13 To gain information on the lateral distributio
of the interfacial roughness, one would need a measurem
of the diffusely scattered neutrons, something that is c
rently impossible because of the low signal.

Direct evidence that the magnetic and chemical bou
ary roughnesses can differ has been obtained using dif
soft-x-ray resonant magnetic scattering~DXRMS!14 mea-
surements of a Co thin film capped with Al. DXRMS us
circularly polarized photons, tuned to the absorption edge
the magnetic material, to obtain an enhanced magnetic c
ponent of the x-ray scattering. In these measurements
which the in-plane magnetic field is switched as the magn
diffuse scattering in measured, the roughness of the magn
boundary was lower than that of the chemical boundary,
the height–height correlation length of the magnetic rou
ness was greater than that of the chemical roughness.14 Three
possible models were postulated to explain the observati
One, the moments could be pinned in the magnetic-interf
region, thus preventing them from rotating with the appli
field. Such pinning could result from an anisotropy at t
interface that makes out-of-plane alignment energetic
favorable.15 Two, the moments could be chemical
quenched in the interface region, thus reducing the ma
tude of the magnetization,M, for the interface moments
Three, a reduced exchange coupling of moments in the in
face region may exist. Moments at a disordered interf
have lower coordination, and lower coordination could ca
interface moments with fewer nearest neighbors to hav
reduced exchange coupling to moments in the bulk. Mod
1 and 3 both predict that moments do not follow the appl
magnetic field, but in one case the moments are froze
place, and in the other they are ‘‘flopping about.’’ A rece
theoretical paper predicts ‘‘loose moments’’~model 3! using
a simple Ising model.16

Differences between magnetic- and chemical-bound
roughness have recently been observed for two additio
magnetic-thin-film systems. In CoFe alloy films capped w
Cu the magnetic boundary is smoother than the chem
boundary, and the height–height correlation lengths of
magnetic roughness were longer than that of the chem
roughness, in agreement with Ref. 14.17 The roughness and
correlation length relationships are also the same for a m
complicated system, Fe/Gd multilayers, where the G
specific magnetic boundary in contact with the Fe
measured.18 Gd has no bulk ferromagnetism, and only gai
ferromagnetic order when in contact with a ferromagnet.

A theory developed subsequent to ea
measurements14,17 reveals that what had been identified
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those measurements as purely magnetic scattering was
ally a crosscorrelation of magnetic and chemical scatterin19

A subsequent study of Co/Cu multilayers using scattering
linearly polarized x rays to measure magnetic roughnes
the Co/Cu interface, a method that is free from char
magnetic correlations, shows20 much longer height–heigh
correlation lengths for the magnetic-boundary roughn
than for the chemical boundary~agreeing qualitatively in this
aspect with earlier measurements!14,17,18 but no significant
difference between the magnitudes of the rms roughnesse
the magnetic and chemical boundaries~in contrast to earlier
measurements!.14,17,18This partial agreement with earlier re
sults may be a function of how the films were grown~see
later! and not due to the method of analysis. No efforts we
made to compare chemical roughnesses using the two
proaches~linearly and circularly polarized x rays! but it is
clear that even more precise analysis does not eliminate
ferences in morphology observed for magnetic and chem
boundaries.

The studies described earlier have examined magn
materials in contact with nonmagnetic ones~except the
Fe/Gd multilayers, see discussion earlier!. Such studies can
not eliminate any of the three models described earlier
this article, we attempt to address the differences between
models by measuring the diffuse XRMS from a clean, b
Co film and an Fe-capped Co film, and comparing the
results with our earlier studies on Al-capped Co films. E
amining a bare Co film frees us from the complications of
overlayer, eliminating the possibility of quenching by a no
magnetic cap layer. By covering a Co film with Fe, w
change the problem from a magnetic/nonmagnetic interf
to a magnetic/magnetic interface. If there is some loss
magnetic order at a bare Co surface due to reduced exch
coupling, the strongly ferromagnetic Fe will compensate
it. The Fe cap layer is also chemically similar to Co, thus a
possible anisotropy at the bare Co surface that pins mom
in an out-of-plane orientation may be affected by the Fe
layer.

We observe differences in the nature of the magne
boundary for these situations. The bare Co surface beh
similarly to the Al-capped Co film. Fe capping brings th
roughness of the Co magnetic boundary very close to tha
the chemical boundary between Fe and Co.

EXPERIMENT

The experiments were performed at the Synchrotron
diation Center of the University of Wisconsin-Madison usi
a beamline with a C/W multilayer mirror monochromat
that delivers;63108 elliptically polarized photons/sec to
the sample at;775 eV, theL3 edge of Co, at;710 eV, the
L3 edge for Fe, and potentially other edges of interest in t
vicinity. The energy resolution,Dl/l, is 4%, or approxi-
mately 30 eV at 780 eV. Good energy resolution is unimp
tant in these measurements, as long as one can disting
different absorption edges. By tuning the monochromato
other energies, other absorption edges can be reached. F
were deposited using dc magnetron sputtering at 2.0 m
Ar pressure in an UHV chamber with;5310210 Torr base
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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pressure directly connected to the analysis chamber. Sp
deposited films are in general smoother than evapor
films of comparable thickness, because of the action of
plasma in reducing asperities during growth. Films w
chemical roughness of as little as 0.3 nm rms are routin
used in commercial read-write heads. Use of sputter de
ited films matches industrial practice and sets the most s
gent conditions for magnetic-interface roughness stud
The samples are transferred without breaking vacuum to
diffractometer chamber. Three types of samples are c
pared: bare Co~7.0 nm Co/Si~100!, Fe capped Co~2.0 nm
Fe/7.0 nm Co/Si~100!, and Al capped Co~2.5 nm Al/7.0 nm
Co/Si~100!. The 2.0 nm Fe/7.0 nm Co/Si~100! sample was
sputter deposited using the same parameters for the Co
as the 7.0 nm Co/Si~100! sample.

We measure the scattered x rays as a function of
angle V orthogonal to the scattering plane21,22 ~Fig. 1! to
obtain not just the specularly reflected intensity, but the d
fuse intensity as far out in reciprocal space as we can
intensity, roughly640° from the specular peak, which a
lows us to see roughness correlations down to lateral len
scales of 20 Å. Such a scan inV is termed an azimutha
transverse scan. The azimuthal transverse scans are don
fixed 3° angle of incidence, maximizing reflectance by st
ing in the regime of total external reflection. The scatte
intensity is measured using a channel electron multip
with a Si photodiode as the photocathode, masked by a
0.7 mm wide by 10 mm high. The intensity in the scatteri
plane (Sz) is therefore integrated. We utilize this techniq
for two main reasons. One, the range of roughness wa
lengths contributing to the measured rms roughness is
broadest possible, extending from the wavelength of th
rays~;1.5 nm! to ;1 mm, limited only by detector design a
the long wavelength. Thus, the bandwidth for roughn
measurements is very wide. Two, this measurement ge
etry simplifies the modeling.23

We magnetize the sample with an electromagnet that
livers a maximum field of 300 G either parallel or antipar
lel to the photon helicity. We generally use fields of;50–
100 G, about 5–10 times the coercive field of our samp
We measure the scattered intensity point by point for m
netization parallel and antiparallel to the photon helic
called I 1 and I 2 , respectively. We then calculate the diffe
ence intensity,DI (M ,V)5I 12I 2 , and the sum intensity
I ave(V)5(1/2)(I 11I 2). A scan from a demagnetize
sample would have an intensity of (1/2)(I 11I 2), i.e., be-
tween a full scan taken with magnetization parallel to

FIG. 1. The geometry of the DXRMS experiment. The sample stays fi
during a scan while the detector moves out of the scattering plane.
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photon helicity, and a scan taken with the magnetization a
parallel.DI (M ,V) and I ave(V) are normalized to one at th
specular peak intensity (V50). We use the normalization to
compare the relative shapes of the specular and diffuse
tensities ofDI (M ,V) and I ave(V), which reflect the inter-
face roughness parameters as detailed later.

In addition to the DXRMS measurements, we obtain
ement specific hysteresis curves using the XRMS spec
reflection to determine the coercive force and magnetic q
ity of the films. We can also use the diffuse intensity
perform element specific hysteresis measurements, givin
greater sensitivity to the magnetic quality of the interface

Although we have not done so for these samples, i
also possible to measure the asymmetry ratio, the inten
when the sample is magnetized in one direction minus
intensity when the sample is magnetized in the opposite
rection, divided by their average. Its value for a given e
ment depends on the relative number of moments that fol
the applied field. In the limit that a film is nonmagnetic or f
some reason entirely pinned, the asymmetry ratio is z
i.e., there is no change in intensity when the direction of
field is reversed. The asymmetry ratio can depend q
strongly on the angle of incidence.24

We measure surface roughness of exterior surfaces~i.e.,
for the bare Co film and the Fe surface of the Fe-capped
film! with atomic-force microscopy ~AFM! in the
intermittent-contact mode, using carbon nanotube~CNT!
probes for enhanced resolution.25 Measurements made wit
CNTs show a larger rms roughness than those made
regular Si etched tips; nevertheless we expect AFM to p
duce slightly lower rms roughness values than do x r
because of the wider range of frequencies that the x rays
see. Additionally, because these measurements areex situ,
the surfaces will be slightly oxidized. We expect that t
roughness changes somewhat upon oxidization, with the
ide preferentially transforming shorter to longer-waveleng
roughness.

We determine interface roughness from the x-ray scat
ing measurements by modeling the diffuse and specular c
ponents of the scattering, obtaining information on both
chemical and magnetic disorder. A perfectly smooth interfa
or surface would result in only a specular peak. Roughn
scatters x rays away from the specular direction into a diff
halo. In the specular direction both the specular and diff
components are superimposed, although the specular com
nent is typically very much larger than the diffuse comp
nent.

The surface morphology of thin films can generally
described by a Gaussian self-affine fractal with a lon
wavelength cutoff.26 Such a model gives a surface heigh
height correlation function of

C~R!5s2 expF2S R

j D 2hG , ~1!

wheres is the root mean square amplitude of the surface
interface roughness,j, the correlation length, is a measure
the lateral length scale of the roughness andh, the Hurst
parameter, describes the texture of the roughness, i.e., ro
ness with a largeh would look like smooth sand dunes, whil

d
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roughness with a smallh would be rocky, broken ground.26

Even though the overall topology~rolling hills! may look
similar, on short scales surfaces with large and smallh look
very different. Fitting the diffusely scattered intensity allow
one to extract these parameters.

The scattering amplitude of circularly polarized x rays
the L2 or L3 edge of a transition element contains the us
charge scattering term plus a resonant magnetic-scatte
term that depends on the magnetizationM27 and changes
sign when the magnetization is reversed, i.e.,

I 65I charge1I resonant~M 6!. ~2!

Here I resonant(M 6) refers to the component of the intensi
that changes with the reversal of the magnetization.I charge

does not change with the reversal of the magnetization.
difference I 12I 25DI (M ), contains the element specifi
resonant contribution to the scattered intensity.DI (M ) is el-
ement specific because it is large only for scattering fr
magnetic atoms with an absorption edge correspondin
the selected photon energy.DI (M ) will have a specular and
diffuse component. The morphology of the magnetic bou
ary ~either interface or surface! is reflected in the shape an
relative intensity of the diffuse componentDI (M ,V)diffuse.

To compare relatively the morphologies of differe
films in a quantitative manner, we use the distorted-wa
Born approximation~DWBA!. The amplitude scattered from
the rough surface can be written as23

Cs52
eik0r

4pr
kc

2JiJfE d2rr i8e
2 iq ir i8E

0

h~r i8!
dz8e2 iq'z. ~3!

Because the incident angle does not change in our exp
ment, we perform our fitting withq' assumed to be a con
stant. The factors outside the integrals depend only onu. By
normalizing our data, we eliminate the need to determ
these factors. Fitting the normalized diffuse charge inten
ties, I chargein Eq. ~2!, produces a unique, physically define
triplet of the parameterss, j, h described earlier. The inter
pretation of the difference scatteringDI (M ) in terms of
quantitative physical values requires application of the m
recent theory,18,19 which describes how the magnetic lay
alters the scattering of polarized photons. It shows that
dominant term contributing to the difference signal depe
on the crosscorrelation of the morphologies of the magn
and chemical interfaces. The theory18,19 has not yet been ex
tended to the DWBA, and therefore interpretation of absol
scattered intensities is not possible. Interpreting the shap
the scattered intensity distribution allows us, however, to
tain the statistical parameters that describe the chem
boundary, independent of the limitation on determining a
solute intensities. A similar approach can be applied to
difference intensity distribution to describe the magne
boundary, but extracting the precise morphology of the m
netic interface depends on knowing the crosscorrelation
tween the chemical and magnetic boundaries.

RESULTS

AFM generally shows film surfaces having a sho
wavelength roughness with a lateral correlation length on
Downloaded 03 Jun 2002 to 144.92.249.226. Redistribution subject to A
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order of 10–100 nm, and a rms roughness averaged ove
mm square of the order of a few angstroms. On large len
scales the films are very smooth. Detailed values are gi
below when we discuss the individual samples.

Examples of element-specific hysteresis curves
shown in Figs. 2 and 3. The bare-Co/Si~100! film has a
nearly square hysteresis loop,S;1 ~Fig. 2!, indicating a
single-domain sample, and a coercive field of about 12
We define squareness asS5MB50 /M saturation. The Fe/Co/
Si~100! film shows lower squarenessS;0.5 ~Fig. 3!, and
may have multiple domains. It has a coercive field of ab
10 G.

Figure 4 comparesDI (M ,V) and I ave(V) azimuthal
scans for the clean Co surface@7.0 nm Co/Si~100!# using
x rays tuned to the CoL3 edge~775 eV!. This sample was
grown in UHV, and the scattering data were taken within
h, in the same UHV system. We expect less than 1 ML
impurities adsorbed on the surface in this time. DXRM
shows that there is a significant difference in roughness

FIG. 2. Measurement of the element-specific hysteresis of sputter depo
bare, clean Co~7.0 nm Co/Si~100! films. The coercive field is 12 G and th
loop is nearly square, suggesting a single-domain film.

FIG. 3. Measurement of the element-specific hysteresis of Fe-cappe
@2.0 nm Fe/7.0 nm Co/Si~100!# films. The squares~with a line to guide the
eye!, taken at the CoL3 edge, represent the magnetic response of the
atoms only. The circles, taken at the FeL3 edge, represent the magnet
response of only the Fe cap layer. For both films, the coercive field is 1
and the loop has low squareness, suggesting multiple domains. The
curve is the element specific hysteresis for the clean Co film@7.0 nm Co/
Si~100!# from Fig. 2.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the chemical and magnetic boundaries and that these re
are very similar to those for Al-capped Co~Fig. 5!. Hence,
quenching by surrounding nonmagnetic atoms cannot be
cause of the difference between chemical and magnetic
terfaces.

We fit the shape of the charge scattering with the DW
to obtain exact measures of the roughness parameters o
chemical boundary. We fit the shape of the difference sig
with the DWBA14 ~without correcting for chemical/magneti
boundary morphology correlations as described earlier! to
obtain qualitative measures of the roughness parameter
the magnetic boundary. The bare Co sample has a

FIG. 4. DXRMS scans of chemical and magnetic-boundary morpholog
the bare, clean Co film. Closed squares: charge scattering, open ci
charge-magnetic scattering. The curves are normalized at their peaks
diffuse intensities reflect, respectively, the chemical-boundary and magn
boundary morphologies. The charge scattering shows a higher relative
fuse intensity, corresponding to a rougher chemical boundary. The line
fits to the data. The chemical boundary over this 15 mm31 mm area has
rms roughnesss50.4560.02 nm with a correlation lengthj51762 nm,
and a Hurst parameter~describing the texture of the roughness! h50.4
60.1. The magnetic boundary has rms roughnesss50.4360.03 nm, with a
correlation lengthj52262 nm, and a Hurst parameterh50.860.15. The
higher chemical-boundary roughness is mostly caused by a greater ja
ness.

FIG. 5. DXRMS scans of the Al capped Co film. Closed circles: cha
scattering; open circles: charge-magnetic scattering. The curves are no
ized at their peaks. The charge scattering shows a higher relative di
intensity, corresponding to a rougher chemical boundary.
Downloaded 03 Jun 2002 to 144.92.249.226. Redistribution subject to A
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chemical surface roughnesss50.4560.02 nm with a corre-
lation lengthj51762 nm, and a Hurst parameter~describ-
ing the texture of the roughness! h50.460.1. AFM analysis
~Fig. 6! gives a rms roughness of 0.3460.02 nm, with a
correlation length of 1561 nm. Figure 6~b! shows the corre-
lation function. This correlation function is calculated fro
the heightsz(R) of the AFM data by

G~R!5^@z~R!2z~0!#2&. ~4!

If one assumes that the surface is self-affine fractal
can useC(R) as shown in Eq.~1!. ThenC(R) andG(R) are
related by26

G~R!52s222C~R!. ~5!
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FIG. 6. ~a! AFM image (2mm32 mm) of the bare Co surface@7.0 nm
Co/Si~100!#. The image was obtained in intermittent-contact mode usin
carbon nanotube tip. Thez range is 5.0 nm. It is expected that the surface
oxidized. ~b! Comparison of height-height correlation functions. Op
circles: G(R)5^@z(R)2z(0)#2& calculated from raw AFM data from Fig
6~a!. Solid line: Fit to raw data using Eq.~5!. The shape ofG(R) demon-
strates a clear long-wavelength cutoff to the morphology. The slight dip
the measuredG(R) may be due a slightly granular structure or tip effec
Roughness parameterization indicates that over this 2mm32 mm area, the
rms roughness,s, is 0.3460.02 nm, the lateral correlation length,j, is 15
61 nm, and the Hurst parameter,h, is 0.7560.1. Oxidation might lead to
the discrepancy in the rms roughness with thein situ x-ray fit in Fig. 4,
though the lateral correlation length agrees well. The relative width the A
tip compared to the x-ray wavelength obscures comparison of the H
parameter.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Fits to DI give a rms magnetic surface roughnesss
50.4360.03 nm, with a correlation lengthj52262 nm,
and a Hurst parameterh50.860.15. The differences are pr
marily in the Hurst parameter. A Hurst parameter of 1 in
cates smooth hills with little very-short-wavelength roug
ness, while Hurst parameters approaching zero correspon
surfaces that are very jagged on short length scales.
much larger Hurst parameter of the magnetic roughness
gests ~see discussion later! that some short-wavelengt
roughness present at the chemical boundary is not prese
the magnetic boundary.

The Al capped Co films had a rms chemical roughnes
the Co layer ofs50.29 nm, with a correlation lengthj
512.561.5 nm, and a rms magnetic roughness ofs
50.15 nm, with a correlation lengthj52065 nm.14 In
these earlier experiments, best fits were obtained assum
the Hurst parameters to be the same, 0.5, for both magn
and chemical boundaries.14

By using a magnetic-film capping layer, we can explo
if the presence of nearby magnetic moments influences
roughness of the magnetic boundary. We can tune to a
cific element by exploiting the element specificity
DXRMS. We performed DXRMS scans on the Fe/Co
sample at the CoL3 edge~775 eV!. This measurement pri
marily examines the Co boundary of the Fe/Co interface
cause the thickness of the Co film leaves the lower interf
~Co/Si! effectively invisible to the beam. The results a
shown in Fig. 7. For this film structure~Fe/Co! the difference
between magnetic and charge scattering of the Co boun
at the Fe/Co interface has largely disappeared, in contra
the measurements on the bare or Al-capped Co films.
expect on the basis of these results that the Fe momen
the Co/Fe interface are aligned with the bulk moments. F
ure 7 confirms this expectation. We expect the free-surf

FIG. 7. DXRMS scans of the Fe-capped Co film, using the CoL3 edge.
Closed squares: charge scattering; open circles: charge-magnetic scat
The charge and charge-magnetic profiles are identical within experime
error, indicating that the magnetic and chemical boundaries have the
roughness. The magnetic-boundary roughness has increased relative
of the bare Co surface, while the chemical-boundary roughness has
creased. The lines are fits to the data. The rms boundary roughness of t
boundary iss50.3660.03 nm, with a correlation lengthj51562 nm, and
a Hurst parameterh50.660.1. The rms chemical-magnetic-bounda
roughness of the Co film iss50.3560.02 nm, with a correlation lengthj
51768 nm, and a Hurst parameterh50.660.2.
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Fe moments to behave the same way as those of a bar
film. We test this expectation by using the FeL3 edge~710
eV!. The Fe film is thin enough so that we should see b
the Fe/Co and Fe/vacuum boundaries, with the latter s
much more strongly, however. A difference between
magnetic and charge scattering once again appears~Fig. 8!,
with the Fe magnetic boundary smoother than its chem
boundary. Figure 8 shows that the same overall behavio
that seen in bare Co occurs at the surface of the Fe film.
Fe-capped Co film has a rms chemical-boundary roughn
of the Co boundary ofs50.3660.03 nm, with a correlation
length j51562 nm, and a Hurst parameterh50.660.1.
AFM analysis~Fig. 9! gives a rms surface roughness of t
Fe layer of 0.2660.02 nm, and a correlation length of 1
63 nm. Fits toDI give a rms magnetic-boundary roughne
of the Co film of s50.3560.02 nm, with a correlation
length j51768 nm, and a Hurst parameterh50.660.2,

ing.
tal
me
that
e-
Co

FIG. 8. DXRMS scans of the Fe-capped Co film, using the FeL3 edge.
Closed squares: charge scattering; open circles: charge-magnetic scat
The charge and charge-magnetic profiles are different within the experim
tal error. The line through the charge-magnetic scattering is a guide to
eye.

FIG. 9. AFM scan (2mm32 mm) of the Fe layer in the Fe/Co sample@2.0
nm Fe/7.0 nm Co/Si~100!#. The image was obtained in intermittent-conta
mode using a carbon nanotube tip. Thez range is 5.0 nm. The rms rough
ness, averaged over a 2mm32 mm area, is 0.26 nm.
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very similar to those for the chemical-boundary roughnes
the Co film. It is clear that the chemical and magnetic bou
aries have come into concordance: the chemical boun
has become somewhat less rough and somewhat less ja
while the magnetic boundary has become rougher, espec
in terms of jaggedness.

DISCUSSION

We have performed element-specific hysteresis meas
ments using specular XRMS, magnetic- and chemic
boundary roughness measurements using DXRMS, and
face roughness measurements using AFM on three type
samples to order to assess possible mechanisms that co
ute to differences in the roughnesses of the magnetic
chemical boundaries.

Element-specific hysteresis on the bare Co sample sh
a low coercivity of 12 G and shows high squareness.
define squareness asMB50 /M saturation. Thus these Co films
are likely single-domain. The Fe-capped samples also h
low coercivity (Hc510 G), but lower squareness, sugge
ing multiple domains. The low coercivity values indicate th
the films have a low defect density, as lower coercivity ge
erally indicates fewer pinning centers for magne
domains.28

All previous DXRMS measurements have used samp
capped with a nonmagnetic material and have shown dif
ences between chemical and magnetic scattering.14,17,18All
these measurements were interpreted as having a smo
magnetic boundary, i.e., one with a reduced sho
wavelength roughness. The behavior of a bare Co film
scribed here is similar to the earlier results using a nonm
netic capping layer. The behavior of Fe-capped Co films
markedly different.

Accepting straightforwardly the conclusions obtain
from fitting the charge~average! scattering and the charge
magnetic ~difference! scattering as described earlier, o
concludes that the magnetic and chemical boundaries fo
bare Co film are quite different on the local scale, ev
though the rms roughness and in-plane correlation lengt
the magnetic boundary are roughly the same as those o
chemical boundary. The difference appears in the Hurst
rameter, which is much greater for the magnetic bound
than the chemical boundary, implying that the former h
considerably less short-wavelength roughness than the la
However, as the dominant contribution to the differenc
scattering diffuse intensity is the crosscorrelation betw
the morphologies of the chemical and magnetic boundar
directly interpreting the fit parameters is somewhat proble
atic. We discuss this situation in more detail later.

An Fe capping layer removes the qualitative morph
logical differences observed in the magnetic and chem
boundaries for clean Co films or Co films capped with no
magnetic films. Physically, for bare surfaces or magne
films capped with nonmagnetic materials, moments at
roughest parts of the interface do not track the applied m
netic field as the bulk moments do. While it is not certa
that all Co moments follow the applied magnetic field f
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Fe-capped Co films, moments track better than they do
bare or nonmagnetically capped films.

As mentioned in the introduction, in previous work o
Al-capped samples, three models for this lack of tracking
‘‘exposed’’ moments were proposed. With the present wo
we have clearly eliminated pinning by nonmagnetic atoms
the interface as the cause for the different morphologies
magnetic and chemical boundaries. The two remaining m
els may still be consistent with the results.

The ‘‘fixed spin’’ model focuses on anisotropy effect
The disruption of the crystalline periodicity at the interfa
could create a magnetic anisotropy that might cause the
ments to align preferentially out of the plane, with an ene
barrier for aligning the moments parallel to the interfac
Both theory and experiment have shown29–31that the change
in electron orbitals at a surface or interface can cause a m
netic anisotropy that may produce out-of-plane moment
entation. Capping layers that are chemically dissimilar wo
leave the moments fixed out of plane, with the fields we u
insufficient to align them. When the cap layer is chemica
similar to Co ~e.g., an Fe cap!, one could argue that this
similarity makes the magnetic anisotropy weaker and the
ergetic barriers lower, and thus the moments can align. E
mates of the anisotropy field for 2Å Co films in multilaye
vary from 10 to 50 kOe.32

The fixed spins model would apply for any magnet
nonmagnetic or magnetic/vacuum interface, irrespective
its roughness. In other words, one would expect a ‘‘de
layer,’’ for which the spins do not respond to the appli
field, even for a smooth surface—perhaps especially fo
smooth surface. The effect, for a smooth surface, would
simply to reduce the overall magnetic signal from the fil
something very hard to measure. It is not clear how sh
asperities should affect the anisotropy. More symmetries
broken for a moment well out of the average plane, but i
hard to see how the energy barrier for alignment could
crease under those circumstances. Areductio-ad-absurdum
argument would suggest that the spin of a solitary atom
top of a narrow peak would be fixed most rigidly of all spin
Hence for the fixed-spins model, reducing interface rou
ness may not have the result of better coupling to the b
moments.

The flopping spins model, on the other hand, focuses
the reduced coordination of surface or interface mome
which could cause the moments to become paramagnetic
controlled in their orientation by the thermal energy,hT. The
moments will align somewhat with the applied field. At roo
temperature, however, no realistic field can align any app
ciable fraction of the moments.33 The flopping spin model
quite straightforwardly incorporates the observed roughn
wavelength dependence. For a moment with fewer nei
bors, the ferromagnetic exchange interactions get wea
and it becomes more like a paramagnet. Thus, the param
netic effects will be strongest for the most isolated spins.

Recent work by Willis has shown that ultrathin films o
magnetic materials have drastically lower Curie temperatu
than the corresponding bulk material.34 For Co, the
Curie temperature decreases from a bulk value of 1388 K
300 K for a 2-ML-thick film.35 The highest asperities of
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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rough interface may behave like an extremely thin film, ev
though they are in contact with a magnetic bulk. If the Cu
temperature of these rough regions is below 300 K, the en
magnetic boundary could behave like a paramagnet.

The similarity of the magnetic and chemical roughnes
of the Co interface for the Fe capped sample~2.0 nm Fe/7.0
nm Co/ ^100& Si! can readily be explained by the flopping
spins model. Because Fe is strongly magnetic, the Fe a
interface compensates for the loss of magnetism that a
Co surface with flopping spins experiences and thus allo
the moments sitting at asperities to align better than t
would have for a bare surface or one capped by a nonm
netic film.

Flopping spins would, in our opinion, be present even
a crystalline anisotropy causes the spins at the surf
interface to desire to be fixed out of plane. In other wor
roughness ought to make the spins at asperities flop m
readily. Hence, independent of whether an anisotropy fi
spins at an interface, the magnetic-boundary roughness o
still be controlled by the degree to which spins have beco
paramagnetic. If one were to assume that all nonfully co
dinated atoms in the interface have moments that do
participate in the bulk magnetic properties of the film, th
one estimates, for the interface roughnesses we measure
over 10% of the moments do not participate in the b
magnetic behavior of a 7 nm Cofilm. This estimate is an
upper bound on the number of moments that do not cont
ute. As the film becomes thinner, a larger percentage of
ments is lost to the bulk magnetism.

Returning now to the interpretation of the diffuse inte
sity in the difference scattering in terms of greater smoo
ness of the magnetic boundary, we do have some clea
sults from our experiments. For the Fe-capped Co film,
shapes of the charge and charge-magnetic diffuse intens
are the same, meaning that the charge and magnetic i
faces are identical, and thus perfectly correlated. For the
Co film, the shape of the charge and charge-magnetic dif
intensities are not the same. The degree of correlation
tween the charge and magnetic interfaces therefore beco
unclear. Crosscorrelations between interfaces discrimin
against short-wavelength roughness if the longer-wavelen
correlation between the interfaces is less than perfec
larger h, implying a loss of short-wavelength roughnes
could thus be due simply to the low-pass-filter nature
crosscorrelation if there is reduced longer-wavelength co
lation between the interfaces. It might be expected, howe
and has been found in other thin-film systems,36 that vertical
correlation lengths are similar in magnitude to in-plane c
relation lengths. The in-plane correlation lengths in this s
tem are on the order of 20 nm. The separation of the che
cal and magnetic boundaries is likely on the order of 1 n
and obviously less than the thickness of the film. Thus, th
should not be significant loss of longer-wavelength corre
tion between the chemical and magnetic boundaries.
larger value of the Hurst parameter obtained for the magn
scattering thus does suggest that the magnetic bounda
less jagged than the chemical boundary, but a quantifica
of the degree of smoothening requires that details of
crosscorrelation be understood. An obvious next step i
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predict explicitly the correlation from a model relating th
chemical and magnetic boundaries. We expect such a m
will predict a less jagged magnetic boundary. All physic
models for the magnetic boundary predict it to be smoot
than the chemical boundary.

In summary, we believe that we observe a smoot
magnetic boundary and that the flopping-spins model is
ultimate cause for the loss of moments in the total magn
zation of a film if the interface is rough, although we cann
prove the latter at this stage. Additional experiments mi
shed further light on this issue. If the flopping-spins mod
applies, the magnetic roughness ought to increase at s
ciently low temperatures. Our limited attempts to make m
surements as low as 100 K for Al/Co films have so far p
duced no differences from those at 300 K. We will exte
these experiments, but it may simply not be possible to a
flopping spins at a rough interface because of the lowe
Curie temperatures discussed earlier.

The asymmetry ratio contains additional information th
we have not, as yet, exploited. As discussed earlier, in
limit that a film is nonmagnetic or for some reason entire
pinned, the asymmetry ratio is zero, i.e., there is no cha
in the intensity when the direction of the field is reverse
Conversely, in the limit in which all the spins follow th
applied field, the asymmetry ratio is a maximum, i.e., t
difference is as large as it can be. If we consider two films
equal thickness, we can ask how varying the roughness
affect the asymmetry ratio within the confines of our simp
models.

In the flopping-spins model for a perfectly smooth film
the maximum number of spins can follow the applied fie
Any addition of roughness will decrease this number~as the
number of neighbors for a moment at an asperity decrea!
and, hence, the asymmetry ratio. For the surface pinn
model, we can argue that the asymmetry ratio should
approximately independent of increasing roughness. It is
parent in the surface pinning model that a perfectly smo
film will have spins that do not contribute to the bulk ma
netism. There will be some depth to which the spins
pinned, yielding a ‘‘dead’’ layer. If roughness is added w
expect the dead-layer thickness to change only slightly, i
all. If it changes, we expect a decrease as spins pinne
differing angles will tend to cancel each other. Thus,
expect either no change or a slight increase in the asymm
ratio with increasing roughness. We have not yet perform
these experiments, as critical attention must be paid to an
of incidence to avoid misleading effects.

CONCLUSION

We have made measurements to quantify the morp
ogy of magnetic and chemical boundaries in internal int
faces between magnetic and nonmagnetic metals. Our re
support the concept of a magnetic boundary lying in
magnetic material ‘‘below’’ the chemical boundary, and o
that is smoother than the chemical boundary. Some volu
of a magnetic film bordered by a nonmagnetic film does
respond to applied magnetic fields that are at least ten ti
the strength needed to align the bulk moments. Even at
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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roughnesses as low as 0.2–0.3 nm, there is a non-neglig
number of magnetic moments that do not contribute to
overall magnetization, perhaps as much as 10% for the th
nesses of the magnetic films we use. It is so far not poss
to distinguish uniquely whether the ‘‘lost’’ moments a
pinned in a fixed direction or are flopping because of th
thermal energy. Measurements on a clean surface allow u
eliminate a third choice, chemical quenching of moments
the capping layer. We believe that careful measurement
the asymmetry ratio for samples with different surfa
roughnesses will identify the correct model. The answ
could allow improved engineering of these films to enhan
their magnetic properties, and, in fact, help determine if
treme smoothness is a meaningful goal in optimizing int
face magnetic properties in magnetoelectronic devices.
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