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Viewpoint

Ultrafast probes for ultrasmall magnets
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A single 30-femtosecond pulse has been used to observe x-ray diffraction of a magnetic material, potentially
opening the way to ultrafast probing of spin dynamics with nanometer spatial resolution.
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Fundamental solid-state physics and electronics have
progressed enormously in the last 50 years and this
progress can be characterized by the words “smaller”
and “faster.” This is particularly evident in magnetism
as the size of bits in magnetic recording technology is
now approaching 100 nm, while the writing time in lab-
oratory studies has reached 100 ps. Naturally, under-
standing sub-100-ps, magnetization dynamics at a sub-
100-nm scale has become an issue of vital importance for
further development of the $50 billion per year magnetic
industry.

Can magnetic bits be smaller and written faster? What
are the ultimate limits on size and speed of magnetic
switching? Spin switching between two states can be
considered as a first-order magnetic phase transition.
Assume that a magnet is excited by a very short sub-
picosecond stimulus with duration much shorter than
the time of thermal equilibration in the spin system (~
100 ps). Such a pulse brings the medium into a strongly
nonequilibrium state, where a conventional description
of magnetic phenomena in terms of thermodynamics is
no longer valid, a macrospin approximation (in which
many spins are assumed to behave as one) fails and the
dynamics becomes stochastic [1].

The first experiments on magnetic switching with
subpicosecond pulses of magnetic field or near-infrared
lasers have fully confirmed these expectations as the
observed magnetization dynamics was totally different
from scenarios that rely on classical magnetism [2-4].
The theoretical analysis of ultrafast magnetic phenom-
ena appears to be extremely challenging. Experimental
studies of the ultrafast dynamics of a stochastic process
in a sub-100-nm magnet are very demanding as well.
Indeed, the stochastic character of the studied process
excludes the possibility of averaging in the experiment.
This basically means that for such a study one would
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need to obtain a magnetic image of a sample within a
picosecond period of time and with sub-100-nm resolu-
tion.

So far, there has been no method that would satisfy
these requirements. Spin-sensitive scanning probe mi-
croscopy, for instance, may reach sub-100-nm spatial
resolution but it has very poor temporal resolution. It is
also not suitable for the investigation of stochastic pro-
cesses: the procedure of taking an image from a sample
may take seconds or even minutes. As a result, ultra-
fast magnetization dynamics at the nanoscale is an un-
explored area—the terra incognita of modern magnetism.

Christian Gutt and colleagues at the FLASH free-
electron laser facility at the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany, in collabo-
ration with scientists from several research institutes in
Berlin, Hamburg, Heidelberg, Remagen, and Karlsruhe
report an experimental approach that may initiate a rev-
olution in understanding ultrafast magnetic phenomena
at the nanoscale. Writing in Physical Review B they show
that by using one single 30 fs laser pulse it is possible to
probe sub-100-nm magnetic domains in a Co/Pt mul-
tilayer sample (Fig. 1) [5]. In fact, Gutt et al. have
demonstrated an ultrafast probe of sub-100-nm magnets
and thus have found a key to enter the uncharted world
of femtosecond spin dynamics at the nanometer scale.
How did this become possible?

Progress in understanding nanoscale magnetization
dynamics has been inseparably linked to the develop-
ment of x-ray spin-sensitive methods as well as pulsed
sources of Roentgen radiation. Thanks to Michael Fara-
day, who discovered the effect of magnetization of a
medium on the polarization of light [6], magneto-optics
in the visible spectral range has become one of the most
popular tools for studies in magnetism. However, as di-
mensions enter the nanoscale below 100 nm, visible light

(© 2010 American Physical Society



PhysiCs

Physics 3,20 (2010)

Undulator
Electron beam

dump CCD image
Sample

Electron
microbunches

fs SASE FEL
single pulse

FIG. 1: Experimental configuration showing an electron bunch
entering the undulator of the FLASH free electron laser. The
oscillating bunch generates a coherent 30 fs x-ray pulse by self-
amplified spontaneous emission, which is then directed onto
the cobalt/platinum layer magnetic sample. The wavelength
of the pulse is set equal to the cobalt M edge to provide a mag-
netic diffraction pattern (inset). Gutt et al. are able to obtain
a diffraction pattern with a single pulse without damaging
the sample. (Adapted from Gutt ef al.[5].) (Illustration: Alan
Stonebraker)

is no longer effective and one needs shorter wavelength
x rays to see the magnetic nanoworld. Just 50 years ago
it was difficult to imagine that time-resolved x-ray mag-
netic spectroscopy at the nanoscale would ever exist.
Since x rays were generated mainly by x-ray tubes, only
low intensity, incoherent as well as nonpolarized radi-
ation was available. Nevertheless, x-ray sources have
improved dramatically, and starting in the 1990s, ad-
vanced synchrotrons have been able to produce bright
50 ps pulses of polarized x rays. Using such sources,
considerable progress has been achieved in understand-
ing nanosecond magnetization dynamics at the sub-100-
nm scale [7]. However, even these new synchrotrons are
hardly helpful in the study of sub-100-ps magnetization
dynamics at the nanoscale since for this purpose much
shorter pulses of intense x rays are required.

The recently launched free-electron laser at the
FLASH facility in Hamburg is the first soft-x-ray laser
in the world. This novel x-ray source is able to generate
30 fs pulses of polarized and coherent soft-x-ray radia-
tion with about 10!? photons per pulse. The short pulse
duration, brightness, coherence, and well-defined polar-
ization of the x-ray radiation are the main ingredients
that may allow realizing femtosecond single-shot visu-
alization of sub-100-nm magnetic domains [8]. In partic-
ular, it has been shown that if an ultrashort, bright, and
coherent x-ray pulse illuminates a sample, the resulting
far-field diffraction pattern will encode the image of the
sample [8, 9]. The image can be reconstructed from the
pattern at the diffraction-limited spatial resolution. The
temporal resolution of such an imaging is given by the
duration of the pulse.

One should remember that such an approach requires
very short and very bright x-ray pulses and the large
amount of energy deposited into the sample will ulti-
mately turn it into a plasma. Nevertheless, three years
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ago Chapman et al. demonstrated that the destruction of
the sample is not an obstacle for ultrafast “flash diffrac-
tive imaging” [9]. It has been shown that an intense 25 fs
x-ray pulse produces a coherent diffraction pattern be-
fore the sample is destroyed. The image of the sample
was successfully reconstructed from the pattern.

Gutt et al. have now made the next important step and
applied the idea of ultrafast “flash diffractive imaging”
for magnetic studies. By tuning the wavelength of the
laser to one of the resonances in cobalt, one may achieve
substantially different absorption of polarized x rays in
the domains with different orientation of spins. There-
fore, coherent and polarized x rays will diffract from
such a sample and a far-field diffraction pattern will be
formed. The authors performed a simple analysis of
this pattern, being able to extract information about the
size distribution of the magnetic domains. In contrast to
the earlier experiments in Ref. [9], Gutt et al. managed
to obtain the diffraction pattern without destruction of
the sample, although the sample reached peak temper-
atures of around 600 °C. A very important finding of
these researchers is the fact that the diffraction pattern
is formed before the magnetic properties of the sample
are altered. Unfortunately, Gutt ef al. could not obtain
the real image of the magnetic domains. Nevertheless,
the technique clearly demonstrates its ability to probe
sub-100-nm magnetic domains with a single 30 fs x-ray
pulse.

In the near future, I believe this technique, in com-
bination with the newest x-ray facilities coming online
(the recently opened Linac Coherent Light Source in
Stanford and the European XFEL, currently under con-
struction in Hamburg), will dramatically improve our
understanding of ultrafast magnetization dynamics and
femtosecond laser control of magnetism. For instance,
it has been recently demonstrated that a 100 fs circu-
larly polarized near-infrared laser pulse is able to trigger
magnetization reversal in a rare-earth-transition metal
(RE-TM) alloy along a totally novel and ultrafast route,
where the optomagnetic pulse first turns the medium
into a strongly nonequilibrium magnetic state with no
net magnetization [3, 4]. The origin of this strongly
nonequilibrium state is not understood. A pump-probe
experiment where RE-TM alloy is first excited by a near-
infrared, circularly polarized subpicosecond laser and
then probed by a single x-ray pulse will provide new
insights into the physics of this ultrafast magnetic phe-
nomenon. Note that FLASH generates pulses with du-
ration down to 10 fs. This is already comparable with
the characteristic time of exchange interaction in mag-
netic materials. It would be extremely intriguing to em-
ploy the elemental specificity of x-ray techniques and
probe spin dynamics of TM and RE sublattices on a time
scale pertinent to the time of the exchange interaction
between them. The ultrafast single-shot x-ray magnetic
imaging reported by Gutt et al. may allow us to take a
closer look at the ultimate problem in magnetism—the
understanding of the exchange interaction itself.
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