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We have carried out resonant magnetic x-ray scattering from Co/Ru multilayers with weak antiferromag-
netic coupling. We have measured hysteresis loops at different points in reciprocal space �specular or diffuse,
integer or half-order peaks�, which reveal a rich variety of different shapes. These arise from different degrees
of mixing of the scattering arising from the field dependence of the order parameters describing the degree of
ferromagnetic, antiferromagnetic correlations in the sample, with the off-specular measurements giving infor-
mation about their lateral extent. We make a comparison with macroscopic measurements that give information
about the degree of different forms of magnetic order averaged over the whole sample in real space.
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I. INTRODUCTION

One of the main themes in contemporary research in mag-
netism is the study of ultrathin films and multilayer hetero-
structures which display a variety of fascinating physical
properties1 as well as being of tremendous technological
importance in hard disk media,2 read heads,3 magnetic
RAM,4 and other spintronic applications.5 These systems
contain numerous interacting magnetic elements, and charac-
terization and control of their magnetic reversal is vital
to proper operation, as many different forms of magnetic
disorder are, in principle, possible.6

The concept of an order parameter is vital in modern
physics for describing the behavior of large systems,7

characterizing the state of the system by averaging over its
microscopic details. This approach reflects the principle of
scattering experiments where the entire sample is probed and
averaged statistical quantities are extracted directly. A proto-
typical example is a ferromagnetic �FM� system, where
the order parameter is the net magnetization defined as
M= �m�r��, with �¯� denoting a spatial average over r. Both
in artificial multilayer materials and naturally occurring
elements and compounds more complex forms of magnetic
ordering can be found, requiring further order parameters to
be defined, and experimental techniques must be found that
can measure them. For instance, the traditional technique
used to measure the antiferromagnetic �AF� order parameter
of a crystal, often referred to as the staggered magnetization,
is neutron diffraction.

While there have been tremendous advances in the
resolution of electron and scanning probe microscopy for
investigating surfaces, internal structures are determined
�without destroying the sample� by electron, neutron or
photon scattering techniques. Although photons comprise
both oscillating electric and magnetic fields, x-ray scattering
from matter is generally dominated by the Thomson charge
scattering, with any magnetic signal being extremely weak
in comparison.8 However by tuning the photon energy
to match a suitable resonance a tremendous enhancement
of the magnetic signal is possible,9,10 and by employing
extremely intense, tunable synchrotron radiation, the study of
magnetic materials using x-ray scattering is becoming well
established.11 Although early work concentrated on diffrac-
tion from bulk crystals,12 often of 4 or 5f series elements,13,14

reflectometry from 3d-element thin film samples was soon
developed,15,16 and the first measurements of a coupled
multilayer were reported by Tonnerre et al.17 More recently
the technique has been widely applied, for instance to exam-
ine magnetic ripple in Co/Cu multilayers,18 spiral domain
structures in L10 FePd films,19 exchange springs in Fe/Gd
multilayers,20 and reversal modes in patterned permalloy
dots.21 These techniques complement the use of neutron
reflectometry22,23 but offer advantages in terms of source
brightness and element specificity, and there are substantial
theoretical efforts to complement the experimental
progress—see for instance Refs. 24 and 25. In this paper we
report on x-ray scattering experiments from magnetic multi-
layers where the spacer layer thickness has been chosen to
give rise to antiferromagnetic coupling between neighboring
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layers.26 The high synchrotron flux and large magnetic signal
means that we can measure the scattered intensity as a func-
tion of magnetic field, acquiring “hysteresis loops” in times
of only a few minutes. The experimenter is free to choose the
sample and detector positions, viz. a particular value of the
wave-vector transfer Q, at which the loop is measured, and
in this paper we will argue that different choices of Q give
sensitivity to different magnetic order parameters within the
sample. Antiferromagnetically ordered heterostructures are
commonly used in spintronic devices to provide structures
that present a large spin polarization at an external interface,
but are stable against large field excursions as they possess
no net magnetic moment.27 Scattering methods such as this
allow one to directly access this antiferromagnetic order as it
will have a well-defined spatial frequency corresponding to a
particular point in reciprocal space.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The samples we studied were deposited in a custom
vacuum system �base pressure better than 2�10−8 Torr�
by dc magnetron sputtering. Multilayers with a nominal
structure of �Co�58 Å� /Ru�30 Å���10 were grown onto
pieces of Si �001� wafer. The Ru thickness was chosen to
correspond to the third antiferromagnetic coupling peak.
The strong coupling in Co/Ru �Ref. 26� means that we can
still find some useful antiferromagnetic coupling even at
such large spacer thicknesses, which give Bragg features at
fairly low values of Q, improving our counting statistics
in scattering experiments. Structural characterization of the
samples was carried out in the laboratory using Cu K� radia-
tion, while the magnetic properties were investigated with
the magneto-optic Kerr effect �MOKE� using a HeNe laser.
The macroscopic hysteresis loop of the sample, measured
using MOKE, is shown in the inset of Fig. 1. The canted
form of the loop confirms the presence of AF coupling of
moderate strength. �Similar samples with appropriately thin-
ner and thicker Ru layers showed more upright loops.�
Although at weak interlayer coupling peaks the random

anisotropy within each grain is the largest of the energy
terms leading to the saturation field,28 we can estimate the
exchange constant J�−0.05 mJ/m2, of about the correct
magnitude for the third peak in the Co/Ru system.29 Co/Ru
is useful for our purposes as it is a well-understood model
coupled multilayer system.

We define the coordinate system for scattering such
that the z direction lies normal to the sample, while the
x direction lies in both the sample and scattering planes. In
all scattering experiments, our slit geometry means that
variations in intensity in the y direction are integrated out.
Figure 1 shows the specular reflectivity spectrum for Cu K�

radiation. Several orders of multilayer Bragg peaks are
clearly visible. Well-defined Kiessig fringes are also evident,
indicating that the upper and lower surfaces of the multilayer
stack are well correlated. The peak positions give the
multilayer period as �87 Å, close to the nominal thickness.
Measuring the full width at half-maximum �FWHM� of the
peaks indicates that the multilayer structure is vertically
coherent with a vertical structural correlation length
�830 Å, approximately the total stack height. Fitting of the
data using a distorted wave Born approximation model
confirms the nominal layer thicknesses �according to the fit
tCo=57±1 Å and tRu=32±1 Å� and gives a typical interface
roughness of 4±1Å for a Co/Ru interface and 7±1 Å for a
Ru/Co one.

III. SOFT XRMS RESULTS AND DISCUSSION

X-ray resonant magnetic scattering �XRMS� experiments
were carried out at beamline U4B at the National Synchro-
tron Light Source, Brookhaven. This comprises a high reso-
lution spherical grating monochromator and an ultrahigh
vacuum end chamber containing a photodiode detector and a
sample manipulator with a small electromagnet that allows
steady fields of up to �300 Oe, and pulsed fields exceeding
�1 kOe, to be applied to the sample along the x axis.
�We tuned the saturation field of our sample, through an
appropriate choice of Co layer thickness, to give a value in
line with these experimental constraints.� A sketch of our
two-circle experimental geometry is shown in Fig. 2. In what

FIG. 1. Specular x-ray reflectivity spectrum of the Co/Ru
multilayer measured with Cu K� radiation. The points are experi-
mental data while the solid line is a best fit using a dynamical
model. The inset shows the room temperature hysteresis loop mea-
sured using the Kerr effect.

FIG. 2. �Color online� A sketch of the experimental geometry
used. The x and z directions are defined with respect to the sample,
and the magnetic field is applied along the x axis. The point in
reciprocal space probed is determined by the settings of the sample
angle � and the detector angle 2�.
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follows we will refer to the sample angle as � and the de-
tector angle as 2�, defined with respect to the incident beam.
The choice of these two angles, along with the photon energy
Ephoton, defines the wave-vector transfer Q and hence the
point in reciprocal space being probed. In this geometry the
out-of-plane �Qz� and in-plane �Qx� components of the wave-
vector transfer are given by the standard relationships,

Qz =
Ephoton

�c
�sin�2� − �� + sin �� , �1a�

Qx =
Ephoton

�c
�cos�2� − �� − cos �� . �1b�

All soft XRMS data presented have been normalized to the
incident beam intensity, measured using a Au grid monitor
mounted upstream of the entrance slits to the scattering
chamber. Measurements with the shutter closed gave a low
background count rate, associated with charged particles
from the scatter chamber ion pump, indicating that we have a
light-tight chamber. Typical chamber pressures during count-
ing were �5�10−8 Torr.

Energy scans of reflected intensity were performed to
identify the resonances, which showed a small variation in
the maximum signal energy with angle, of the order of a
few eV. The difference in reflectivity for the positively and
negatively magnetized sample I+− I−, with photon energy for
2�=15° is shown in Fig. 3. The solid line is a simulation
using a magneto-optical model30 that can be applied to
reflectivity in the soft x-ray region.31 The real part of the
Co scattering factors used in the simulations were obtained
from Kramers-Kronig transforms of the x-ray absorption

and x-ray magnetic circular dichroism data measured from a
sputtered Co thin film. Tabulated values were used for the
�off-resonance� Ru scattering factors. The best-fit line was
obtained by setting the Co and Ru layer thicknesses to 59 Å
and 33 Å, respectively. The simulation reproduces the
general features of the experimental curve well, although the
relative intensities are slightly different. This small discrep-
ancy is likely to be caused by imperfections in the multilayer
structure, such as interface roughness, that are not included
in the model. Since the absorption of the beam is heavy
when exactly on resonance, all measurements were
performed just off the tabulated Co L3 resonance, with the
photon energy set to 778 eV ��=15.9 Å�. This represents
the best balance between obtaining magnetic signal and
maximizing the penetration depth of the x-ray photons so
that a large volume of the sample is probed. The degree of
circular polarization of the light was �70 percent, with the
remainder linearly polarized in the y direction.

An initial rapid survey was undertaken to confirm the
positions of the multilayer Bragg peaks along the specular
ridge. The different real parts of the refractive index for
circularly polarized light in the two oppositely magnetized
states of the sample �that give rise to Faraday and Kerr
rotations� leads to a slightly different position for the Bragg
peak in Qz for the scans at forward and reversed fields.
This dynamical splitting means that the difference of the two
curves has a peak-derivative form at each Bragg peak with
positive and negative going parts superimposed on the
positive hump. �The fact that all peaks have a background
signal of the same sign is often taken to mean that the mag-
netization profile within each layer is vertically uniform.20�
The dynamical splitting is most pronounced at low order
peaks and is barely visible by the fourth order peak, the
highest we measured. Rocking curves �� scans� were then
performed with 2� set to integer and half-integer multiples of
10.6°, satisfying each Bragg and half-Bragg condition as
closely as possible. During each scan the scattered intensity
was measured at forward and reversed fields of the same
magnitude for each setting of �. Pulsed fields of �1500 Oe
and 0.5 s duration were applied before the steady field was
set to ensure that we remain on the major hysteresis loop of
the sample for all measurements. Following the methods of
earlier work, we measure the scattered intensity for the
sample magnetized in two opposite directions and plot the
sum and difference of the two values.33,34 Subsequently
developed theory shows that in this case sum data is a
measure of purely structural or magnetic correlations
�although the latter is very weak by comparison�, while the
difference measures cross correlations between the structure
and magnetism.35–37

Narrow rocking scans around the specular position reveal
the magnetic detail. The need to measure magnetic signals at
small values of Qx show that the magnetically coherent re-
gions are large in real space, they are ��m sized. Scans
were performed with forward and reverse fields of 300 Oe in
the same sense as the high field pulse �saturation� and
120 Oe in the opposite direction to the pulse �coercivity�.
The results with 2� set to the Bragg conditions n=2 and
n= 5

2 are shown in Fig. 4. In all cases the pairs of scans with
the sample magnetized in opposite directions are rather

FIG. 3. Difference in specularly reflected intensity I+− I− for a
fixed detector angle of 15° for the sample in two oppositely mag-
netized directions �H= ±300 Oe as a function of photon energy. The
tabulated positions of the Co L3 and L2 edges �Ref. 32�are marked
by the vertical dashed lines. The open circles show experimental
data, while the solid line is a simulation using the model described
in the text. The simulated curve is displaced vertically from the
data. There is no particular significance to the choice of 2�=15°.
We measured this curve for several different detector angles at the
specular condition. Although differing slightly in the details, this
curve is representative of them all.
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similar. On going from the saturating to the coercive field,
the rise in diffuse scatter at the half-order peak position is
much greater than that at the integer position, even in the
sum data. It can be seen that even after averaging over the
different helicities of the light a sensitivity to magnetism
remains. This diffuse scatter is the sign of substantial AF
coupling in the multilayer at this position, giving rise to
substantially more scattered intensity than the formation of
domains during magnetization reversal. An odd feature is
that the formation of AF order causes the diffuse intensity to
rise by roughly half an order of magnitude, while very little
change can be discerned in the specular intensity—
measurement of specular scans only does not directly reveal
the presence of AF ordering in this particular instance. This
type of effect has been previously observed using linearly
polarized light,38 although it remains difficult to explain. �We
note paranthetically that this peculiar effect seems to depend
on the materials system used, possibly reflecting the details
of the domain state of the AF order formed. We have previ-
ously measured strong specular half-order peaks in Co/Cu
using soft XRMS,18 but the Fe/Cr and Co/Ru samples stud-
ied in Ref. 38 do not exhibit them. Tonnerre et al. observed a
specular half-order peak from Ni/Ag.17 In this paper we
again used Co/Ru. Half-order intensity is found in all these
systems when PNR was employed,6,38–40 as it is in longitu-
dinal diffuse scans performed using soft XRMS. In a recent
report from Spezzani et al. only a weak half-order peak was
discerned in scattering from a Co/Cu multilayer in the
specular scan while it was much stronger in the longitudinal

diffuse.41 We will publish more fully on this phenomenon
elsewhere.�

We now come to discuss the most important of our
experimental results. Here both � and 2� were set to select a
particular point in reciprocal space, and the intensity mea-
sured as as function of applied field, a similar procedure to
that employed by Spezzani et al.,42,43 although in this case
we have also collected data in off-specular positions in
reciprocal space. Figure 5 shows the results of carrying out
this procedure for structural Bragg and anti-Bragg positions
n=2 and n= 5

2 , with � set to � or �−0.5°. This offset angle
will be denoted by 	�. Again, before each sweep a high field
pulse was applied to the sample to ensure that we remain on
the major hysteresis loop. It is immediately apparent that a
variety of different shapes are observed for different settings
of � and 2�, and hence different choices of Q. The variations
in scattered intensity above the baseline intensity reflect the
changes in the various types of magnetic ordering driven by
the varying field.

Let us begin by examining the loops measured at the
specular condition, Qx=0. Using the language of traditional
hysteresis loops, the loops measured for 	�=0 at n=2 and
n=3 are canted with low coercive fields, low remanences
and high saturation fields. That at n=3 is inverted is due to
the dynamical part of the dichroism signal giving a different
overall sign relative to the n=2 position. In contrast the
loops measured at n= 3

2 and n= 5
2 are much wider and

squarer, with a much higher coercivity. Again these two
loops are inverted with respect to the one at n=2 due to the

FIG. 4. Narrow rocking curves through the specular position for an integer �n=2� and half �n= 5
2

� order Bragg peak position. On the left
curves for four different fields are shown, ±300 Oe, a saturating field; and ±120 Oe, roughly the coercive field. On the right the average and
difference plots are shown for the two different field values, normalized to the specular reflectivity. Higher levels of diffuse scatter are
evident at 120 Oe, in particular at the n= 5

2 position, where the sensitivity to AF ordering in the multilayer is highest. The arrows indicate the
off-specular positions where hysteresis loops shown in Fig. 5 were recorded, measurements were also made at the specular position Qx

=0. It is worth making a comment here about the accuracy of our data, since the difference signal is a small difference of two large numbers.
The level of noise in the various scans gives an indication of the degree of uncertainty in the data, visible only when the signal is close to
the background. The uncertainty in the difference signal on the specular ridge is less than one part in 103 and is at least one part in 102 over
most of the diffuse part of the scan as well.
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sign of the dichroism at these values of Q. Turning our
attention to the data measured at 	��0 we can see that the
shape of the curve is entirely different, with a double peaked
form. At these off-specular values of Q we are sensitive to
in-plane structures such as domains, and the intensity peaks
at fields where these form.

Of course in both the XRMS and Kerr experiments one is
reflecting polarized light from the sample surface to probe
magnetism, and under appropriate conditions one would ex-
pect to obtain very similar results. In Fig. 6 we plot the
normalized XRMS loop for n=2 and 	�=0 and the normal-
ized Kerr loop for the same sample. They agree in many of
the important features of the curve, such as a slight wasp-
waist, and reversal clearly occurs over the same field range.
The detailed interpretation of the XRMS loop is complicated
by the fact that the dynamical effects mentioned above
also play a role in determining the intensity close to the
Bragg condition. Due to the dynamical peak splitting, as one
sweeps the field and reverses the sample magnetization at a
fixed Q one can shift on and off the Bragg condition, distort-
ing the shape of the loop somewhat. Nevertheless the broad
agreement indicates that at this point in reciprocal space we
are primarily sensitive to the macroscopic magnetization of
the sample—alternatively it is equivalent to say that we are
primarily sensitive to the ferromagnetic order parameter M.
	Most XRMS hysteresis loops previously measured have as-
sumed that this is true, see for instance Refs. 34 and 44 for
examples measured on single films of CoFe.


The different shapes of the other scans indicate that they
reflect other forms of magnetic order. We would expect our
sample to form an antiferromagnetic structure at low fields
due to the choice of the Ru layer thickness. It is possible to
define an antiferromagnetic order parameter, usually referred
to as the staggered magnetization, to distinguish between AF
ordered and disordered states that both have a ferromagnetic
order parameter equal to zero. It is well known that the
giant magnetoresistance �GMR� is sensitive to the degree of
antiferromagnetic order in a multilayer, as it is 
�cos ��,
with � the difference in angle between the magnetic mo-
ments in adjacent layers. However the GMR of Co/Ru is
very small, typically much less than 1%.45 Indeed, when

magnetotransport measurements were made �at room
temperature using a standard four-point probe dc technique�,
the data, displayed in Fig. 7�a�, can be seen to be dominated
by the anisotropic magnetoresistance �AMR�. In order to
extract the GMR from the data we can recall that the AMR
�sin2 �, where � is the angle between the current density
and the magnetization. Rotating the sample by 90° and mea-
suring again will yield an AMR �cos2 �, and the sum of the
two measurements will be a constant if AMR is the only
magnetoresistive effect present.46 In fact an average of the
two data sets, shown in Fig. 7�b�, shows clear hysteretic
peaks at ±90 Oe.

We can now compare this data with the XRMS hysteresis
loops taken at Qx�0. The loops with a sample angle offset
of 	�=−0.5° at the n= 3

2 and n=2 positions are shown in
Fig. 7�c�. The positions of the peaks in the n= 3

2 data set align
closely with those seen in the GMR data of panel �b�, clearly
identifying this intensity as being associated with antiferro-
magnetically coupled domains. The peaks in the n= 5

2 loop
are at the same field as in the n= 3

2 loop to within the point
spacing, 6 Oe, indicating that these domains are highly
vertically coherent. �This vertical coherence is commonplace
in these coupled multilayer structures, see the neutron data

FIG. 5. Hysteresis loops of
x-ray intensity measured with the
apparatus set to be sensitive to
scatter at different points in recip-
rocal space. Loops with offsets in
� of 0° ���, and −0.5° ��� are
shown. The data for the specular
position �	�=0�, n=2 loop ap-
pears rather compressed on this
scale, but is reproduced in Fig. 6
more clearly.

FIG. 6. A superposition of the normalized Kerr hysteresis loop
�solid line� and the n=2 specular loop measured by XRMS ���.
Although there are distortions in the loop shape due to the dynami-
cal variations in the scattered intensity with field, the broad agree-
ment is evident.
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in Refs. 6, 39, and 47 for examples. It is also observed
in domain imaging experiments, see for instance Ref. 48
where Lorentz microscopy was used to image an antiferro-
magnetically coupled Co/Cu multilayer.� As the reverse field
is made larger, this intensity at half-order begins to fall off
and that at the n=2 off-specular position rises. The peaks in
this data, also shown in Fig. 7�c�, occur at H= ±150 Oe,
showing that the magnetization within the domains is now
predominantly ferromagnetically aligned at these higher
fields. This intensity also falls away as the domains are
swept out of the sample in the approach to saturation. The
off-specular data for other values of n and 	� show peaks at
similar fields and confirms this picture of the magnetization
reversal. We can therefore identify the intensity measured
at the off-specular multilayer positions as dominated
by antiferromagnetic �for half-order� and ferromagnetic
�for integer order� vertical correlations within the domains.

It can be seen that this intensity falls to rather a low value
for fields approaching saturation regardless of the value of
Qz, indicating that both structural and magnetic roughness
contributions are comparatively low. The intensity at the
peaks is dominated by the field dependent part, which must
be related to domain formation as it must be some magnetic
feature that has inhomogeneities over the sample plane.
These loops are thus the measure of the value of the FM or
AF order parameter �true or staggered multilayer magnetiza-
tion� when it varies locally over regions of lateral size

smaller than �2� /Qx. Real space features of a larger size
will only give rise to intensity close to the specular ridge and
will contribute little at these values of Qx. For the plots in
Fig. 7�c� these sizes are �0.61 �m for the n= 3

2 loop and
�0.47 �m for the n=2 loop. This characteristic length scale
that is probed can be chosen by the experimenter by select-
ing the value of Qx at which the measurement is performed.
A brief survey at other values of 	� showed that in this
particular sample the fields at which the peaks in the diffuse
scatter appeared did not depend on Qx, only on whether an
integer or half-integer Bragg peak is selected. This leads
us to the conclusion that the degree of antiferromagnetic
�or ferromagnetic� order within a domain is not related to its
size in this sample. The in-plane coherence length of the
x-ray beam is ��2 /2	�,49 for �=15.9 Å and a resolving
power of a few thousand provided by the monochromator50

we can anticipate this length to be a few �m, even after
accounting for the foreshortening at finite sample angles.
This length will also limit the maximum size of domains that
can be detected by this method, but exceeds the length scales
here by roughly an order of magnitude.

The most difficult loops to interpret are those measured at
specular half-order positions. As stated above there are no
obvious half-order specular peaks, and so the AF contribu-
tion to the intensity at this point is rather weak compared to
the FM contribution that affects the whole specular ridge.
Nevertheless the shape is significantly different when com-
pared to a loop measured at an integer-order position. It is
evident that at this position, despite the absence of a clear
Bragg peak, the AF order plays a role in determining the
scattered intensity. A simple qualitative explanation is that
when AF order is high �around the true coercive fields, i.e.,
the ones defined on the basis of a conventional hysteresis
loop� this will lead to additional scattering which compen-
sates for the falling intensity associated with the FM order.
This will give a higher apparent “remanence” and a more
rapid drop as the AF order disappears at higher reverse fields.
This will cause the canted loop to bulge outwards, giving the
wider, squarer appearance. Much of the intensity generated
at this Qz at fields corresponding to high AF order is not to
be found on the specular ridge but in diffuse positions at
Qx�0.

In the past differences in hysteresis loops obtained at the
specular and diffuse positions have been attributed to a
slightly higher coercivity for the surface magnetism,34

although this is difficult to reconcile with exchange fields
coupling the surface to the bulk that are strong enough to
give ferromagnetic order at room temperature. Our results
suggest a possible alternative explanation—that the higher
apparent coercivity is due to a mixing in of the domain
disorder term at diffuse positions, which peaks at Hc, subtly
distorting the shape of the loop. This point deserves further
detailed investigation.

IV. IN CONCLUSION

We have carried out XRMS measurements using soft
x-rays on a magnetic multilayer system containing various
forms of magnetic order and disorder. By choosing the

FIG. 7. �a� Magnetoresistance measurements of the sample in
the longitudinal �R�, �� and transverse �R�, �� geometries. The
results are dominated by the AMR. �b� The average of the two
transport data sets, �R� +R�� /2, showing hysteretic peaks at
±90 Oe. �c� The XRMS data at an offset angle of 	�=−0.5° for
n= 3

2 and n=2. Only the peaks measured at the half-order positions
align with the data in panel �b�.
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configuration of our scattering apparatus to give sensitivity
to correlations at different points in reciprocal space it is
possible to measure hysteresis loops with a rich variety
of different shapes. By comparing our XRMS loops to
hysteresis loops measured my different macroscopic tech-
niques, these shapes have been related to the various
components of the ferromagnetic and antiferromagnetic
order parameters describing the magnetism of the sample.
We have given detailed, albeit sometimes qualitative
arguments to support these comparisons. The details of the
quantitative model required to relate these to the various
positions in Q space are an outstanding challenge to theory

and the development of a complete dynamical model will
be worthwhile, as in principle a complete characterization of
the reversal modes of magnetic nanostructures is possible by
this method.
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