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Abstract

We present expressions for the resonant magnetic X-ray scattering (XRMS) by surfaces possessing roughness and
analyze both the structural and magnetic roughness of a surface, as well as their correlation. We demonstrate that the
leading contribution to the di!erence (DI) in the di!use scattering between left- and right-circularly polarized light for
a rough surface vanishes unless the structural and magnetic roughnesses are correlated, to leading order in the
magnetization. The e!ects of magnetic domain structure and magnetic dead layers on the surface scattering are also
discussed. ( 1999 Published by Elsevier Science B.V. All rights reserved.
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The use of X-ray re#ectivity and o!-specular (di!use)
surface scattering has become increasingly popular over
the last decade as a method for characterizing the rough-
ness and surface morphology of thin "lms and multi-
layers [1]. While not being able to provide actual images
of the surface, such techniques have complementary ad-
vantages, such as the ability to make global statistical
characterization of the morphology of such surfaces
and also to study buried interfaces in an in situ and non-
destructive manner. However, the magnetic analogue
of such experiments has received much less attention
until recently. Roughness at a ferromagnetic interface is
a critical parameter for technologically important mag-
netic multilayers exhibiting the Giant Magnetoresistance
(GMR) e!ect; roughness on the length scale of the period
of interlayer magnetic coupling has been shown to
reduce the GMR [2,3]. The theory of specular re#ecti-
vity and grazing incidence di!raction from magnetic

surfaces in the absence of roughness has been derived
[4,5], and there have been some recent studies of surface
magnetism in crystals and thin "lms using such tech-
niques [6}12].

Non-resonant magnetic X-ray scattering yields scat-
tered amplitudes some three orders of magnitude smaller
than those of pure charge X-ray scattering [6]. However,
if the photon energy is tuned to a transition involving
magnetically split levels of a particular atom in the
sample, the amplitudes for charge and magnetic scatter-
ing can be comparable [6,7,13]. Recent measurements of
X-ray resonant magnetic scattering (XRMS) [8}10] have
focused attention on the use of the surface specular and
di!use X-ray scattering to determine both the structural
(i.e. charge) and magnetic roughnesses of magnetic thin
"lms. In these experiments, the scattered intensity for
incident helicity close to parallel and anti-parallel to the
sample magnetization (set by an applied external "eld)
was measured and their average I

!7%
taken to determine

the &structural roughness'; the &magnetic roughness' was
assumed to be found by taking the di!erence, DI. As we
shall see below, this is not completely correct.
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Fig. 1. Reference frame and sketch of the structural (charge) and
magnetic interfaces, which in general can be separated from one
another by an average amount D. Grazing angles of incidence (a)
and scattering (b) are illustrated. Dotted lines indicate the loca-
tions of the average magnetic and structural surfaces.

Our calculations are performed in the Born approxima-
tion (BA), so that the entire sample is treated as a per-
turbation. Let us "rst consider a single surface. Neglecting
the variations of charge and magnetization density on
atomic length scales, we may represent the charge and
magnetization density as being constant inside the &struc-
tural' and &magnetic' surfaces, respectively.

In the BA, the matrix element for elastic scattering
from a photon state (k

*
, k) to the state (k

&
, k@), where

k
*, &

are the incident and "nal wavevectors (with the same
absolute magnitude) and k, k@ are the corresponding po-
larization states, is given by the matrix element below:
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(the cross-section is found by taking the modulus squared
and dividing by 16p2). We have used the formula for the
scattering length for one species of resonant atom from
Ref. [6]. Here q"k

&
!k

*
, e

*, &
represent the photon po-

larization vectors of the incident and "nal states, n
0

rep-
resents an ewective electron number density (with the
contribution from the resonant atoms modi"ed to in-
clude the resonant magnetic terms), n

.
is the number

density of magnetic atoms, M is the local magnetization
vector (de"ned within a domain), r

0
is the Thomson

scattering length of the electron, and F
1.

are the reson-
ant matrix elements, divided by an energy denominator,
de"ned for a dipole transition. In Eq. (1),
B"(1/M)(F0

11
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1~1
) and C"(1/M2)(2F0

10
!F0

11
!

F0
1~1

) (B and C are in general complex because of ab-
sorption). We neglect the much smaller non-resonant
magnetic scattering contributions [13].

Because in the BA, one treats the entire sample as
a perturbation, we assume that the sample is composed of
two parts: a charge and magnetic volume, which overlap
considerably but which are in general separate entities due
to the presence of magnetic dead layers, etc. These two
volumes will have di!erent roughnesses in general, so
that the integral of e~*q > r over the charge and magnetic
volumes will be di!erent; these di!erent volume integrals
are labelled S and M. The function p(r) takes on the value
#1(!1) for domains aligned parallel (anti-parallel) to
the net magnetization. We further assume that the do-
main walls are normal to the average surface. A sche-
matic of the reference frame is displayed in Fig. 1. [Note
that our formulae are not restricted to scattering within
the plane of incidence as shown, but for general k

&
].

Under these assumptions, the volume integrals in Eq. (1)
can be transformed into surface integrals, [1] yielding:
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where q
,
, q are the in-plane components of q and r,

respectively, z
S
(x, y) and z

M
(x, y) are the heights of the

structural and magnetic surfaces, respectively (see Fig. 1),
and p(x, y) is the magnetic domain function de"ned on
the surface.

Using statistical averaging techniques with roughness
#uctuations treated as a Gaussian random variable [1]),
we obtain for the di!use scattering cross-section:
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The terms S
44
(q), etc. are de"ned as follows:
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(8)

where the integrals are taken over all possible in-plane
distances q"(X, >) separating the projection of a point
on the appropriate surface from an arbitrary point or
origin (0, 0), A is the area of the surface, p

S, M
are the rms

values of structural and magnetic roughnesses at the
surface, D is the average separation of these two surfaces
(see Fig. 1) (i.e., a magnetically dead layer), and C

SS
, C

MM
,

and C
SM

are structural}structural (SS), magnetic}mag-
netic (MM), and structural}magnetic (SM) correlation
functions, respectively, for the roughness about the aver-
age surface. The function f

.
(q

z
) is a form factor that takes

into account the graded nature of the magnetic surface in
the z-direction. The function c

.
(X,>) is the two-dimen-

sional domain correlation function across the surface.
Finally, SpT represents the global average of p(X, >) over
all domains.

To allow for the fact that Cm1P0 at large q, we have
substrated 1 from the arguments of the Fourier trans-
forms in Eq. (8), thus omitting the specular contributions,
which yield terms proportional to 4p2d(q

x
)d(q

y
) arising

from the Fourier transform. Strictly speaking, the
Fourier transform of c

.
(X, >) is not a delta function, but

if the domain size is larger than the X-ray coherence
length, this term can be taken as being specular. From
the delta function contributions, we may derive in the
usual manner expressions for the specular re#ectivities in
the BA [1]:
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For values of q
z
much larger than those involving total

re#ection, these expressions reduce to those deduced for
charge and magnetic re#ectivities for smooth surfaces,
except for the Debye}Waller factors involving p

S
and p

M
.

If SpT is small, then the e!ect of second order terms in
M can be relatively signi"cant. We note also that the
averages over the surface are actually to be done over the
coherence area of the X-ray beam along the x-axis, and
much smaller along the y-axis (see Fig. 1)), so that if the
magnetic domains are larger than this, we may consider
the scattering as an incoherent superposition of that
coming from single domains and simply set SpT"
c(X, >)"1, ignoring domain e!ects. If this is not the
case, we note that S(1)

..
(q) contains the convolution (in q

,
)

of S
..

(q) with the Fourier transform of c
.
(X, >).

We now give explicit expressions for a simpli"ed but
common case, namely where k

*
, k

&
are both in the x}z

plane (i.e., no out-of-plane scattering) and MEx( (see Fig.
1). The possible polarization states are then p (e(p) is
the unit vector along the y-axis for both k

*
and

k
&
), n(e(n)"!y(] k

*

@k*@
, e(n@)"!y(] k

&

@k&@
) and circular

polarization of the incident beam of either sense:
e
B
" 1J2

e(p)$ie (n). The grazing angles of incidence and

scattering (a, b) are indicated on Fig. 1. From Eq. (7), we
obtain:
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For circularly incident polarization without polariza-
tion analysis for the outgoing beam, we have
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where, as before, we have assumed that the domain size is
larger than the X-ray coherence length.
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Fig. 2. Longitudinal di!use scan (DDID as a function of q
z

with
q
x
"0.004 As ~1), with j"1.57 As (7.88 keV), with ("lled symbols)

and with out (un"lled symbols) the presence of a 10 As dead layer
at the surface. Simulation parameters are referred to in the text.

Fig. 3. experimentally measured values of DI ("lled dots)
and I

`
#I

~
)/2 ("lled squares) for a Si/Cu/(400 AA)/

Co
0.95

Fe
0.05

(50 As )/Cu(30 As ) sample, plotted as a function of
q
x
, the transverse momentum transfer, at q

z
"0.0685 As ~1. The

specular peak is located at q
x
"0 and was not "tted. A simula-

tion of DI is denoted by unmarked squares; a simulation of I
!7%

is
denoted by un"lled circles. Triangles denote a simulation of
dp/dXDp?n. Simulation parameters are referred to in the text.

From Eq. (14), it is obvious that the leading term in the
di!use scattering di!erence DI between right- and left-
circularly polarized light is a term that depends on both
the structural and magnetic surfaces. If the structural and
magnetic surfaces are completely uncorrelated (i.e.,
C

SM
(X, >)"0) then S

4.
(q) vanishes, and DI has no dif-

fuse term to leading order in M, as can be seen from Eq.
(14) by taking the di!erence of the di!use cross-section
for the two di!erent handednesses of the circular polar-
ization. Often, instead of reversing the sense of polariza-
tion of the incident photon beam, M is reversed instead.
This can be seen to have the same e!ect on DI"
(I

`
!I

~
) by simply reversing the sign of B in th ese

expressions. We also note that, if there is a "nite magneti-
cally dead layer, it will in principle manifest itself through
oscillations of period 2p/D in both DI and in DDRD2, (these
oscillations may be di$cult to observe if the overall
roughness is too large or the magnetic interface too
di!use). In principle, these oscillations will be present in
the nPn scattering as well, but will probably be masked
by the much larger charge scattering. Note that if the
dead layer is only several As thick, one must measure DI
over a considerable range in q

z
to observe the oscillation,

which suggests using hard X-rays. A simulation of such
a measurement is given in Fig. 2.

The correlation functions we use for simulating
the data are taken Ref. [1]; i.e.: C(X, >)"
p2[exp (!(R/m)2h)], where p is the root mean-square
roughness parameter, m is the correlation length, and h is
the roughness exponent. In principle, one needs three sets
of parameters to describe the three di!erent correlation
functions C

SS
, C

SM
, and C

MM
. However, it can be

shown that the p associated with C
SM

is given by
p2
SM

"1
2

(p2
S
#p2

M
), where p

S, M
are associated with C

SS
and C

MM
, respectively. We further have assumed that

m2
SM
"1

2
(m2

SS
#m2

MM
).

Our main conclusion, that for MEx( there is no di!use
scattering (to leading order in M ) in DI if the structural
and magnetic interfaces are uncorrelated, holds true even
if the detector is moved out of the x}z plane, as was done
by MacKay et al. [8]. The details of this proof will be
supplied in a future publication.

As an example of the use of our formulae for simula-
tions, we present data from a 50 As thick Co

0.95
Fe

0.05
layer capped by 30 As Cu. The CoFe "lm was (1 1 1)-
textured and was deposited onto a 400 As thick Cu layer
(itself deposited onto a Si wafer) which had been deliber-
ately roughened to study the e!ects of roughening on the
magnetic and structural surfaces [10]. We treated the
CoFe layer as having a sharp interface, so that f

.
(q

z
)"1

in Eq. (8). Displayed in Fig. 3 are experimentally mea-
sured values of DI and I

!7%
from this sample, for a trans-

verse scan, plotted as a function of q
x
, the transverse

momentum transfer, at q
z
"0.0685 As ~1 . The specular

peak is located near q
x
"0, and the slits along the y-

direction were wide enough that the detected intensity
was e!ectively integrated over q

y
. This results in the

integrals in Eq. (8) being replaced by one-dimensional
integrals over x only [1].

Simulations of data are also displayed in Fig. 3. The
e!ects of the capping layer were ignored for simplicity.
Because the extinction length of the X-rays was much
shorter than the e!ective thickness of the CoFe obtained
at grazing (&5.03) incidence, we treated the CoFe as
a semi-in"nite block with only a single (upper) surface.
The o!-diagonal component of the dielectric tensor was
obtained from transmission circular dichroism experi-
ments on ultrathin Co "lms. The DBD2 term in I

!7%
is small,
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so that the di!use data for I
!7%

was almost independent of
the MM correlation function. The quadratic term C in
Eq. (2) was set to zero as discussed earlier.

Both DI and I
!7%

were simulated using the formulae in
Eq. (14) with C"0, and are displayed in Fig. 3 (this was
the case by treated by Hannon et al.) [6]. The shape
of the curves were best simulated with a SM corre-
lation length m

SM
"1450 As , a SS correlation length

m
S
"1040 As , [from which can deduce a purely magnetic

correlation length m
M
"1770 As ,] and roughness expo-

nents of h"1.0 in all cases. The structural and magnetic
roughnesses were set to be p

SM
"10 As and p

S
"10 As ,

respectively, yielding p
M
"10 As . Our calculations gave

a ratio of DI to I
!7%

which was, at q
x
"0.0002 As ~1,

roughly 7
4

times larger than the experimental value (the
simulation of DI displayed in Fig. 3 has been divided by
this factor of 7

4
). In calculating this ratio, we have allowed

for incomplete polarization of the beam. We attribute
this discrepancy to a combination of factors: reduction of
the magnetic moment in the ultrathin Co "lm causing
a reduction in the o!-diagonal element of the dielectric
tensor, the presence of a &dead' layer at the interface,
which will reduce the size of DI via the factor e*qzD in Eq.
(14), and the inherent limitations in the BA.

Also displayed in Fig. 3 is a simulated transverse scan
involving dp/dXDp?n, which is the cross-section for scat-
tering from p to n polarization. dp/dXDp?n is propor-
tional to S

..
(q) and so yields direct information about

the magnetic surface, but is several orders of magnitude
smaller than DI.

In conclusion, we have described a general method for
calculating both specular and di!use XRMS in the BA,
where the sample can be treated as having separate, but
correlated, rough, magnetic and structural surfaces. The
leading contribution to the di!use component in DI is
non-zero only if the magnetic and structural roughnesses
are correlated, for M in the plane of the sample. We have
given expressions for the scattering amplitudes in the

linear (p, n) basis. We have shown that interesting phys-
ical parameters may be extracted from measurements of
DI and I

!7%
. We "nd that dp/dXDp?n is several orders of

magnitude smaller than DI, making direct measurement
of the di!use magnetic scattering di$cult.

Work at ANL was supported by the US DOE BES-
31-109-ENG-38.
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