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Magnetic Domain Fluctuations in an Antiferromagnetic Film Observed
with Coherent Resonant Soft X-Ray Scattering
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We report the direct observation of slow fluctuations of helical antiferromagnetic domains in an
ultrathin holmium film using coherent resonant magnetic x-ray scattering. We observe a gradual increase
of the fluctuations in the speckle pattern with increasing temperature, while at the same time a static
contribution to the speckle pattern remains. This finding indicates that domain-wall fluctuations occur
over a large range of time scales. We ascribe this nonergodic behavior to the strong dependence of the

fluctuation rate on the local thickness of the film.
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Slow dynamics of magnetic domains on time scales of
nanoseconds and longer are of high practical importance.
Domain-wall dynamics play a crucial role in magnetization
reversal processes; thermally activated domain-wall mo-
tions determine the lifetime of magnetically stored infor-
mation. Slow dynamics on nanometer length scales is best
probed by x-ray photon correlation spectroscopy (XPCS)
[1-11] using the coherent diffraction or speckle pattern,
which is generated when a coherent light beam scatters
from a disordered structure. Any fluctuations in the disor-
der lead to a change in the speckle pattern; the dynamics in
the sample can be obtained by measuring the time-averaged
intensity correlation function (ICF) [12—-14] of the speckle
intensities on time scales ranging from 50 ns [6] to hours
[4,10]. Importantly, with PCS one can obtain directly the
fluctuating and static parts of the sample [13,14], which
makes PCS highly attractive for the investigation of sys-
tems where pinning or jamming effects occur [4].

In order to study magnetism the speckle experiment has
to be sensitive to spin degrees of freedom. X-ray scattering
in the conventional x-ray range, even at electronic reso-
nances, has a low magnetic scattering cross section [15].
The only exception are 5 f systems where a magnetic phase
transition in UAs has indeed been observed by the loss of
speckle contrast [16]. But actinide systems are only of
limited practical relevance, whereas in most interesting
magnetic systems the magnetism is carried by 3d or 4f
electrons. 4f magnetism can be probed at the 2p — 5d
resonances in the conventional x-ray range, but such ex-
periments usually require polarization analysis of the scat-
tered photons, which is hard to combine with the high
spatial resolution required to resolve the speckle pattern.
The scattering cross section for 3d magnetism on and off
the 1s — 4p resonance is very low and only few magnetic
scattering studies of 3d transition-metal systems in the
conventional x-ray range exist.
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In some cases one may probe magnetism indirectly, via
its coupling to structural degrees of freedom [10]. But
while a coupling of spin order to a charge density wave
or to charge order is found for many systems, both orders
will generally form on different temperature scales.
Examples are layered nickelates [17] or cobaltates [18],
for which the temperature scales for charge and for spin
order are clearly different. An extreme case is
La, 5Sr; sCoQ,4, where charge order sets in below 750 K,
while static spin order is not observed above 35 K [18]. It is
therefore not to be expected that the charge dynamics are
generally representative for the dynamics of magnetic
order. This means that the indirect approach cannot be
generally applied and one needs to probe the magnetic
signal directly.

This is possible in soft x-ray range where resonant
scattering provides a high magnetic contrast. PCS at the
Co 2p — 3d resonance was used to study the influence of
disorder on the static domain pattern of Co/Pt multilayers
for different magnetic fields [19]. In this Letter we show
that using soft x-ray PCS it is actually possible to directly
probe fluctuating magnetic domains near a second-order
phase transition and to address the question, how this
transition is affected by static disorder in the system.

We studied an 11 monolayers (ML) thin epitaxially
grown Ho-metal film sandwiched between Y-metal layers
[20,21]. The structural film properties were characterized
with x-ray reflectivity measurements in the conventional
x-ray range. We found that the roughness at the two Ho/Y
interfaces causes thickness variations over the film of 2
monolayers. The Ho film grew pseudomorphically on Y
[22] with a structural in-plane correlation length of
about 80 nm, which is only slightly shorter than that
of the Y layers (100 nm). Holmium metal displays a
helical magnetic phase [sketched in Fig. 1(a)] over a
wide temperature range leading to superstructure peaks
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in the magnetic diffraction signal separated by a wave
vector (0,0, *€) from the structural peaks [23]. The order-
ing temperature T depends on the film thickness such that
films below 10 ML, which is about one helix period length
in bulk Ho, do not show any helical order [24-27]. The
11-ML film studied here is hence near the stability limit
for helical order and thus close to two dimensionality.
On the other hand, the stability of the helical phase in
such a film should be very susceptible to slight thickness
variations of the Ho layer because Ty is a steep function of
the thickness.

The experiments were carried out at the U49/2-PGM1
and UE46 beam lines of BESSY II at the Helmholtz-
Zentrum Berlin using the soft x-ray diffractometer built
at the FU Berlin. In order to observe the magnetic signal
from the film, we used the strong magnetic contrast that is
found at the 3d — 4f (Ms) excitation in the soft x-ray
range at a photon energy around 1344 eV corresponding
to a photon wavelength A = 9.2 A [20,28].

We intercepted the first-order (00e€) satellite with a
direct-exposure soft x-ray CCD camera as displayed in
Fig. 1(a). With incoherent light, we observe a smooth
diffraction peak. As is shown in Fig. 2 (diamond symbols),
the scattered intensity in this peak decreases when the
nominal transition temperature 7y = 76 K is approached,

sample CCD detector
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FIG. 1 (color online). (a) Sketch of the scattering experiment
and the helical antiferromagnetic structure. Two pinholes select
the spatially coherent part of the undulator radiation. The corre-
lation length £ in the sample is indicated with a black line and is
in reality ~100 times smaller than the beam diameter. (b) The
diffraction pattern of the 10 wm pinhole. ¢ denotes the momen-
tum transfer. A line cut through the center is shown in red,
together with a least squares fit of an Airy pattern in blue. From
the contrast we determine the coherent fraction of the light to be
40%. (c) A typical speckle pattern of the magnetic satellite peak
at 30 K. The two intensity line traces plotted in red go along g,
and g, through the center of the peak. The tick marks for g, refer
to g, = 0 and vice versa.

but does not vanish up to = 90 K [29]. The peak profile is
well described by a single Lorentzian, with a half-width
that equals the inverse of the in-plane correlation length &
of the magnetically ordered regions. As shown by the
circular symbols in Fig. 2, we find £ to decrease from
90 nm (similar to the structural correlation length) at 45 K
to 10 nm at 85 K. The loss of correlation already sets in
around 50 K and £ keeps on changing over an unusually
wide temperature interval of more than 40 K. This may
either be an intrinsic effect caused by the proximity of the
film to two-dimensionality or an effect of static disorder
induced by the interface roughness. In order to disentangle
the roles of static and dynamic effects at this second-order
type phase transition, we selected the transversely coherent
fraction of the BESSY II undulator radiation using a
10 um pinhole in front of the sample [30]. This causes
the smooth magnetic diffraction peak to break up into a
myriad of speckles [Fig. 1(c)], which form the diffraction
pattern of the magnetic domain structure of the particular
illuminated spot. Speckle fluctuations at different distances
from the peak center are related to real-space fluctuations
on different length scales [Fig. 1(c)]. We obtain the most
intense signal from magnetic disorder on length scales of
more than 100 nm, which we assign to helicity or phase
domains.

We followed the time evolution of the speckle pattern
by recording movies over a period of several hours with
exposure times of 4 or 10 s. Snapshots from these movies
for 52 and 70 K are presented in the small frames of Fig. 3.
The complete movies for various temperatures are avail-
able online [31]. At 52 K the speckle pattern is static on a
time scale of 1 h. At intermediate temperatures the speckle
pattern starts to change with time and already at 70 K the
movement of the speckles is very vivid.

In order to quantify how much of the speckle pattern is
moving, we took the time average of all the frames in one
movie, shown in the large panels of Fig. 3. At 52 K the
average pattern is equal to that of a single frame. Closer to
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FIG. 2. In-plane magnetic correlation length &) (circles and

left axis) and square root of the integrated satellite intensity
(diamonds and right axis) as measured with a noncoherent beam.
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the phase transition subsequent speckle patterns differ
strongly, and the time-averaged speckle pattern is much
smoother than the individual frames thus showing that
domain-wall fluctuations have started. But even the time
averages of films at higher temperatures over hours show
some graininess due to the existence of static speckles
connected to nonfluctuating parts of the domain pattern.
These static speckles are found on all length scales, i.e., at
all distances from the peak center, which is very obvious
in the line cuts in Fig. 3(b). Our finding thus implies that
some regions of the sample are fluctuating, while others
remain fixed over the measurement period: the system
behaves nonergodic.

We argue that the most likely cause for the observed
wide range of fluctuation times are variations in the Ho film
thickness. As noted above, the ordering temperature 7y of
Ho films is critically dependent on the film thickness in
the range of 10 to 12 monolayers [24—27]. This leads to a
picture in which at low temperatures the magnetization has
settled down in an irregular static domain structure with
the magnetic domain size determined by the structural in-
plane correlation length of the film. Domain walls exist
between regions of opposite helicity or helical order phase
slips As the temperature increases, the thinnest regions
approach their local Néel temperature and start to fluctuate.
At higher temperatures, gradually the thicker regions join
in, explaining the observed reduction of the magnetic
correlation length and the increasing fluctuation rates in
the speckle movies.

Time-averaged 52 K
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FIG. 3 (color online). Time-averaged intensity distribution of
the magnetic satellite peak (large panels) at 52 (a) and 70 K (b).
A logarithmic color scale is used to better observe the speckle at
higher g|. The tick marks for ¢, refer to ¢, = 0 and vice versa.
The snapshots (small panels) are single frames with an exposure
time of 10 s taken at the indicated time. For the snapshots a
linear color scale is used.

The increase of the fluctuation rates with temperature
are also reflected in the time-averaged intensity correlation
function (ICF). We performed the ensemble averaging
required for nonergodic systems [13,14] by averaging
over all the pixels with a distance from the peak center
of less than 0.004 nm~! corresponding to correlation
lengths of 250 nm and larger. The normalized ensemble
averaged ICF is defined as g£(7) = (I()I(¢ + 7)) /{I(1))%,
where 7 gives the delay time between two data samples and
the brackets () indicate time and ensemble averaging. In
Fig. 4 we show the results for gZ(7) — 1 for the different
temperatures, with the curves normalized to the first data
point. For long correlation times the curves show an un-
systematic behavior, which we ascribe to slow drifts of the
beam line and setup. For short correlation times, however,
the signal changes faster and faster with 7 upon heating.
This we quantified by determining the slope of g&(7) — 1
in the first 50 s as depicted in the inset. The change of slope
reflects an increase of the domain-wall dynamics that
speeds up with increasing temperature. The last two points
in the inset indicate that for temperatures above 66 K
the scattered intensity becomes too low for a reliable
analysis [32,33].

In conclusion, we show that already with the limited
coherent flux available at present 3rd generation light
sources, x-ray photon correlation spectroscopy at soft
x-ray resonances provides unique information on the influ-
ence of disorder on magnetic phase transitions. In general,
such transitions are analyzed in terms of scaling theory and
critical exponents, which is only relevant for strictly ergo-
dic systems. The nonergodic behavior observed here in
an ultrathin Holmium film is prototypical for systems in
which domain walls are pinned in the potential landscape
formed by disorder, in this case due to local thickness
variations that cause local variations in 7. This image
also provides a natural explanation for the smearing out
of the magnetic phase transition of the film over a wide
temperature range found for this sample.
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FIG. 4 (color). Normalized experimental results for g5(7) — 1
at the indicated temperature. The inset shows the initial slope for
each temperature as determined by a linear fit; error bars give the
quality of the fit. The red line is an exponential fit to these data
points.
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Finally, we wish to point out that resonant soft x-ray
scattering is also sensitive to charge and orbital order. Soft
x-ray resonant PCS therefore provides a new experimental
approach for the study of the phase transitions that are
found abundantly in complex correlated electron com-
pounds. Many of these systems have chemical disorder
due to doping, which provides an intrinsic pinning land-
scape. For nonergodic systems a characterization of the
fluctuation rate on a wide range of time and length scales is
necessary. Clearly, with the new x-ray free-electron laser
sources, which deliver a fully coherent photon beam [34],
the study of more highly interesting systems with soft x-ray
PCS will become possible.
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