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Exploring magnetic roughness in CoFe thin films
J. W. Freeland,a) V. Chakarian, K. Bussmann, and Y. U. Idzerda
Naval Research Laboratory, Washington, D.C. 20375

H. Wende
Freie Universität Berlin, D-14195 Berlin-Dahlem, Germany

C.-C. Kao
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, Upton, New York 11973

The behavior of chemical and magnetic interfaces is explored using diffuse x-ray resonant magnetic
scattering~XRMS! for CoFe thin films with varying interfacial roughnesses. A comparison of the
chemical versus magnetic interfaces shows distinct differences in the behavior of these two related
interfaces as the chemical roughness is increased. Such changes appear to be correlated with the
behavior of the magnetic hysteresis of the interface, measured by tracking the diffuse XRMS
intensity as a function of applied magnetic field. ©1998 American Institute of Physics.
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I. INTRODUCTION

The influence of roughness on the properties of thin fi
magnetic structures is a question of current interest to m
facets of the magnetism community. Current results h
shown that direct measurements of magnetic roughnes
compared to measurements of the chemical roughness
cate that these interfaces are compositionaly rough, but m
netically smooth.1,2 Since the magnetotransport of the
structures is strongly affected by interfacial scattering and
particular by magnetic disorder at the interface,3–5 chemical
roughness may not be the appropriate parameter for cor
tion with the degradation of the magnetic properties.

The formalism for the determination of the nature
chemical interfaces and surfaces using specular and
specular~diffuse! scattering is a well established field.6,7

However, to probe information about a magnetic interfa
one needs a significant magnetic scattering signal. One
of providing this is through the resonant enhancement of
magnetic and chemical scattering when an incident circ
polarized photon is tuned to an absorption edge, known
x-ray resonant magnetic scattering~XRMS!.8–13 Utilization
of a circular polarized photon, like its absorption counterp
magnetic circular dichroism~MCD!,14 generates the mag
netic scattering component. Recently XRMS has been
plied to the study of magnetic roughness. From b
specular2 and diffuse1 studies of magnetic thin film structure
comes evidence of differing chemical and magnetic int
faces.

To better understand the variation of magnetic ver
chemical interfaces we have undertaken a study of thin C
films where an increasing chemical roughness was indu
through the growth process. The results clearly show that
chemical and magnetic interfaces do not behave in the s
manner as the root mean square~rms! chemical roughness i
increased. Also, we will demonstrate the possibility of us
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variations in the magnetic diffuse intensity as a function
applied field as a probe of interfacial magnetic hysteresis

II. EXPERIMENT

The reflectivity measurements were conducted at
NRL/NSLS Magnetic Circular Dichroism Facility located a
beamline U4B of the National Synchrotron Light Sour
~NSLS!.15 Details of the experimental apparatus and m
surement conditions are described elsewhere.13,16 To probe
interface roughness via the diffuse intensity we performe
sample rocking curve where the detector angle~2u! was kept
fixed and the sample angle~v! was varied. In this configu-
ration, a scan over a wave vector in the plane (qx) is per-
formed while keeping the component perpendicular to
film (qz) approximately constant. To extract the magne
information it is necessary to measure the helicity depend
scattering of the magnetic material~denoted asI 1 and I 2!.
So the magnetic moment of the sample was reversed at
data point to determineI 1 andI 2, which has been shown to
be equivalent to alternating the photon helicity.17,18

The CoFe alloys thin films were prepared by the rf sp
tering facilities of Nonvolatile Electronics Inc. The sampl
were grown on atomically flat Si3N4 substrates~roughness
;1.5 Å rms! with the following structure: Cu~30Å!/
Co95Fe5~50Å!/Cu~xÅ!/Si3N4. Due to growth dynamics the
rms roughness of Cu grown on Si3N4 increases dramatically
as the thickness of the Cu buffer layer,x, is increased. Since
the Cu buffer layer thickness can be controlled accurat
the roughness of the surface on which the CoFe is depos
can be tailored. For this study we utilized a series of fo
films with various Cu buffer layer thicknesses~x5200, 400,
800, and 1600 Å! spanning a rms chemical roughness ran
ing from 2.5 to 32 Å rms as measured by a Digital Instr
ments Dimension 3000 atomic force microscope~AFM! in
tapping mode~resolution 10–50 Å!. Since the Cu cap laye
is so thin, the topographical information provided by AF
should give an accurate measurement of the chemical ro
ness of the top CoFe/Cu interface. This will be importa
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when we compare it with the diffuse scattering results
cause the short mean free path of the photon at theL3 edge19

means that measurements made at grazing incidence~v
,10°! for a 50 Å CoFe film probe predominately the to
CoFe/Cu interface.

III. RESULTS AND DISCUSSION

Figure 1 shows the chemical@(I 11I 2)/2# and the mag-
netic (I 12I 2) contributions from a sample rocking~diffuse!
scan measured at the CoL3 edge. The diffuse scan consis
of a sharp specular peak aroundqx50, with a broad under-
lying diffuse component. Since roughness is the mechan
that channels flux from the specular peak into the diffu
component, values for the chemical and magnetic roughn
~denoted assC and sM , respectively! can be extracted by
determining the fraction of total flux that resides in the d
fuse part of the spectrum. This is accomplished by comp
ing the integrated areas of the specular@Sspecular(q)# vs dif-
fuse @Sdiffuse(q)# components using7

*Sdiffuse~q!d2qi

*Sdiffuse~q!d2qi1*Sspecular~q!d2qi
512e2~qzs!2

, ~1!

whereqi denotes integration over the (qx ,qy) plane, ands is
the roughness perpendicular to the film plane. A second
rameter describing the roughness in the film plane, the lat
correlation length,j, is determined from the half width~GC

andGM! of the diffuse portion of the sample rocking curv
using a solution of diffuse structure factor~for a roughness
exponent,h51!:6,7

Sdiffuse~q!5
2p exp@2~qzs!2#

qz
2

3 (
m51

`
~qzs!2m

m! S j2

2mDexpF2S qxj

2Am
D 2G .

~2!

Results of the analysis of our thickness series are show
Fig. 2 for both chemical and magnetic data.

FIG. 1. Sample rocking curve measured at the CoL3 edge~778 eV! for
chemical @~I 11I 2)/2# and magnetic (I 12I 2) contributions vsqx . This
scan was taken at a detector angle 2u of 90 ~qz50.062 Å21!. Notice how the
half width of the magnetic diffuse (GM) is smaller than that of the chemica
diffuse (GC), indicating a longer correlation length,j for the magnetic in-
terface.
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The most important general result is the different beh
ior of both s and j for the chemical versus magnetic inte
faces. The magnetic roughness in this series of sample
;20%–30% less than the chemical roughness. The sam
seen for the behavior of the chemical versus magnetic co
lation length~bottom panel of Fig. 2!. This indicates that the
magnetic interface is typically much smoother than t
chemical interface both perpendicular to and in the plane
film. There is good agreement between thes roughness pa-
rameters extracted from the x-ray scattering and from
AFM values~the straight line of the top panel of Fig. 2!. The
small disagreements can be addressed through a more
tailed analysis of the AFM roughness data, which is n
shown here due to space limitations.

An interesting application of this technique becom
possible upon examination of the the specular versus diff
element specific magnetic hysteresis measured by XR
~see Fig. 3!. The reflected intensity as a function of applie
field can be utilized as a measure of the magnetic hyster
since the magnetic portion of the scattering tracks with
magnetic moment of the sample. Since the field depende
specular peak intensity gives a measure of the bulk magn
hysteresis, we can use the diffuse signal, which only com
from the interfaces, to measure the interfacial magnetic h
teresis. In Fig. 3 the clear difference in the coercive a
saturation fields of spins at the interface indicates the dif
ent nature of the bulk versus interfacial magnetic enviro
ment. For thex5400 Å film shown in Fig. 3 the difference
in coercive fields was 3.560.5 Oe. This was confirmed b
measuring at not only several different points in the diffu
but also in the specular and diffuse at different detec
angles. It is worth noting that the sample indicating the la

FIG. 2. Roughness parameters derived from the diffuse scattering data
panel: Chemical and magnetic rms roughness. Bottom panel: Chemica
magnetic correlation lengths.
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est difference the between specular and the diffuse coer
field is also the one exhibiting a roughening of the magne
interface as noted by the drop injM andsM with respect to
jC andsC ~see Fig. 2!.

In conclusion, our results distinctly show that the chem
cal and magnetic interfaces can have a very different c
acter. In addition, by tracking the diffuse intensity as a fun
tion of applied field we find a very different behavior of th
interfacial spins, which appears to be correlated with va
tions of the chemical versus magnetic interface.
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