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Novel time-resolved imaging techniques for the investigation of ultrafast nanoscale magnetization
dynamics are indispensable for further developments in light-controlled magnetism. Here, we introduce
femtosecond Lorentz microscopy, achieving a spatial resolution below 100 nm and a temporal resolution of
700 fs, which gives access to the transiently excited state of the spin system on femtosecond timescales and
its subsequent relaxation dynamics. We demonstrate the capabilities of this technique by spatiotemporally
mapping the light-induced demagnetization of a single magnetic vortex structure and quantitatively
extracting the evolution of the magnetization field after optical excitation. Tunable electron imaging
conditions allow for an optimization of spatial resolution or field sensitivity, enabling future investigations
of ultrafast internal dynamics of magnetic topological defects on a 10 nm length scale.
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Being a key aspect for future processing and storage
applications, strategies for the manipulation of nanoscale
magnetic domains and topological defects were recently
developed utilizing various stimuli such as electrical
current [1-5] and light [6-11]. Optical control of magnetic
nanostructures is particularly appealing due to the absence
of an applied external field and the possibility for ultrafast
switching speeds. The underlying physical mechanisms,
such as direct spin-light interactions, optically driven spin
currents, and spin-flip scattering and the collapse of
exchange splitting in a hot electron environment, are active
fields of study and their relative importance in different
material systems is still debated [12-16]. The relevant
processes occur on femtosecond timescales, before the
spin, electron, and lattice subsystems are thermalized. For
further progress, it is essential to develop the experimental
tools to access the optically induced magnetization reor-
dering processes at their intrinsic nanometer spatial and
femtosecond temporal scales. In particular, imaging meth-
ods can play a decisive role for the full understanding of
such processes. However, it is challenging to achieve a
combined femtosecond temporal and nanometer spatial
resolution within the same magnetic imaging method,
despite recent advances in the fields of ultrafast optical
microscopy using ultrashort visible [17] and x-ray pulses
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[3,18-21], including lab-scale approaches with circularly
polarized high-harmonic radiation [22].

Electron-based magnetic imaging techniques, such as
electron holography [23,24], Lorentz microscopy [4,25,26],
and spin-polarization analysis of secondary electrons [27],
can routinely reach spatial resolutions down to a few
nanometers. By utilizing fast detectors, dynamic magnetic
processes were captured in the millisecond to nanosecond
range [28-34]. To overcome the limitation on detector
response times and further improve the achievable temporal
resolution, pulsed electron sources are employed in strobo-
scopic schemes. In particular, stroboscopic Lorentz micros-
copy was used for the investigation of field-assisted or
laser-excited domain wall movement and magnetic phase
transitions [35-37].

Whereas laser-driven photocathodes are available that
deliver electron pulses down to the femtosecond range
[38—41], previous time-resolved Lorentz microscopy
experiments were restricted to the picosecond [37] and
nanosecond timescales [36,42], due to the limited coher-
ence properties of these electron sources. In recent years,
high-brightness nanoscale photocathode geometries were
developed [43-45], which now offer a new path to push
Lorentz microscopy into the femtosecond temporal regime
and allow us to address optically excited transient spin
systems before local thermalization.

Here, we introduce real-space nanoscale mapping of
light-induced magnetization dynamics by ultrafast trans-
mission electron microscopy (UTEM) with femtosecond
temporal resolution. We quantitatively track the time-
dependent magnetization field in a single vortex structure
during laser-driven ultrafast demagnetization, reaching
simultaneously 700-fs temporal and below-100-nm spatial
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resolution. These results demonstrate the capability of
femtosecond Lorentz microscopy for the imaging of
transient magnetization fields on timescales faster than
the spin-lattice equilibration.

In our experiments, we study an isolated magnetic
permalloy disc (1-ym diameter, 20-nm thickness), prepared
by electron-beam lithography on a silicon nitride mem-
brane (50-nm thickness). The ground state texture of the
disc consists of a magnetic vortex state, for which an in-

plane oriented magnetization field M (F) of constant mag-

nitude |M(7)| = M, curls around the center of the structure
[46-48]. In the vortex core, with a typical diameter on the
10-nm scale [49], the magnetization turns to an out-of-
plane direction.

Transmission electron microscopy under out-of-focus
imaging conditions, so-called Fresnel mode Lorentz
microscopy [50], provides for an image contrast which
is sensitive to the in-plane magnetization field [Fig. 1(a)].
For the vortex sample, a conically shaped Aharonov-Bohm
phase shift ¢ [51] is imprinted onto an incident electron
wavefront,

qﬁ:%(%/V(?,z)ds—/g(?,z)-dfv'), (1)

where V and A are the electrostatic and magnetic
vector potentials, respectively; e the electron charge; A
the reduced Planck constant; v the speed of the imaging
electron; and the integral is computed along the electron
beam trajectory. In defocused electron images, this spatial
phase information is transferred to changes in electron
image intensity, which, in general, can be employed to
reconstruct the magnetic induction by using phase retrieval
approaches such as the transport-of-intensity equation
[7,52,53]. For the magnetic vortex state considered here
[Fig. 1(b), upper left panel], the most prominent feature
in the defocused electron micrograph is a bright or dark
spot in the center of the magnetic disc. This maximum or
minimum in electron intensity is caused by the lensing
effect of the conical phase shift, which depends on the
curling direction of the magnetic vortex and the sign of
defocus. Furthermore, for a given sample thickness, known
electrostatic potential, and fixed defocus value, the satu-
ration magnetization M, can be extracted from the image
intensity in the disc center (see below) [54].

In order to perform time-resolved stroboscopic Lorentz
microscopy, we employed a recently developed pulsed
electron source based on nanolocalized photoemission
from a Schottky field emitter with a tunable pulse duration
reaching 200 fs [45,55]. The large electrostatic extraction
field at the emitter minimizes space-charge induced tem-
poral broadening of the electron pulses. In addition, the
small source size of the emitter yields electron pulses with a
large transverse coherence, which we previously harnessed
as a nanometer-focused probe for scanning and local
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FIG. 1. Femtosecond Lorentz microscopy. (a) Scheme of
experimental setup and Lorentz image formation. (b) Lorentz
micrographs of the permalloy disc using a continuous Schottky
emission (left) and laser-triggered photoemission (right) recorded
with the same microscope conditions (—1.5-mm defocus). The
number of electrons contributing to each image is indicated.
Total illuminated area is about 25 ym in diameter. Profiles in
the lower panels show the azimuthally averaged intensity of the
corresponding micrographs. Scale bars represent 500 nm.

probing techniques [55,56]. We now make use of the large
spatial coherence by spreading the electron beam for phase-
contrast imaging. The present experiments are performed
at a 500-kHz repetition rate, and employ pulses with a
duration of 700 fs, containing up to 1 electron/pulse at the
sample. Figure 1(b) (right panels) displays a Lorentz micro-
graph of the vortex structure collected using 1.5 x 108
photoelectron pulses. Besides the resolution, the visibility
of the bright spot at the center and of Fresnel fringes at the

031052-2



NANOSCALE MAPPING OF ULTRAFAST MAGNETIZATION ...

PHYS. REV. X 8, 031052 (2018)

edge of the disc is largely retained, albeit with a lower
number of imaging electrons, demonstrating comparable
spatial coherence of the photoelectron source to a thermal
Schottky emitter [Fig. 1(b), left panels]. For the pulsed
photoelectron illumination in the time-resolved experiments,
a transverse coherence length of 76 nm was utilized [54].
Because of the sparse electron distribution for imaging, long
exposure times are required in our experiments. To ensure
that drift is not a limiting factor for the spatial resolution,
we used a drift-correction scheme based on the disc and
marker bars on the substrate to align multiple short-exposure
micrographs [54].

We optically excite the magnetic vortex structure with
femtosecond laser pulses [50-fs duration, 800-nm center
wavelength, about 50-ym full-width-at-half-maximum
(FWHM) spot diameter, p-polarized at a 55° angle of
incidence], and probe the transient magnetic structure with
ultrashort electron pulses as a function of delay time Ar
between pump and probe pulses. Figure 2(a) shows a set
of Lorentz micrographs (6 minutes exposure time each,
accumulating 1.8 x 10® electron pulses, —4.5-mm defocus)
for varying delay times and two optical excitation fluences.
Directly after excitation (At = 0.1 ps), we observe a strong

(

L

decrease in the intensity of the bright central spot, followed
by a partial recovery on a picosecond timescale. Selected
image intensity profiles (azimuthally averaged around the
vortex core) are shown in Fig. 2(c).

Considering a larger number of delay times, Fig. 2(b)
displays the time evolution of the averaged radial intensity
profiles of the Lorentz micrographs (upper panel) and the
corresponding image intensity changes (lower panel).
Adapting Lorentzian line profiles with amplitude A to
the intensity near the disc center, we extract the delay-
dependent normalized amplitude A(At)/A (A is the mean
amplitude without optical excitation). For an analysis of the
delay-dependent traces [Fig. 2(d)], we adopt an exponential
recovery model [Fig. 2(d), solid lines] given by

A(At) = A(At < 0) — H(Af)[a — b(1 —e™21=e)], (2)

where H(At) is the Heaviside step function, A(Ar < 0) the
amplitude for negative delay times, a the amplitude of the
initial drop, and b the amplitude of the partial contrast
recovery at later delay times. The finite electron pulse
duration is included by convolution of the expression in
Eq. (2) with a corresponding Gaussian envelope. The time
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FIG.2. Delay-time-dependent Lorentz contrast of a single, optically excited magnetic disc. (a) Time-resolved Lorentz micrographs for
pump fluences of 8.5 (top row) and 3.7 mJ/cm? (bottom row). (b) Temporal evolution of azimuthally averaged intensity profiles of the
micrographs for a pump fluence of 8.5 mJ/cm? (top row). In the bottom row, the mean profile before the arrival of the pump pulse is
subtracted. Profiles for the marked delay times are shown in (c), along with a profile of the unpumped disc. (d) Temporal evolution of the
image amplitude A at the disc center (normalized by the amplitude A, for the unpumped structure). Solid lines represent the exponential
recovery model. (e) The amplitude A as a function of pump fluence from micrographs obtained using a continuous electron beam and
electron pulses at specific time delays. The black dashed curve represents Weiss molecular field theory adapted to the data.
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traces are well described by recovery time constants of
about 7., = 0.6 and 2.2 ps for the low and high fluence
case, respectively.

The observed contrast evolution can be attributed to the
laser-induced spin heating and subsequent demagnetization
of the disc. In a simple three-temperature-model (3TM)
[14,57], which considers individually thermalized electron,
spin, and lattice subsystems, optical excitation results in an
ultrafast drop of magnetization due to rapid electron-spin
coupling on a timescale of a few 100 fs. The subsequent
coupling with the lattice bath leads to a partial recovery of
the sample magnetization. The corresponding timescale .
on the order of 1 ps is resolved in our experiments and is
in agreement with previous ultrafast optical spectroscopy
experiments [58,59]. In addition to the pulsed heating of
the spin system, the optical power absorbed by the sample
results in an increased average temperature and, thereby,
reduced magnetization. For increasing fluence, this effect
can be observed in the experimental data as a contrast
reduction at negative time delays.

A unique feature of ultrafast Lorentz microscopy is the
direct connection of image intensity changes to the tran-
sient magnetization distribution. For a quantitative analysis,
we perform electron image simulations [54] for a vortex
state with varying saturation magnetization M [with fixed

M (F)/M,] [60]. The dependence of the radial image
profiles on the saturation magnetization M, [Fig. 3(c)]
demonstrates that, for the chosen imaging conditions, the
amplitude A of the central image spot is approximately
proportional to M.

Using a linear relation between A and M, we can now
extract the delay-dependent magnetization M (Ar) from
the fluence-dependent transient amplitude changes in
Figs. 2(d) and 2(e). The time-averaged saturation magneti-
zation [Fig. 2(e), yellow curve] follows a behavior which
can be described within the Weiss molecular field theory
[61] (broken black curve) and originates from the average
sample heating under laser illumination. For the present
sample system, average sample heating is reduced by
placing a single isolated permalloy disc on an optically
transparent silicon nitride substrate. From the time-resolved
Lorentz micrographs at At = 0.1 ps, we extract a drop in
saturation magnetization to about 3.7-7.0 + 0.7 kOe in the
considered fluence range. For example, for a fluence of
8.5 mJ/cm? [Fig. 2(d), red curve], a minimum magneti-
zation of 3.7 0.7 kOe is found for the hot spin system at
At = 0.9 ps, recovering to 5.6 = 0.7 kOe at longer delay
times (corresponding temperature of about 753 K) [60].

These results demonstrate the capabilities of ultrafast
Lorentz microscopy for the nanoscale mapping and quan-
titative characterization of magnetization dynamics and
suggest its application for high-resolution real-space inves-
tigations of ultrafast magnetic phenomena. To further gauge
the achievable spatial resolution, we consider simulated
Lorentz images of the vortex at different defoci and

compare them to experimental Lorentz micrographs. The
extracted Lorentz profiles, shown in Fig. 3(a), are in
convincing agreement with the experimental data. The
vortex in the present geometry is estimated to have a core
diameter of about 26 nm [49]. At the —4.5-mm defocus
adopted in the time-resolved experiments, the central image
spot is broadened to about 100 nm (FWHM), and the
detailed structure of the magnetization field close to the
core is largely unresolved. The resolution is considerably
enhanced for smaller defoci, but with reduced image
contrast. Figure 3(b) shows the resolution and contrast
of the vortex core region when imaged with electron pulses
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FIG. 3. Spatial resolution and quantitative image analysis in

femtosecond Lorentz microscopy. (a) Radial profiles of exper-
imental micrographs (left panel) and simulated images (right
panel) at defoci of —10, —6.5, —4.5, —3.0, and —1.5 mm.
Micrographs were obtained using the same illumination con-
ditions and electron pulse durations as for the time-resolved
experiments. (b) Resolution (upper panel, full width at half
maximum w of the central peak) and contrast C [lower panel,
C =A/(2lgs), 14 at 200 nm from the center] extracted from
the radial profiles for different defocus values. (c) Radial profiles
of simulated Lorentz images (lower panel) demonstrate an
approximate proportionality between the image intensity at the
disc center and saturation magnetization (upper panel).
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(circle plus symbols) and with Schottky-emitted electrons
(open circles). The comparable resolution in both cases
demonstrates that transient magnetic structures can be
imaged with similar quality as with conventional Lorentz
microscopy.

Notably, at small defoci, a higher electron dose is
required to resolve changes in the low contrast images.
From the contrast in the simulated images, we estimate the
minimum electron dose required for resolving the bright
spot of area 7w? /4 just above the shot noise level as 1/C2,
which, e.g., yields about 600 electrons/um? for —4.5-mm
defocus and 20000 electrons/um?> for a defocus of
—500 pm. Experimentally, for the current electron pulse
parameters and at a defocus of —1.5 mm, we could achieve
a resolution of 55 +2 nm within a reasonable exposure
time of 5 min. A further increase in the spatial resolution
of ultrafast Lorentz microscopy is expected, if high-end
electron detectors are employed, which push the signal-to-
noise limit in the images close to the shot-noise limit. In
addition, temporal resolution may be improved by employ-
ing compression schemes to reduce electron pulse duration,
such as the ones based on radio-frequency cavities [62-64],
terahertz [65,660] and optical radiation [67,68].

With a femtosecond temporal resolution now available
in Lorentz microscopy, ultrafast magnetic processes are
accessible, in which the exchange and spin-orbit interaction
play a dominant role. One example is the real-space
imaging of light-induced superdiffusive spin currents in
nanoscale geometries. In addition, femtosecond Lorentz
microscopy may open a route to probe the interaction of
spins with intense light fields, as applied in all-optical
magnetic switching schemes.

In conclusion, we demonstrated the mapping of ultrafast
demagnetization dynamics in a single nanostructure with
sub-100-nm-spatial and 700-fs-temporal resolution by
femtosecond Lorentz microscopy. Femtosecond Lorentz
microscopy complements existing x-ray-based techniques
and contributes a unique laboratory-based access to nano-
meter-femtosecond magnetization processes. In the future,
this approach may enable the real-space imaging of nano-
scale spin systems interacting with intense light fields with
a broad range of applications, including the investigation
of spintronic terahertz emitters or all-optical switching
schemes.
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