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X-ray resonant magnetic scattering �XRMS� has been used to investigate the structure of magnetic stripe
domain patterns in thin amorphous GdFe films. Under the influence of a perpendicular magnetic field, the
scattered intensity displays a smooth transition from a structure factor of correlated stripes to the form factor
of isolated domains. We derive a quite general expression that relates the total scattered intensity of XRMS to
the absolute value of the magnetization. Furthermore, we compare our results for the domain period with
domain theory. We obtain good agreement for prealigned stripes, but disorder tends to lead to an overestima-
tion of the period measured with XRMS.
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I. INTRODUCTION

The study of magnetic domains1 has a long tradition
which is kept alive by the importance of domain structure for
data storage media. In such devices, as well as in domain
walls, the magnetic structure is modulated on the nanometer
length scale. New techniques that exploit the strong
magneto-optical contrast at certain x-ray absorption transi-
tions are making strong contributions to magnetic structure
research: transmission x-ray microscopy �TXM�2–4 and pho-
toelectron emission microscopy �PEEM�5–8 are now able to
image magnetic structures with resolutions in the 10 nm
range. X-ray resonant magnetic scattering �XRMS�,9–25 on
the other hand, probes the magnetic structure in Fourier
space and provides the ensemble averaged properties of the
magnetic structure. In this paper we discuss new aspects of
x-ray resonant magnetic scattering in a detailed analysis of
data on the evolution of stripe domains in amorphous GdFe
films under perpendicularly applied magnetic fields.

Stripe domains are meandering domain patterns found in
thin films displaying perpendicular anisotropy �PMA�,11,26–33

in which the magnetization self-organizes in alternating up
and down magnetized bands. They result from the competi-
tion between the local exchange and anisotropy interactions
that favor a single saturated domain state with the long-
ranged demagnetizing dipolar field that tends to break up this
single domain, at the cost of the creation of domain walls.
Given the right combination of thickness and magnetic prop-
erties, highly correlated up and down domains form, as
shown schematically in Fig. 1�a�.

In their seminal work on stripe domains, Kooy and Enz26

found accurate expressions for the width of the up and down
domains in perpendicular fields, assuming infinitely thin do-
main walls. However, when the film thickness is comparable
to the domain period, the structure of the domain wall has to
be considered. Thus, closure domains can form, further mini-
mizing the dipolar energy34 and altering the domain wall
energy �Fig. 1�b��. To some extent, these effects have been
incorporated in extensions of the Kooy and Enz
model.28,30–32,35 Alternatively, the true domain structure can
be calculated accurately using micromagnetic finite element
methods,29,36,37 which, however, require the stripe period as

an input parameter. Given this situation, high resolution ex-
perimental data are required to further test these models.

The amorphous GdFe films38,39 studied here belong to the
same family as amorphous TbFeCo films used in magnetic
recording.40 They have a highly disordered atomic structure,
but are very homogeneous and defect free on a length scale
larger than a few nanometers, implying a flat domain wall
pinning energy landscape.40 In our samples, this is reflected
in a particularly high degree of perfection in the alignment of
the stripe systems that form after in-plane magnetic satura-
tion.

Two films are compared here that differ slightly in com-
position but have a quite different domain width and magne-
tization loop. We discuss the differences in evolution starting
from either aligned or disordered initial stripe structures.
Furthermore, we discuss the strong circular dichroism in the
scattering of the aligned domain lattice. This analysis results

FIG. 1. A schematic representation of stripe domains �a� without
and �b� with closure domains. In reality, the magnetization forms a
continuous three-dimensional structure. �c�, �d�, and �e� The con-
trast functions as seen by an x-ray beam traversing the film �see
Sec. IV A�.
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in a method of obtaining the magnetization directly from the
scattering curves, which turns out to work well for the dis-
ordered stripe systems. Furthermore, we point out a general
relation between the total scattered intensity and the absolute
value of the magnetization. Finally, we find that the domain
size of the aligned case is described quite well by a domain
theory model,31 in contrast to the disordered cases.

II. EXPERIMENTAL

Gd1−xFex magnetic thin films with x=0.83 �sample A� and
0.81 �sample B� were grown by electron beam coevaporation
on a rotating sample holder at 1�10−9 mbar. A thickness of
42 nm was chosen to give approximately 1/e absorption at
the Gd M5 resonance energy using the calculated cross sec-
tions by Thole et al.41 As supports we used 100 nm thick
Si3N4 windows, which have a transmission of �95% at the
Gd M5 resonance energy. The magnetic films were capped
with a 2 nm thick Al protection layer in order to prevent
oxidation. X-ray diffraction scans showed no trace of struc-
tural order in the GdFe films. Rutherford back scattering was
used to determine the film thicknesses, as well as to check
the composition and homogeneity. Atomic force microscopy
�AFM� measurements showed that the surfaces were free of
pinholes and were flat and structureless on the 1 nm scale.

The values of saturation magnetization Ms and anisotropy
constant Ku as determined with vibrating sample magneto-
meter �VSM� are summarized in Table I. The main distinc-
tion between the samples is the 33% smaller saturation
magnetization of sample B due to it being closer to the
room-temperature ferrimagnetic compensation composition
xc�0.76.38

The x-ray experiments reported here were carried out at
the soft x-ray beamline ID08 at the European Synchrotron
Radiation Facility.42 Figure 2 schematically shows the em-
ployed experimental setup. The Apple II undulator source
offers complete control over the polarization. The experi-
ments were performed with modest energy resolution
�E /E�10−3 and a beam size of 100 �m. The sample was
mounted in a room-temperature rotatable holder, allowing us
to preset the initial alignment of the stripe lattice to an or-
dered or disordered lattice by saturating the sample in plane
or out of plane, respectively.

The incident intensity I0 was monitored by reading the
drain current from the refocusing mirror. As a detector we
used a P20 phosphor-coated �5 �m thick, 1 �m grain size�
vacuum window with a 12-bit charge-coupled device �CCD�
camera. For the present experiments, a TV lens combined
with a 5 mm macroring was used, giving a field of view of
�15 mm and a 10 �m resolution.

III. RESULTS

A. Scattering curves at remanence

In the absence of an applied field, both samples have van-
ishing magnetization. Typical domain morphologies found in
the remanent state are depicted in the left column of Fig. 3.
After out-of-plane magnetic saturation, both samples have
completely disordered, meandering patterns with appreciable
domain branching and truncation �Figs. 3�a� and 3�c��. In-
plane saturation, on the other hand, leads to the appearance
of a highly aligned quasi-one-dimensional domain lattice
�Fig. 3�b��.

It should be noted that these magnetic force microscopy
�MFM� images are affected to some extent by tip-domain
interactions, visible as a horizontal discontinuity observable
in the center image. We found that stable images appear typi-
cally only after a few sweeps over the field of view even
when using low-moment tips, indicating low domain wall
pinning. On the other hand, the aligned stripe system �Fig.
3�b�� is much more stable and shows a remarkably perfect
grating structure. The stripe periods as obtained from MFM
are listed in Table II.

On the right of the MFM images in Fig. 3 we show details
of the corresponding two-dimensional �2D� XRMS diffrac-
tion patterns. The beam stops were either a horizontal 1 mm
thick Cu wire �sample A, Figs. 3�d� and 3�e�� or a knife edge
�sample B, Fig. 3�f��, giving scattering vector ranges of
�0.004–0.05� and �0.01–0.20� nm−1, respectively. The dif-
fuse background was eliminated before further data process-
ing by subtracting exposures taken at magnetic saturation.
The disordered stripe patterns produce a broad ring of scat-
tered intensity while the aligned stripe system produces very
sharp and intense peaks which at the Gd M5 resonance con-

TABLE I. Magnetic properties of the Gd1−xFex films. The quantities to the right of the vertical line are
discussed in Sec. IV E.

Sample
x

�% Fe�
Ms

�kA/m�
Ku

�105 J /m3� Q �* �r
0

lc

�nm�
�w

�10−4 J /m2�
�

�nm�
A

�10−12 J /m� �c

A 0.83 221 0.18 0.58 2.73 2.5 13.9 8.5 37.2 2.6 0.33

B 0.81 150 0.17 1.21 1.82 12.3 33.2 9.3 42.9 3.2 0.79

FIG. 2. Schematic representation of the experimental setup.
From right to left, the left or right circularly polarized x-ray beam,
after being reflected by the refocusing mirror, is cleaned by vertical
and horizontal slits. The magnetic domain structure of the sample
produces a scattering pattern that can be recorded either by a pho-
todiode or a scintillator screen on the end flange of the vacuum
system. The visible light image is recorded by a CCD camera. A
beamstop blocks the primary beam.
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tain 5% of the transmitted primary beam intensity.11,43,44

The angularly integrated diffraction patterns of Figs. 3�d�
and 3�f� are given in Fig. 4. The scattered intensity of the
disordered stripes in sample A, Fig. 4�a� shows clear first and
third diffraction orders. The peak position qr gives a period
of 	=2
 /qr=253 nm, about 10% larger than the period ob-
tained from MFM �see Table II�. From the full width at half
maximum, corrected for the experimental resolution, we ob-
tain a crude estimate for the correlation length ��524 nm or
two periods.

The ordered lattice prepared by in-plane saturation shows
a series of diffraction peaks, five of which are shown in

Fig. 4�b�. The first-order peak corresponds to a period of
	=162 nm, agreeing very well with the MFM value, with a
correlation length of 1440 nm, more than 8 times the period.
The presence of the higher orders clearly indicates that the
domain walls are quite sharp in this case. The peak width
increases linearly with the diffraction order due to the re-
sidual disorder in the stripe lattice.45

Finally, sample B, Fig. 3�c� only displays a very broad
maximum, corresponding to a domain size 	=934 nm, ap-
proximately 12% larger than the one obtained from MFM
and with a correlation length of only 1.2 times the average
period.

B. Field-dependent scattering curves

Figure 5 shows the evolution of the angularly integrated
scattered intensity over the magnetization loop for both
samples. Also shown is the behavior of sample A starting
from the aligned case taken with left and right circularly
polarized light, and the corresponding dichroic asymmetry.
In all cases we observe a clear evolution of peak positions
and intensities of the higher orders. At higher fields, the
peaks gradually disappear and the spectra develop into broad
structures with intensity minima that move to higher q as the
field becomes increasingly positive. In the aligned case the
spectra show a characteristic circularly dichroic asymmetry,

FIG. 3. Left: MFM images of the remanent magnetic domain
patterns of sample A �83% Fe� after �a� out-of-plane and �b� in-
plane magnetization. �c� Domain pattern of sample B �81% Fe� after
out-of-plane saturation. Right: corresponding measured 2D diffrac-
tion patterns.

TABLE II. Stripe periods as obtained from MFM and XRMS,
and correlation length-to-period ratio from XRMS.

Sample
	�MFM�
�nm�

	�XRMS�
�nm� � /	

A dis 232 253 2

A ord 160 162 8

B dis 835 934 1.2

FIG. 4. Scattered intensity obtained by azimuthal integration of
the XRMS results as in Fig. 3, taken with left- �line� and right-
circular �open symbols� polarization.
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with a zero crossing located at the intensity minima.
Figure 6 shows the information that can be extracted from

the complete data set: �a� the normalized perpendicular mag-
netization loops for the two samples, �b� the domain period
	, �c� the width of the reversed domain wd, �d� the correlation
length normalized to the period � /	, and �e� the total scat-
tered intensity. The angular distribution of the scattered in-
tensity was constant for the three cases: 360° for the disor-
dered cases and 5° for the aligned case �sample A�.

IV. DISCUSSION

A. Stripe diffraction patterns in the small-angle limit

We will first discuss the case of the aligned stripe systems
present in sample A after in-plane magnetization. We will
initially neglect the remaining disorder and approximate it by
a perfectly periodic structure of period 	 in the ŷ direction,
taking the stripe magnetization along the ẑ direction �coordi-
nate system as defined in Fig. 2�. In order not to lose gener-
ality we allow that the Bloch walls, magnetized along the x̂
direction, are dressed with closure caps with magnetization
along the ±ŷ direction.

In resonant magnetic scattering one has to take into ac-
count the polarization of the light and the tensorial nature of
the scattering cross section.9,15 Hill and McMorrow46 wrote
the atomic scattering tensor as a Jones matrix that describes
the scattering of the incident electric field E0=E0��x ,�y� into
an outgoing field E=E��x� ,�y��. In the small-angle scattering
limit, which is applicable in this work because the domain
size is at least 150 times the wavelength, the magnetization-
dependent part of the Jones matrix of an atom with magne-
tization pointing along the unit vector m in a beam incident
along the ẑ axis reduces to

F�
� = � 0 − imz

imz 0
	F�1� + � mx

2 mxmy

mxmy my
2 	F�2�. �1�

The two terms, with energy-dependent scattering amplitude
F�1��
� and F�2��
�, include either only the out-of-plane

component mz or the in-plane components mx and my. If the
film is homogeneously magnetized out of plane �in plane�,
the imaginary parts lead, respectively, to circular �linear� di-
chroism in the absorption. In a separate study we have per-
formed absolute absorption measurements of the Gd M4,5
spectra, corresponding to the imaginary parts of F�i�, from
which the real parts were derived, using the Kramers-Kronig
transform.47 At the photon energy used here �E=1184 eV�,

F�2� /F�1�
2=0.164.

A nonuniform magnetization m�r� produces a scattered
wave amplitude E�q� which is proportional to the Fourier
transform of Eq. �1� over the sample volume. The Fourier
integral over the sample thickness leads to a total phase
shift and absorption at each position y, depending on
the contrast functions gz�y�=�−t/2

t/2 mz�y ,z�dz and gij�y�
=�−t/2

t/2 mi�y ,z�mj�y ,z�dz �i , j=x ,y�, where t is the film thick-
ness. Since the Bloch wall magnetization mx is symmetric
with respect to the film midplane, while the closure domain
magnetization my is antisymmetric, the contrast function
gxy�y� vanishes. Examples of the three remaining contrast
functions are given in Fig. 1.

Since the structure is invariant along the x̂ direction, the
Fourier transform in this direction yields a trivial delta func-
tion ��qx�. The remaining Fourier transform along ŷ gives the
outgoing field amplitude at scattering wave vector qy,

E�qy� = �� 0 − iGz

iGz 0
	F�1� + �Gxx 0

0 Gyy
	F�2�
E0, �2�

where Gz�qy�, Gxx�qy� and Gyy�qy� are the Fourier transforms
of the corresponding contrast functions.

The scattered intensity is the absolute square of this am-
plitude. In particular, for circularly polarized incident light
E0=E0�1, ± i� with helicity ±1, the total intensity has a
helicity-dependent term

FIG. 5. Field-dependent evolution of the
scattered intensity for the disordered domains
of samples B �a� and A �b� and for the aligned
stripes in sample A �c�, taken with left �black�
and right �gray� circularly polarized beams.
Data are displayed on a logarithmic scale. The

asymmetry
I+−I−

I++I−
for the ordered case of

sample A is shown using a linear scale in �d�.
The value of the applied field in mT is shown
next to the traces. For the sake of clarity not
all curves are shown.
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I± = I0�
F�1�Gz
2 +
1

2
�
F�2�Gxx
2 + 
F�2�Gyy
2�

± Re��F�1�Gz�*F�2��Gxx + Gyy��� . �3�

The last term is the interference between the polarization-
rotating F�1� term and the polarization-conserving F�2� term.
It can give rise to circular dichroism in the scattered intensity
if it is nonzero, which happens when mz�y� has the same
spatial frequencies as mx

2�y� or my
2�y�. The resulting asymme-

try is

I+ − I−

I+ + I−
=

Re��F�1�Gz�*F�2��Gxx + Gyy��


F�1�Gz
2 +
1

2
�
F�2�Gxx
2 + 
F�2�Gyy
2�

. �4�

With these results we can explain the scattering curves of
Figs. 5�c� and 5�d�. The Fourier transform of the periodic mz
magnetization, Gz�qy�, will have maxima at qy =2
n /	 with
n any integer, where the total period 	=wu+wd is the sum of
the up- and down-domain widths wu and wd. However, we
see from Fig. 6�a� that at remanence �mz�=0 and therefore
wu=wd=	 /2. In this case the only non-zero terms of Gz�qy�
are at qy =2
n /	 with n odd. On the other hand, since the
period of mx

2 and my
2 is half that of mz, Gxx�qy� and Gyy�qy�

are non-zero only at qy =2
n /	 with n even. We see that at
remanence, the odd order diffraction peaks are produced
only by the out-of-plane magnetization component, while the
even order peaks are due to the in-plane magnetization com-
ponents in the Bloch wall and the closure domains. As a
result of this particular situation, the last term of Eq. �3�
vanishes, explaining the absence of dichroism in the rema-
nent scattering curves of Fig. 4. For finite magnetization,
Gz�qy� contains terms with any integer n, which will interfere
with Gxx�qy� and Gyy�qy�, giving rise to the dichroic asym-
metry observed in sample A in the ordered case �Fig. 5�d��.

The other extreme case that we will discuss is that of an
individual down domain �magnetization opposite to the
field�. In Figs. 7�a� and 7�b� we give a fairly realistic mag-
netization profile for such a stripe domain, flanked by in-
plane domain wall and closure contributions, using a tanh�y�
function for the domain wall profiles and a wall to domain
width ratio of 2:9. The corresponding contrast factors are
shown in panels �c� and �d�. Inserting these in Eqs. �3� and
�4�, we obtain the single stripe form factor and asymmetry as
shown in Figs. 7�e� and 7�f�. These curves resemble closely
the high field data at the bottom of Figs. 5�c� and 5�d�, re-
spectively, indicating that in this field range the intensity is
well approximated by the incoherent superposition of the
scattered intensity of isolated stripes. It should be noted here
that the minima of the form factor and the zero crossings of

FIG. 6. From top to bottom, �a� the hysteresis loops �full line�
together with the magnetization value obtained from the scattering
data �symbols�, �b� the period 	, �c� the reversed domain size, wd,
estimated from the minima of the form factor, �d� the first-order
peak FWHM to period ratio, and �e� the total integrated intensity
�symbols�, together with the 1− �mz�2 curves, calculated from the
hysteresis loops �full lines�. Left panels: sample A, right panels:
sample B. � represents data obtained from the disordered state, �

from the aligned one. Black/gray: increasing/decreasing field.

FIG. 7. Generic real space scattering contrast functions for �a� a
single up domain and �b� an in-plane �Bloch or closure� magnetiza-
tion component. Panels �c�, �d� show respectively their Fourier
transforms. Corresponding form factor for circular- and linear-
polarized light for 
F�2� /F�1�
2=0.164 ��
=1184 eV� �Ref. 47� are

shown in �e� and the asymmetry ratio
I+−I−

I++I−
in �f�. The domain wall

to domain width ratio is 2:9.
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the asymmetry curves are positioned at 2
 /wd and therefore
provide a simple means to determine the average size of the
reversed domains.

B. Interpretation of scattering curves

In order to interpret the field dependence, we recapitulate
briefly the work of Kooy and Enz,26 who found that the
hysteresis loop of magnetic stripe systems has a reversible
part at low fields, characterized by reversible adjustments of
the domain widths without changes in the overall pattern.
This process continues until the reversed domains cannot be
compressed more, which happens when they reach a mini-
mum width of about two domain wall widths. From that
point on domains are eliminated, causing an increase of the
domain period. As a last step, the stripes break up into
segments,32 which gradually shorten to magnetic bubbles
that are eventually annihilated by progressively higher fields.
On returning from saturation, bubbles nucleate at much
lower fields and rapidly finger out to fill the film surface.
This difference in annihilation and creation leads to the ap-
pearance of a distinctive hysteresis in the magnetization
loop, characterized by the triangular shape near magnetic
saturation. The main difference between the two samples
considered here is the range of the reversible region, which is
larger in sample A �see Fig. 6�a��.

We will compare our data with this description starting
with the aligned initial state of sample A �Figs. 5�c� and 5�d�
and Fig. 6, left�. In the low field reversible region, the dif-
fraction curves show well-defined higher order peaks with an
initial correlation length of eight stripes. The system mainly
adapts to the field by increasing wu with respect to wd, while
keeping the lattice period more or less constant. This causes
the appearance of even orders in the Fourier transform of mz,
which mix with the scattering of the in-plane components,
producing appreciable circular dichroism as discussed above.
The angular width �not shown� of the diffraction spots stays
constant with the field over the whole field range, indicating
that the stripes remain parallel and that we do not reach the
bubble state, which should scatter isotropically. However,
above �20 mT, the transverse correlation drops linearly
with field �see Fig. 6�d�, left� to one stripe width, indicating
the complete loss of correlation.

The scattering and asymmetry curves become gradually
dominated by the form-factor shape of the reversed domains
with the intensity minima moving to higher q. The reverse
domain width wd estimated from the zero crossing of the
dichroic asymmetry �Eq. �4�� is given in Fig. 6�c�. It displays
a gradual decrease from 78 nm to 50 nm, with a trend to
much smaller sizes. This value can be used to estimate the
magnetization from the scattering data alone, since for a one-
dimensional stripe system the reduced magnetization is equal
to m�wd /	. This result is compared with the reduced mag-
netization in Fig. 6�a�, the agreement being quite satisfactory
for lower fields, supporting our data interpretation. Clearly,
in the bubble regime close to saturation this approach is no
longer valid.

By comparing the measured asymmetry curves with a
model as in Fig. 7�f�, and neglecting possible closure, we

obtain a domain wall width of about 30 nm. With data ex-
tending over a more extended range and by using linearly
polarized light it should be also possible to get very precise
information on the reversed domain and the spin structure of
the adjacent Bloch wall and closure magnetization.

C. The effect of disorder

Although the aligned stripes can be qualitatively de-
scribed with the one-dimensional lattice model, the finite
peak widths indicate the presence of disorder in the stripe
lattice. Hellwig et al.13 applied a model45 to describe moder-
ate disorder in the domain period of the aligned structure. An
important result from this model is that disorder causes a
shift of the first-order peak towards lower q values. This
implies that the position of the first-order peak tends to over-
estimate the real domain period. Such an overestimation is
the reason for the 10% discrepancy between the MFM and
XRMS derived periods for the disordered domain structures
given in Table II.

However, actual fitting of the diffraction curves with this
model turns out to be possible only in the most ordered case
of sample A near remanence. From this fit we obtain a
Gaussian distribution in the domain period with a standard
deviation equal to 5% of the domain period and a domain
wall width of 19 nm, which is much smaller than the 30 nm
obtained from the rather crude fit to the high field data.

Fitting with this one-dimensional model becomes impos-
sible for the 2D disordered case of sample A �Fig. 5�b��. The
peak width at remanence corresponds to a correlation length
of only two stripes. In applied fields, the diffraction pattern
broadens much faster than in the aligned case, and quickly
merges in the form factor structure of uncorrelated stripes.
The period, correlation length, and scattered intensity, also
shown in the left column of Fig. 6 all show quasi-parabolic-
field dependence with only a little hysteresis. Compared to
the aligned system, the period is always much larger due to
imperfections in the lattice, such as branching and end
points, which prevent the system from reaching the equilib-
rium domain period. Also, due to disorder, the circular di-
chroism is washed out over the whole scattering pattern and
becomes too small to be observable. Over a limited range the
form factor shape is clear enough to extract a reverse domain
size, but the magnetization calculated from this is somewhat
too large, probably again due to an underestimation of the
period.13

Sample B is clearly much more disordered, showing only
a single broad diffraction peak over much of the magnetiza-
tion loop. The average domain distance decreases rapidly
down to a minimum at 9 mT and then increases to values
that fall beyond our minimum transfer-vector range. The cor-
relation length presents a maximum at 8 mT, but it barely
deviates from unity. This behavior might indicate that the
magnetization arranges in a collection of domains that look
somewhat in between a pure bubble and a stripe domain, as
seen by others.48 Nevertheless, the ratio of period and re-
versed domain size again produces a quite acceptable esti-
mation of the magnetization in this case �Fig. 6�a�, right
panel�. Also, in contrast with sample A, the period shows
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large hysteresis, implying that the domain pattern is far from
equilibrium over the whole loop.

D. Field dependence of total scattered intensity

As shown in Fig. 6�e�, the normalized total scattered in-
tensity for both samples is approximated very well by the
function 1− �mz�2, depicted by a line for the two branches
�gray and black�. The same behavior can be seen in other
recent work.12,44 It can be explained by applying Parseval’s
theorem to the contrast function gz�y�,

1

	
�

0

	


gz�y�
2dy = �
−�

�


Gz�qy�
2dqy = �
k


Gz
�k�
2, �5�

where Gz
�k� is the kth Fourier coefficient of Gz�qy�. Gz

�0� is
equal to the average value of the reduced magnetization mz
=Mz /Mz

sat

�mz� =
1

	
�

0

	

gz�y�dy = Gz�0� . �6�

Likewise, the term on the left side of Eq. �5� is the aver-
age of the squared reduced magnetization �mz

2�. Under the
condition that the volume of the in-plane magnetization com-
ponents is small compared to that of the out-of-plane mag-
netization this term equals unity. If we finally identify the
terms in the summation with k�0 as the integrated scattered
intensity, we find that the scattered intensity, normalized to
the maximum scattering intensity, obeys

Iscat

Iscat,max
= 1 − �mz�2. �7�

The result implies that the scattered intensity can be used to
measure the absolute value of the magnetization for any
sample containing mainly out-of-plane domains.

In Fig. 6�e� the intensity predicted by this expression is
compared to the measured intensity. A quite good match is
obtained and we have found the same agreement in many
other samples. Especially, it is worth noting that the field
dependence of the scattered intensity is the same for the dis-
ordered and aligned cases of sample A, while the period for
the two cases is completely different.

E. Domain model analysis

The Kooy and Enz model26 predicts the field dependence
of magnetic stripes in perpendicular fields by treating the
demagnetization energy in terms of a Fourier expansion and
then minimizing the total free energy to obtain the sample
magnetization and domain period at equilibrium. The param-
eters involved are the saturation magnetization Ms, the
uniaxial anisotropy constant Ku, the exchange stiffness con-
stant A, and the film thickness t. They enter the expressions
in the form of two dimensionless parameters. First, the re-
duced anisotropy material constant Q=Ku /Kd=2Ku /�0Ms

2 is
the ratio between the anisotropy energy and the demagneti-
zation energy. Second, the reduced characteristic length �c is
the ratio of the characteristic length lc=

�w

2Kd
and the film

thickness t, and is a measure for the domain wall energy
�w=4�AKu in relation to the demagnetization energy.

The model assumes that Q�1, that the film thickness is at
least several times larger than the period at remanence, and
that the domain wall width is negligible compared to the
domain period. The energy lowering due to the tilting of the
magnetization close to the film surface is approximated by
introducing an effective rotational permeability �*=1+ 1

Q .1

Gehanno et al.31 extended this model with a better ap-
proximation for the demagnetizing energy density in order to
make it applicable to films with thickness smaller than the
domain period and Q�1. They obtained analytical expres-
sions for the dependence of the reversible normalized mag-
netization mz and the domain period 	 on the reduced field
h=H /�0Ms:

mz�h� =
2



arcsin�


2
�r

0h	 , �8�

	�h� =



2
t�r

0 sec�


2
mz�h�
 . �9�

The reduced magnetic susceptibility is:

�r
0 = � �mz

�h
�

h=0
=

2��*



exp�
�c + f�r�� �10�

where f�r� is a slowly varying function of r= 1
2 �1+ 1

��* �.
The reduced susceptibility at remanence �r

0 can be ob-
tained from the slope of the out-of-plane magnetization loop
�see Table I�. By using the obtained value and �* as input
parameters in Eq. �10�, we determined the characteristic
length lc, the domain wall energy density �w=4�AKu

=2Kdlc, the domain wall width �=
�A /Ku, the exchange
constant A=

��w

4
 , and the reduced characteristic length
�c= lc / t �see Table I�. We find that in sample A both Q and �c
are two times smaller than in sample B, reflecting the differ-
ence in saturation magnetization.

The reversible magnetization and domain period calcu-
lated from these equations are compared to the magnetiza-
tion measured with VSM and x-ray derived periods in Fig. 8.
In the case of sample A, the period at remanence is now only
four times the thickness, and the correlation length is up to
eight periods in this case. Furthermore, the period shows
very little hysteresis. Indeed, when magnetizing from the
aligned situation, the magnetization and domain period are
predicted accurately by the model up to quite high fields. On
the one hand, this is proof of the retention of a high degree of
alignment up to the field where stripes become unstable with
respect to dots. On the other hand, this success proves the
suitability of the model to describe systems with the period a
few times larger than the film thickness even for very thin
films.

As was mentioned before, in sample A the disorder of the
stripe lattice causes an increase of the remanent period with a
factor 1.5, as compared to the aligned case �Fig. 8�b��. In our
view this is purely caused by the branchings and truncations
of the disordered stripe system taking up more space, rather
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than by domain wall pinning. Strictly speaking, the Gehanno
description is applicable only to perfectly aligned one-
dimensional lattices while the disordered structure is clearly
two dimensional. Still, applying a brute force scaling of the
calculated period for the aligned case by a factor 1.5 pro-
duces a remarkably good agreement with the data.

For sample B, the model gives a magnetization interme-
diate between the two branches of the hysteresis loop, but
clearly is inadequate in describing the field dependence of
the average domain distance. The low-saturation magnetiza-
tion implies much lower dipolar interactions between the up
and down domains. This leads to a very large domain period
compared to the film thickness �	 / t�22� and a very poor
correlation �p. 309 in Ref. 1�. Furthermore the large hyster-
esis in the domain period shows that the dipolar interactions
are weak compared to the residual domain pinning. We con-
clude that in this sample the domain structure is not in the
equilibrium state assumed in the continuum model.

V. CONCLUSIONS

In this paper we discuss a number of aspects of the soft
x-ray resonant magnetic scattering technique in the study of
nanometer-scale magnetic domain structures, using magneti-
cally striped GdFe thin films as a testing ground. Using the
small-angle approximation we explain the origin of the dif-
ferent scattering features in terms of the out-of-plane and the
in-plane magnetization components. In particular, we dis-
cussed the origin of the circular dichroism in the data of the
aligned stripes.

The amount of information that can be extracted from the
data depends strongly on the degree of order. In the most

ordered case—the aligned stripes after in-plane saturation—
the scattered intensity shows marked circular dichroic asym-
metry. At low fields this asymmetry is located at the position
of the even diffraction orders, and is the result of interference
of the scattering from the out-of-plane and in-plane magne-
tization components which involve the F�1� and F�2� terms of
the resonant scattering length. At high fields, the scattering
becomes dominated by the form factor of the reversed do-
mains.

The magnitude of the dichroic asymmetry provides a way
to estimate the domain wall width. Moreover, the zero cross-
ings of the asymmetry are a direct measure of the reverse
domain width which, in combination with the domain period
obtained from the peak positions, yields a second indepen-
dent measure of the absolute value of the magnetization. This
value turns out to be in quite good agreement with the mag-
netization obtained from VSM measurements.

Furthermore, application of Parseval’s theorem yields a
general relation between the scattered intensity and the ex-
pectation value of the modulus of the magnetization, under
the condition that the volume of domain walls and closure
domains is small. This agreement is observable also in re-
lated studies.

Under an applied field, the aligned domains remain paral-
lel to each other up to the field at which they collapse into
bubbles. In this case, the magnetization and domain period
evolve as predicted by the domain theory of Gehanno et al.31

This is in marked contrast to what was found in XRMS
experiments on aligned stripes in Co/Pt multilayered films,
where the magnetization adapted to the field by annihilating
stripes, leaving surrounding stripes at the same position.13

We ascribe the differences between the two studies to the
fact that the Co/Pt films have a more polycrystalline struc-
ture, whereas the amorphous GdFe films studied here were
flat and structurally homogeneous on the nanometer scale.
Clearly, in films with such a low level of defects, domain
theory is valid.

In conclusion, XRMS experiments provide detailed
ensemble-averaged information on the evolution of the inter-
nal structure of magnetic stripe domains on nanometer-
length scales under applied fields. The amount of informa-
tion extractable substantially increases with the degree of
alignment of the stripes. Looking ahead to future possibili-
ties, we note that the use of angular-dependent measurements
over a wider q range together with the exploitation of linear
polarization should allow the tomographic reconstruction of
the full three-dimensional magnetic structure, which would
represent a great step forward in our ability to investigate
magnetic systems, both in terms of fundamental insight, as
well as technological application.
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