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Understanding correlations between chemical and magnetic interfacial roughness
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By studying the variation in magnetic interfacial structure using diffuse x-ray resonant magnetic scattering,
underlying connections between the chemical and magnetic interfaces are uncovered and utilized to understand
how intrinsic magnetic properties influence the behavior of magnetic interface. By considering the effect of
competing magnetic energies~dipolar, anisotropy, and exchange! at the rough interface, it becomes clear how
magnetic forces can lead to a reduction of the magnetic interfacial disorder.@S0163-1829~99!51638-X#
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With the rapidly expanding number of applications f
magnetic thin-films structures,1 a proper understanding of th
connection between magnetic properties and interfacial
order is extremely important. In spin transport effects, su
as giant magnetoresistance~GMR!,2 roughness alters th
amount of spin-dependent scattering events causing a m
fication of the observed GMR.3–6 In the case of exchang
bias7 there is evidence that in some systems the underly
physical mechanism is related to uncompensated s
present at the ferromagnetic-antiferromagnetic interface
to roughness.8 In both cases, it is clear that the importa
factor is not the chemical disorder present at the interface
rather the magnetic disorder.

Evidence for differing chemical and magnetic interfac
was first observed qualitatively with neutron scatterin
where the damping of the reflectivity was found to
smaller for the magnetic scattering than for the chem
scattering,9,10 indicating a smaller magnetic interfacial diso
der. Using the strongly enhanced magnetic component du
soft x-ray resonant magnetic scattering~XRMS!,11–15similar
qualitative evidence of smaller magnetic roughness was
seen using specular XRMS.16 Quantitative determinations o
the magnetic roughness were recently achieved with m
surements of soft x-ray diffuse XRMS,17,18 but due to a lack
of theory the analyzed magnetic roughness was not prop
extracted and in the end was overvalued. In this pa
proper extractions of magnetic roughness are presented
used to uncover correlations between the chemical and m
netic interfaces that can be modeled to give insight into h
the magnetic disorder is related to intrinsic structural a
magnetic properties.

In order to study the relationships between magnetic
chemical interfaces, two sets of CoFe alloy thin films we
utilized in which chemical roughness could be accurat
tailored. The samples were prepared by triode sputtering
Si substrates coated with 2500 Å of atomically flat insulat
Si3N4 ~roughness;1.5 Å rms!19 with the following struc-
ture: Cu~30 Å!/Co95Fe5~50 Å!/Cu~x Å!/Si3N4 . Due to
growth dynamics, the rms roughness of Cu grown on Si3N4
PRB 600163-1829/99/60~14!/9923~4!/$15.00
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increases dramatically as the thickness of the Cu buffer la
x, is increased. In both sets, the perpendicular roughnes
the CoFe layer showed the same variation from 4 to 28
rms as the Cu buffer thickness ranged from 200 to 1600 Å18

but differing growth processes resulted in a different range
grain sizes.20

The interface structure was probed by soft x-ray reflec
ity measurements conducted at the NRL/NSLS magnetic
cular dichroism facility16 located at beamline U4B of the
National Synchrotron Light Source. For these measurem
the degree of circular polarization was set to 75% and, si
the resonant scattering can vary significantly with only a f
eV change in incident photon energy,12,13 the energy resolu-
tion was 0.8 eV. The sample was mounted in the gap of
electromagnet inside a vacuum-compatibleu22u diffracto-
meter that has been described elsewhere.21 Samples were
oriented with the field along the magnetic easy axis, and d
were taken in the presence of a6100 G field, which was
sufficient to achieve magnetic saturation. All measureme
were taken at a photon energy equivalent to the CoL3 ab-
sorption edge~778 eV!, which, in addition to making this
measurement element specific, leads to strong attenuatio
x-rays in the CoFe layer22 and introduces a depth selectivity
For these samples, the measurements were made at gr
incidence (v50→100) and thus probe predominately th
top CoFe/Cu interface.

The magnetic and chemical roughness information
these structures was quantitatively determined thro
helicity-dependent sample rocking curves~see inset Fig. 1!.
In this geometry, the detector is placed at a fixed angleu
and the incident angle,v, is varied from 0 to 2u. In terms of
the transferred wave vector (qW 5kWOut2kW In), at these photon
wavelengths, the normal component,qz, remains approxi-
mately constant while the in-plane component,qx , varies.
Figure 1 shows the results for the measurements taken
an incident light of negative helicity and with the samp
magnetically saturated so that the helicity and magnetic m
ment are aligned (I 1) and antialigned (I 2). Of interest to
the study at hand is the separation and correlation of
R9923 ©1999 The American Physical Society
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chemical and magnetic contributions of the helicit
dependent scattering. As will be seen below, although
average of the two scattering intensities (I 11I 2)/2 gives the
chemical scattering, the difference (I 12I 2) is not purely
magnetic in origin.23 From these scans, the roughness p
pendicular to the plane of the film,s, is extracted from the
specular vs diffuse intensities, while the in-plane correlat
length, j, is extracted from the half width of the diffus
portion.18,24

To properly understand and analyze the scattering fro
rough magnetic interface, it is necessary to utilize a theor
scattering from a rough surface for the resonant magn
case~i.e., off-diagonal terms in the dielectric tensor!,23 which
for this study involves a longitudinal scattering geomet
This result provides a form for the scattering factor that c
be utilized to determine the proper extraction of the para
eters describing the magnetic disorder. The first result of
theory is that the difference measurement,DI 5I 12I 2, is
not purely magnetic in nature and contains both chem
and magnetic contributions. Within this theory the scatte
diffuse intensity is given by

DI ~qW !;
A~E!

qz
2 @cos~2u2v!1cos~v!cos~2u!#e2qz

2(sc
2
1sm

2 )/2

3E
c
E

m
dxdy~eqz

2Ccm(x,y)21!e2 iqW uu•rW , ~1!

where A(E) is related to the energy dependent scatter
factors,sc andsm denote chemical and magnetic roughne
c andm represent integration over the chemical and magn
surfaces@z(x,y)#, Ccm(x,y) is the chemical-magnetic corre
lation function defined aŝzm(x,y)zc(0,0)& ~see Fig. 2!, and
rW is a distance vector in the plane of the film.Ccm(x,y) is an
important factor in the scattering because it indicates
only if the chemical and magnetic interfaces are correla
do they give rise to diffuse intensity in theDI measurement
Because the chemical roughness (sc) is already known from
the (I 11I 2) measurement, the magnetic roughness (sm)
can be extracted from the integrated difference spectra.

To illustrate correlations between the magnetic a
chemical perpendicular roughness,sm is plotted as a func-
tion of sc in Fig. 3. On this plot in whichsc is a line of
slope 1, the magnetic roughness on average clearly h

FIG. 1. The sum (I 11I 2) and difference (I 12I 2) rocking
curves constructed from the helicity-dependent data measured a
Co L3 edge~778 eV! with qz50.0686 Å ~2u510!. The inset dis-
plays the measurement geometry.
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distinctly smaller slope~0.73! indicating that, as the interfac
becomes chemically rougher, the magnetic interface tend
smooth more significantly. To understand this connect
and uncover what factors might be important in influenci
the magnetic interface, consider how the roughness migh
connected to the magnetic energies in the system. The p
ence of magnetic interfacial spins adds a new dimensiona
to the problem because moments are vector quantities, w
can possess disorder both in magnitude and orientation;
is first worthwhile to discuss the meaning of magnetic roug
ness.

In the end, all of the interfacial disorder probed by t
scattering is contained in the structure of the interfa
zm(x,y) ~see Fig. 2!, where thesm

2 5 ^zm(x,y)2& and jm is
determined by the length scale of magnetic correlations
the plane. However, magnetic scattering is related not onl
the magnitude of magnetic moment but also toSW •MW , where
S is the photon helicity andMW is the magnetic moment
which implies there are orientational as well as spatial c
tributions to the shape of the magnetic interface. Unfor
nately the theory above deals only with a scalar quant
zm(x,y), and is not capable of calculating the scattering fro
a distribution ofMW directions.25 It is also worth noting that
since the measurement of magnetic roughness requires
reorientation of the magnetic moment, if some spins alw
remain fixed they are not included in theDI measurement.
However, in the CoFe system the exchange cost is sig
cantly large so it would be difficult for interfacial spins t

the

FIG. 2. Diagram of chemical and magnetic interface that giv
rise to the diffuse scattering in Eq.~1!. The quantities in the figure
are defined in the text.

FIG. 3. Magnetic perpendicular roughness,sm , as a function of
chemical roughness,sc . The linear fit~dashed line! demonstrates
how the magnetic interface tends to smooth as the chemical in
face grows rougher~solid line!. Open and closed symbols represe
the two separate sets of CoFe thin films described in the text.
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remain fixed upon reversal of the bulk moment. Because
this system the interfacial roughness is due to the underly
substrate and not to intermixing at the interface,26 very little
quenching of the moment at the boundary should occur
the disorder can be considered as a first approximation
being purely orientational in origin. Roughness in terms
interfacial spins would indicate that aligned spins corresp
to less disorder and would lower the values for the rou
ness.

With this in mind, consider two limiting cases within
simple model that can aid in understanding how magn
energies can alter the magnetic interface: 1! The spins are all
aligned with the bulk moment satisfying exchange and
isotropy, but induced magnetic charge at the rough interf
results in a dipolar energy contribution; 2! this case can
quench this induced surface charge by randomizing the
directions at the expense of exchange and anisotropy. In
way the dipolar energy will compete with the exchange a
anistropy to determine the lowest energy configuration of
interfacial spins. This implies that material parameters, s
as exchange strength,A, anisotropy,K, and the saturation
moment,Ms , should be important parameters in determini
sm . The exchange cost will always be the dominant ene
in the system and will force an alignment or partial alig
ment of the spins resulting in a decreasing disorder. T
relation betweensm andsc stems from the fact that increas
ing chemcial disorder will result directly in an increase
surface charge that must be compensated to balance the
energy of the system.

Utilizing this simple idea, one can consider general inf
ences concerning the connection between the magnetic
chemical disorder. Even if the chemical interface rema
constant, altering the material parameters (A, K, Ms, etc.!
either through the environmental conditions~e.g., tempera-
ture! or types of materials will result in a variation insm . As
a conceptual example consider the comparison of Co an
interfaces that have identical chemical interfaces. If we
sume that Co and Ni possess the same in-plane anisotr
the lower Ni exchange constant should cause the Ni inter
to be magnetically rougher than that of the Co. This dem
strates clearly the assertion that characterization of only
chemical interface is insufficient to understand fully the
fluence of disorder on the magnetic properties.

In the case of in-plane magnetic disorder, extraction of
true magnetic correlation length,jm , is difficult due to the
mixture of chemical and magnetic scattering,23 but differ-
ences between the chemical and chemical-magneticj repre-
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sent differences caused by the magnetic interface. Bec
interest lies in the connection between the chemical
magnetic disorder, considerjcm as a function ofjc ~see Fig.
4!, extracted from the width of the diffuse portion of the su
and difference measurements.18 On average, the two correla
tion lengths track together with a constant separation.
causejc gives a measure of the grain size, the enhancedjcm
can be understood from the point that the ferromagnetic
teraction extends beyond the grain boundary, which is
pected since the grains are magnetically interacting. If
length scale of the magnetic coupling is independent
roughness, thenjm will track directly with the grain size.
With this picture, the behavior of the data can be match
quite well by a line representingjc1260 Å ~the dashed line
in Fig. 4!. In reality, becausejcm represents a combination o
the true magnetic and chemical correlation lengths, the
difference will correspond to a larger value~;500 Å!, which
is of the order of the ferromagnetic interaction length.27

In conclusion, this work has illustrated the connection b
tween the disorder for the chemical and magnetic interfa
and given insight into how magnetic energies can influe
the magnetic interfacial disorder. Such a connection op
the door to a better understanding of how interfacial disor
is connected to intrinsic magnetic quantities.

The author~J.W.F! would like to thank S. K. Sinha, V.
Chakarian, L. Se´ve, and J.-M. Tonnerre for insightful discus
sions. This work was supported by the Office of Naval R
search and partially supported by the U.S. Dept. of Ener
under BES, Contract No. W-31-109-ENG-38.

FIG. 4. Chemical-magneticjcm as a function of the chemica
correlation length,jc . The magnetic in-plane roughness tends
track with jc ~solid line! as indicated by the dashed line represe
ing jc1260 Å. The open and closed symbols represent the
separate sets of CoFe thin films described in the text.
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