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Magnetization pro®le of ultrathin FePd ®lms
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The method of circular dichroism in X-ray resonant magnetic scattering is presented which allows a

straightforward determination of the magnetization pro®le of magnetic patterns in ultrathin ®lms.

Application to single crystalline FePd layers shows unambiguously the presence of magnetic ¯ux

closure domains whose thickness can constitute a signi®cant fraction (�25%) of the total ®lm.
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1. Introduction

Regular domain patterns are a characteristic feature of

many low-dimensional systems with phases stabilized by

competing interactions (Seul & Adelman, 1995). In ultra-

thin magnetic ®lms such a domain structure (Fig. 1) can

occur when the electron spins favor to order perpendicular

to the ®lm plane (Hehn et al., 1996). These systems are of

particular interest for magneto-optical storage devices and

display the giant magneto-resistance effect utilized in

magnetic ®eld sensors (Gregg et al., 1996). It is the

competition between a perpendicular magneto-crystalline

anisotropy and the dipolar spin±spin interaction that leads

to the regular domain pattern shown in Fig. 1. The

demagnetized ground state is characterized by magnetic

¯ux lines that are partially outside the sample. It was

already predicted by Kittel (1946) half a century ago that

internal ¯ux closure (see Fig. 1) should produce a high

degree of order in the magnetic domains. In spite of the

important fundamental and technological implications for

ultrathin ®lms, such closure domains with a magnetization

direction in the ®lm plane are almost impossible to observe

even with modern imaging techniques that are capable of

achieving suf®cient lateral resolution such as magnetic

force microscopy (MFM), Lorentz microscopy or scanning

electron microscopy with polarization analysis (SEMPA).

This is due to the fact that these techniques often monitor

the magnetic stray ®eld outside the sample, as is the case for

MFM, and provide hardly any information about the

magnetic depth pro®le within the layer (Hehn et al., 1996).

Lorentz microscopy, on the other hand, is performed in the

transmission mode and hence averages over the whole

layer. In principle a surface-sensitive technique such as

SEMPA could determine the existence of closure domains

at the ®lm surface (Stamm et al., 1998). However, SEMPA

would be at a loss to obtain information about the depth

pro®le.

Here we report the method of circular dichroism in

X-ray resonant magnetic scattering (CDXRMS) that can

achieve all of these goals in a straightforward manner. We

utilize the strong magneto-optical effects at the spin±orbit

split L2,3 absorption edges of the 3d transition metals that

causes a Faraday rotation of the (linearly) polarized X-rays

analogous to, but much stronger than, the Kerr ellipticity in

the visible region (Kortright et al., 1995). The observation

of circular dichroism in the X-ray scattering signal, I, i.e. its

difference between left and right circularly polarized

photons, allows us to recover the phase information that is

generally lost in diffraction experiments. We demonstrate

that this effect can be directly related to the magnetization

pro®le in the ®lm.

2. Experimental method

Element speci®city is established by tuning the X-ray

energy to an absorption edge. For the transition metals

studied here, such as Fe, excitation of 2p electrons into

unoccupied magnetically polarized 3d states produces

intense resonances with photon energies in the soft X-ray

region (� = 17.5 AÊ ). At these edges the resonant and

coherent elastic absorption and emission of photons causes

a strong enhancement of the magnetic scattering signal that

can become comparable with the scattering from all other

elemental constituents in the sample. The scattering signal

measured in a diffraction experiment is the modulus square

of the sum over all lattice sites, rn, of the scattering
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amplitudes, fn, weighted by a phase factor, i.e.

I / jPn exp�iq:rn� fnj2 (q is the photon wavevector trans-

ferred in the scattering process) (Hill & McMorrow, 1996).

Hannon et al. (1998) showed that the resonant electrical

dipole scattering amplitude can be written as

fn � ê
0:ê F �0�n ÿ i�ê0 � ê�:M̂n F �1�n � �ê0:M̂n��ê:M̂n�F �2�n ; �1�

where ê and ê
0

are the polarization vectors of the incident

and scattered X-rays, respectively, and M̂n is the magneti-

zation direction in the sample. The complex factors Fn

describe the atomic resonant excitation and decay

processes. They can be expanded in terms of multipole

moments of the ground state (Luo et al., 1993). While the

®rst term in (1) is due to scattering from the Fe charge

distribution, the latter two terms are purely magnetic

scattering contributions. In the following we will mainly

utilize the f �1�n term to reconstruct the magnetization pro®le

of the ®lm. The dif®culty hereby usually is that the complex

factors Fn are not very well known and can only be

obtained directly under certain conditions such as for

multilayered samples (Tonnerre et al., 1995; Sacchi et al.,

1998). However, the case of regular domain patterns

provides an elegant way of separating the three scattering

contributions in (1). The lateral domain periodicity leads to

purely magnetic superstructure scattering peaks located

symmetrically around the specularly re¯ected X-ray beam.

For ®lms which are structurally well ordered and possess

smooth interfaces, the charge scattering term in (1)

contributes only to the specular peak. The two magnetic

terms are linear and quadratic in M̂n and cause magnetic

peaks at wavevectors �� and �2�, respectively (2�/� is the

domain periodicity) (Hill & McMorrow, 1996; Hannon et

al., 1998).

In order to measure both magnetic scattering contribu-

tions we used the experimental geometry shown in Fig. 2.

X-rays were incident along the stripe domains at a grazing

angle � relative to the surface. Scattered X-rays were

detected at a different y-position (see Fig. 2) which deter-

mined the wavevector transfer perpendicular to the stripe

domains. To assess the scattering from the individual

domains it is conventional to divide the light polarization

into the two linear components � and � that are perpen-

dicular and parallel to the scattering plane, respectively. For

the scattering geometry shown in Fig. 2 and concentrating

on the second term in (1) there is more than one scattering

path which is producing �-polarized scattered light (Hill &

McMorrow, 1996). For M̂n perpendicular to the ®lm,

�-polarized incident radiation experiences a Faraday

rotation producing a � component (Kortright et al., 1995).

The other channel is �±� scattering leaving the incident

�-polarization unchanged (Kao, 1990). It occurs when M̂n

has a component perpendicular to the scattering plane, as is

the case for the closure domains. These two scattering

channels leading to �-polarized light can interfere with

each other. Since bulk and closure domains are located at

different lateral positions, the X-rays scattered from them

will experience a phase shift of 90� relative to each other

(see Fig. 3). Unfortunately, the phase shift between the �±�
and �±� scattering is lost when only linearly polarized

X-rays are used. However, the phase information can be

retrieved with circularly polarized radiation. This is sche-

matically depicted in Fig. 3 which shows a projection of the

experimental geometry in Fig. 2 onto the yz-plane. Left and

right circularly polarized light is a mixture of �- and

�-polarizations where the � component is advanced or

retarded with respect to the �-polarization by 90�, respec-

tively. As a consequence the scattering of circularly polar-

Figure 2
Schematic representation of the experimental scattering
geometry. Circularly polarized X-rays are incident along the
magnetic stripe domains. They are detected by a photodiode
mounted behind a rectangular aperture which also selects the
wavevector transferred perpendicularly to the stripes (y-direc-
tion).

Figure 1
Magnetic force microscopy (MFM) image of a 2 mm � 2 mm area
of a 400 AÊ -thick FePd ®lm grown epitaxically on an MgO(001)
substrate. The contrast in the image is due to magnetic domains
with ¯ux lines directed upwards and downwards with respect to
the ®lm plane. The enlarged area shows schematically the
magnetic layer pro®le expected from Kittel (1946) for the
presence of closure domains with a magnetization direction in
the ®lm plane.
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ized X-rays from bulk and closure domains in Fig. 1 will

result in a total relative phase shift of 0 or 180� depending

on the helicity, i.e. there will be either constructive or

destructive interference between the two scattering chan-

nels. This is expected to result in dramatic intensity changes

of the magnetic superstructure peaks with incident light

helicity that is indicative for the existence of closure

domains.

3. Results and discussion

For an experimental corroboration we used a 400 AÊ -thick

FePd ®lm that was grown by molecular beam epitaxy onto a

MgO(001) substrate and capped with a 20 AÊ -thick Pd layer

to prevent contamination. The growth was performed by

codepositing Fe and Pd at the stoichiometric ratio. This

lead to a layer-by-layer growth mode as monitored in situ

by re¯ection high-energy electron diffraction. The sample

was found by hard X-ray diffraction to be single crystalline

with a chemical long-range order of 70% (Kamp et al.,

1998). In Fig. 1 an MFM image of this sample is displayed in

the as-grown state. It shows clearly the well ordered

alternating up and down magnetic domain pattern. Almost

100% circularly polarized X-rays from beamline ID12B of

the European Synchrotron Radiation Facility in Grenoble

(France) were incident along the stripe domains at a

grazing angle � that could be varied by rotating the sample

around the y-axis in the ®lm plane (see Fig. 2). Scattered

X-rays were detected by a photodiode mounted behind a

rectangular aperture which could be scanned along the

y-direction to select a scattering wavevector, qy, transferred

perpendicular to the stripes. The entire setup was mounted

in a vacuum chamber to avoid X-ray absorption by air.

Typical CDXRMS scans of the scattering signal measured

over four orders of magnitude are displayed in Fig. 4. The

spectra, taken with opposite light helicities at � = 12�, show

clearly the ®rst-order (at qy = ��) and second-order (�2�)

magnetic peaks located symmetrically around the spec-

ularly re¯ected X-ray beam. We obtained � = 0.0069 AÊ ÿ1

that corresponded to a domain period of 909 AÊ , in good

agreement with the MFM result. Fig. 4 displays clearly the

strong intensity changes with light helicity in the magnetic

superstructure peaks. It is also evident that the circular

dichroism reverses sign for negative qy. This is expected

from symmetry arguments and can be easily visualized

from Fig. 3. So instead of measuring with opposite light

helicities it would be suf®cient to compare the magnetic

peak intensities for just one spectrum but with opposite

sign of qy.

In order to obtain more information about the magne-

tization depth pro®le we measured CDXRMS spectra at

different incidence angles. At the chosen incidence angles

the X-ray penetration depth is smaller that the ®lm thick-

ness and only the topmost interface is probed. Conse-

quently the probing volume changes with incidence angle.

Since the closure domains are located near the surface

while the bulk domains are extended throughout the whole

®lm, the changing probing volume will alter the effective

phase difference of X-rays scattered from bulk and closure

domains, thus leading to intensity oscillations of the circular

dichroism signal with incidence angle. The results are

collected in the inset of Fig. 4 where the ratio of the

difference to sum intensities, IA = (I + ÿ Iÿ)/(I + + Iÿ), is

plotted for the ®rst-order (solid symbols) and second-order

(open symbols) magnetic peaks. Following Hill &

McMorrow (1996) we modeled the measured values taking

into account all possible scattering channels according to

equation (1) (lines). The results are presented in detail by

Figure 4
Diffraction scans with the wavevector, qy, transferred along the y-
axis perpendicular to the magnetic stripes. Left (dotted line), Iÿ,
and right (solid line), I +, circularly polarized X-rays with energy
tuned to the Fe L3 absorption edge (� = 17.5 AÊ ) impinge at an
angle of � = 12� relative to the surface plane. The inset shows the
values of IA = (I + ÿ Iÿ)/(I + + Iÿ) versus � for the ®rst-order
(solid symbols) and second-order (open symbols) magnetic
satellite peaks. The solid and dotted lines are a ®t to the data as
described in the text.

Figure 3
Projection of the experimental geometry onto the yz-plane (see
Fig. 2). Shown are the different dominant scattering channels
producing �-polarized scattered radiation for left (left panel) and
right (right panel) circularly polarized X-rays (see text). For a
wavevector transfer leading to the ®rst-order magnetic satellite
peaks, i.e. qy = �� (2�/� is the domain periodicity), the X-rays
scattered from neighboring spin up or down domains experience a
phase shift of �360�, respectively. Consequently the phase shift
between X-rays scattered from adjacent bulk and closure domains
is�90�. The use of circularly polarized X-rays enhances this phase
difference to 0 and 180� (for the +� satellite) and 180 and 0� (for
the ÿ� satellite) which is observable as interference in the
scattering signal with a reversal of the X-ray helicity.
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DuÈ rr et al. (1999) and we will only summarize the salient

features of the model below. We assumed that closure

domains were distributed uniformly over an effective depth

t near the surface of the ®lm. From the specular re¯ectivity

curve we determined the mean free X-ray path in FePd at

the Fe L3 edge to be �400 AÊ .

The IA signals for both magnetic satellite peaks show

strong modulations with � which provides a direct proof of

the existence of closure domains with in-plane magnetiza-

tion direction. Part of the magnitude of the IA signals can

also be due to interference between closure domains and

domain walls with a magnetization direction perpendicular

to the ®lm. However, this contribution would not vary with

�. From the best ®t to the data (lines in the inset of Fig. 4)

we obtained an effective thickness of the closure domain

layer of t = 125 AÊ , which is a signi®cant fraction of the total

®lm thickness. The periodic lateral modulation of the

magnetization was described by Fourier transforms. Only

the ®rst-order Fourier coef®cients contribute to the ®rst-

order magnetic peaks. Here F �1�n are mainly proportional to

the magnitude of the spin magnetic moment, being its

largest contribution (Luo et al., 1993). However, both ®rst-

order and third-order Fourier coef®cients are important for

the second-order magnetic satellite peaks. This larger

parameter set causes the ®t to be overdetermined for the

present limited data range. However, an extended data set

obtained in destined measurements could remove this

problem. The second-order magnetic peaks are interesting

since the factors F �2�n contain contributions from other

ground-state moments such as the anisotropic spin±orbit

coupling. These quantities are of special importance in

understanding the magneto-crystalline anisotropy (van der

Laan, 1999).

4. Summary and conclusions

We have demonstrated that the use of circular dichroism in

X-ray resonant magnetic scattering can dramatically

enhance our ability to determine the magnetization pro®les

of ultrathin ®lms. The interference observed between

purely magnetic scattering channels is a direct tool for

studying closure domains and domain walls. This technique

is not restricted to the case of well ordered domain struc-

tures but is expected to work also for more irregular

domain distributions. The method is also easy to apply in

the presence of applied magnetic ®elds and allows the

investigation of magnetic switching phenomena (Freeland

et al., 1998). Also, photon energy-dependent measurements

might result in site-resolved determination of orbital and

spin magnetic moments (Tonnerre et al., 1995). Finally, we

note that it is also possible to observe interference between

structural and magnetic scattering channels which would

measure the correlated charge and magnetic roughness of

interfaces (Osgood et al., 1999).
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