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High spatiotemporal resolution study of magnetic dynamic transitions in (Mng sNig s)esGass (hereafter
referred to as Mn-Ni-Ga) is carried out using Lorentz ultrafast transmission electron microscopy (UTEM).
The Lorentz UTEM images with a subpicosecond temporal and sub-50-nm spatial resolution reveal
remarkable features of magnetic transient states after a femtosecond pulsed laser excitation and three
successive dynamic processes involving four distinct magnetic states are evidently observed in Mn-Ni-Ga
crystals. Moreover, a full reversible dynamic cycle for the photoinduced ferroparamagnetic transition in a
time span of up to tens of microseconds is also examined by using nanosecond-laser-generated photoelec-
trons. The temporal changes of electron, spin, and lattice in the present system are qualitatively analyzed
based on a three-temperature approximation. Our Lorentz UTEM observations highlight the feasibility of
direct imaging ultrafast demagnetization and relevant dynamic natures in complex spin textures with a

nanometer-picosecond spatiotemporal resolution.

DOI: 10.1103/PhysRevApplied.12.034037

I. INTRODUCTION

Since the seminal work of femtosecond laser pulses
induced ultrafast demagnetization in nickel film by Beau-
repaire and coworkers in 1996 [1], study of the interactions
between laser pulses and magnetic materials has become a
significant topic in modern magnetism, resulting in many
alternative concepts and phenomena [2—8]. Some promi-
nent examples are ultrafast demagnetization [9—11], opti-
cally driven magnetization precession [3,12] and ultrafast
magnetization switching [13,14]. Experimentally, ultra-
short laser pulses provide unique temporal windows for
exploring the rich interactions among the electrons, the
spins, and the lattices of materials subjected to pho-
toexcitation [15]. Several ultrafast magnetic spectroscopy
and microscopy methods, including ultrafast optics [9,16],
infrared [17], terahertz spectroscopy [18], synchrotron x-
ray-based spectroscopy [10,19], or more recent x-ray free-
electron lasers [20-22], have been successfully applied
to probe ultrafast magnetization dynamics in femtosecond
time scales.

However, not only high temporal resolution but also
high spatial resolution is required in order to study the
ultrafast dynamics of charges and spins in magnetic
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structures that have reduced dimensions or host non-
collinear complex spin textures (e.g., nanoscale magnetic
skyrmions). Alternative experimental methods are emerg-
ing that combine ultrashort laser pulses with the imaging
techniques in high-order harmonic radiation [23], scanning
optical microscopy [24], near-field scanning imaging [25],
and soft x-ray microscopy [26]. Recently, Vodungbo and
coworkers [27] have achieved a 100-nm spatial resolution
with femtosecond soft x-ray pulses to study the laser-
induced demagnetization at the individual domain level.
Schmising and coworkers [21] have observed demagne-
tization in a magnetic domain network via time-resolved
Fourier transform holography with 100-fs temporal and
sub-100-nm spatial resolution. However, due to the broad
beam nature of lights or x-rays, it is still a challenge for
these ultrafast magnetic microscopies to further extend
their spatial resolution, thus preventing a nanometer-
femtosecond view of the spin dynamics in magnetic nanos-
tructures and noncollinear complex spin textures.

On the other hand, Lorentz transmission electron micro-
scope (TEM) has been routinely used for imaging static
and in situ dynamic magnetic structures on nanometer
length scales [28—30]. By combining laser pulses [31,32]
and Lorentz TEM imaging [33-35], early attempts to
develop Lorentz ultrafast TEM (UTEM) have achieved
some limited success, as demonstrated by Zewail with
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a nanosecond temporal resolution [33]. However, further
improving the temporal resolution of Lorentz UTEM has
met with many technical challenges, particularly the dif-
ficulties in obtaining sufficient pulsed electrons for direct
imaging [35]. Recently, Flannigan’s group [34] has been
able to demonstrate a picosecond view of magnetization
dynamics in FePt thin films by optimizing the collection
efficiency of photoelectrons for Lorentz imaging; Rop-
ers’s group has mapped the light-induced demagnetiza-
tion of a single magnetic vortex structure with improved
spatiotemporal resolution [36,37].

In the present work, we explore the high spatiotemporal
capability of Lorentz UTEM for direct imaging photoin-
duced ultrafast magnetization dynamics. By maximizing
the collection efficiency of photoelectrons for ultrafast
magnetic imaging, we obtain decent Lorentz images with a
nanometer-picosecond spatiotemporal resolution. By inter-
facing a femtosecond-nanosecond (fs-ns) laser system with
Lorentz TEM, we study not only the ultrafast magnetiza-
tion dynamics with a picosecond temporal resolution, but
also a full cycle of magnetization dynamics with a time
span of microseconds. Using the fs-stroboscopic Lorentz
UTEM, we experimentally demonstrate a subpicosecond
view of ultrafast demagnetization and directly image the
rapid alterations of domain walls in a Mn-Ni-Ga [38] spec-
imen with a sub-50-nm spatial resolution. Three successive
dynamical processes of magnetization transitions and four
distinct magnetic states are evidently observed. Moreover,
we use the ns-stroboscopic Lorentz UTEM to obtain a full
cycle of magnetization dynamics in Mn-Ni-Ga within a
time span of tens of microseconds. The reversible ther-
mally driven ferro-to-paramagnetic transition and alter-
ations microstructure following the thermal diffusion are
also discussed.

II. RESULTS AND DISCUSSION

We first describe our home-built UTEM setup and the
Lorentz method for time-resolved magnetic imaging [39—
42]. Our UTEM [schematic in the upper part of Fig. 1(a)]
is equipped with both femtosecond and nanosecond pulsed
laser systems, which allow us to perform stroboscopic
observations on photoinduced ultrafast dynamics at early
times with picosecond temporal resolution as well as for
a full dynamic cycle with nanosecond temporal resolution.
Our key efforts to develop ultrafast Lorentz TEM imaging
are summarized as follows: (1) a small (@ =15 um) LaBg¢
photocathode is used to produce pulsed electrons with bet-
ter transverse coherence, (2) a pulsed laser with shorter
wavelengths and higher photon energies are explored to
increase the brightness of the pulsed photoelectrons for
ultrafast imaging, and (3) removal of beam-limiting aper-
tures in the illumination system also leads to a three times
increase in image intensity. Additionally, we employ a
focus-ion-beam milling method to prepare thin lamellae
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FIG. 1. Schematic representations of UTEM setup and Lorentz
magnetic imaging. (a) The pump-probe scheme in UTEM
involves the use of a pump laser (central wavelength A = 520 nm,
pulse duration §7= 300 fs FWHM to initiate photoexcitation and
set time zero), and a second probe laser (A =347 nm, §¢=300 fs
for fs-stroboscopic observations or A =355 nm, §¢#=10 ns for
ns-stroboscopic observations) to generate electron pulses with
varying time delays At. In Lorentz imaging, pulsed electrons
traverse the magnetic specimen comprised of oppositely magne-
tized domains with magnetization M and thickness d, resulting
in bright or dark contrasts at the positions of domain walls.
(b) [001]-oriented selected area electron diffraction (SAED) pat-
tern of the Mn-Ni-Ga specimen and its crystallographic model
(space group P63/mmc). (c) Arrow plot represents a spiral spin
texture. (d) Lorentz image of Mn-Ni-Ga with a periodicity of
180 nm by fs-stroboscopic imaging (A = 347 nm, 8¢ =300 fs, and
repetition rate = 50 kHz) at 10-mm over focus with an exposure
time of 60 s. An oscillatory line profile is extracted from the rect-
angle marked region, whose magnitudes depend on the specimen
thickness d, magnetization M, and defocus value Af. The mag-
netic spiral periodicity in the system is 180 nm [the blue or red
regions in (c)] which corresponds to one black or white line in
(d). Scale bar is 500 nm.

that are welded onto copper bars for mitigating the accu-
mulative heat effects due to repetitive irradiation of laser
pulses [43]. Detailed parameters of the microscope and
key optical characteristics (central wavelength A, pulse
duration 6z, fluence F, and repetition rate) for the pulsed
laser systems and the practical evaluation of spatial res-
olution of sub-50 nm by pulsed photoelectrons in the
Lorentz UTEM are given in Appendix A. A schematic
of Fresnel imaging [lower part in Fig. 1(a)] illustrates a
simplified ray diagram of magnetic imaging of a thin mag-
netic slab comprised of oppositely magnetized domains.
When traversing a thin specimen of uniform induction
B and of thickness d, relativistic electrons experience a
Lorentz force (F = —eb x B) and are deflected with an
angle [B = e(4mwB)Ad/h] where e is the electron charge,
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the velocity is v, the wave length is A of relativistic
electrons, and Planck’s constant is 4. The resultant mag-
netic contrasts, either excess or deficient electrons at the
positions of domain walls, are intimately linked to the in-
plane components of induction field B and the specimen
thickness d, and also depend on the defocus values Af.

In this study, we use a hexagonal-type Mn-Ni-Ga mag-
net that has been shown to host skyrmionic spin textures in
a wide temperature-field range [38]. Nanosized skyrmions
in Mn-Ni-Ga and other chiral magnets are promising can-
didates as building elements for applications in spintronics
and magnetic memory storage [44]. A focus-ion-beam
(FIB) milling method is used to prepare a Mn-Ni-Ga
lamella, whose morphology and thickness map [45] are
shown in Figs. S1 and S2 in the Supplemental Material
[43]. Figure 1(b) shows a [001]-oriented electron diffrac-
tion pattern of the Mn-Ni-Ga specimen and an atomic
model of hexagonal structure (space group P63/mmc). For
Lorentz UTEM imaging, the specimen temperature is set
at 100 K by a liquid-nitrogen-cooled holder and under
Lorentz mode. In previous studies, hexagonal Mn-Ni-Ga
thin specimens exhibit spiral spin textures with a period-
icity of 180 nm as shown in Fig. S3 in the Supplemental
Material [43]. Figure 1(c) shows a schematic of mag-
netic spirals and the corresponding in-plane projection.
Accordingly, Fig. 1(d) shows a Lorentz image acquired at
10 mm over focus in fs-stroboscopic imaging (A = 347 nm,
8t =300 fs, and repetition rate 50 kHz). The stripelike con-
trasts extracted from the region marked in Fig. 1(d) are
intimately related to in-plane magnetization M,,, specimen
thickness d, and defocus value Af. It is noteworthy that the
side effect of evanescent near fields generated by the inter-
action of electrons with a pump photon is negligible in the
present study, as discussed in Ref. [36]. Hence, for fixed
values of Af and d, the changes of intensities in Lorentz
images can be associated with the changes in the M,

In order to directly reveal the magnetization dynamics
in the Mn-Ni-Ga lamella, we need to assess the changes
in Lorentz magnetic contrasts before and after photo-
excitation, and select a suitable range of optical fluence
for decent ultrafast magnetic signals. Figure 2(a) shows a
set of Lorentz images for a selected area in the Mn-Ni-Ga
lamella cooled at 100 K, displaying stripelike contrasts
that reflect the underlying spiral spin textures [also see
Fig. 1(c)]. The time delays (¢t =—50, +50 ps) are denoted
in the images (negative time means image acquisition
before the arrival of the pump laser). The size of the pump
laser (A =520 nm, 8§¢=300 fs, F =7 mJ cm™2, and rep-
etition rate = 50 kHz) at the specimen is measured to
be about 100 um at full-width-half-maximum (FWHM).
Prior to (—50 ps) photoexcitation, periodic stripelike con-
trasts are the prominent features in the Lorentz images. At
a 50-ps time delay, the specimen reaches a new thermal
equilibrium via electron-phonon scattering. As thermal
heating sets the specimen at an elevated temperature above
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FIG. 2. Lorentz UTEM image of domain wall networks in
Mn-Ni-Ga by pulsed photoelectrons. (a) Lorentz images obtained
at time delays of r=-—50 and +50 ps, for a pump laser
(A =520 nm, 8z=300 fs, F =7 mJ cm~2, and repetition rate =
50 kHz) and a probe laser (A =347 nm, §t=300 fs, and repeti-
tion rate = 50 kHz), and the initial temperature is set at 100 K
by a liquid-nitrogen-cooled holder. Exposure time per image is
set to 60 s. (b) Normalized line profiles extracted from the rect-
angle marked in (a), revealing the magnetic contrast evolution
before (—50 ps) and after (450 ps) pump laser. (c¢) The standard
deviation difference o _sp—o 159 for line profiles taken at —50 and
450 ps and their pump fluence dependence. Scale bar is 500 nm.

the Curie temperature 7¢ (= 350 K) of Mn-Ni-Ga, the
stripelike contrasts vanish as a result of thermal demag-
netization.

Figure 2(b) shows the normalized line profiles extracted
from the rectangle regions marked in Fig. 2(a). In order to
quantify the line profiles that reflect the in-plane M,,, we
calculate the standard deviation o as a measure of M,,; in
turn, the changes in o can be calculated as the dynamic
parameter to illustrate the rapid changes of magnetic prop-
erties [21]. In Fig. 2(c), the values of o _s¢ ps—0'50 ps Mea-
sured as a function of applied laser fluence reveal that a
fluence range between 3.5 and 10 mJ cm™2 is found to
give decent ultrafast magnetic responses to photoexcita-
tion, whereas the pump laser fluences below 3.5 mJ cm™2
are too weak and above 10 mJ cm~2 are too intense to
generate discernible changes in o. Importantly, specimen
damage can occur for pump fluences over 12 mJ cm 2.

We first record a set of Lorentz UTEM images for a
time span from —10 to 100 ps using a pump fluence
of 7 mJ] cm™? (see also Movie 1 in the Supplemen-
tal Material [43]). Figure 3(a) shows an array of repre-
sentative UTEM images with different time delays from
which drastic alterations in the stripelike contrasts are
clearly observed, demonstrating the photoinduced changes
of magnetic structure (M,,). Line profiles extracted from
the rectangles marked in Fig. 3(a) vividly depict an ultra-
fast vanishing, then a gradual recurrence, and finally a
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complete disappearance of the stripelike contrasts that
originate from the magnetic spirals. Figure 3(b) shows
the temporal evolution of the normalized standard devia-
tion o measured from the line profiles in UTEM images
in the picosecond time scales, in which three dynamic
processes involving four distinct magnetization states are
evidently exhibited (as marked “1”: initial magnetization,
“2”: ultrafast demagnetization, “3”: partial recovery, “4”:
paramagnetic state). Specifically, the first process “1-2" is
characterized by a sudden drop of o at 1.3 ps, and subse-
quently followed by the second process “2—3” with a rapid
rise of ¢ from 1.3 to 8 ps, and the third process “3—4" with
a relatively slow falling of o from 8 to 40 ps. Since the
changes in o reflect the variations in the M,,,, the measure-
ments in Fig. 3(b) essentially trace the temporal evolution
of magnetization of the domain network in the Mn-Ni-Ga
lamella. We note that the described magnetic dynamics is
reproducible as seen in a second series of UTEM images
from a different Mn-Ni-Ga specimen in Appendix A.

The ultrafast demagnetizing process at the magnetic
domain level can be unambiguously and reproducibly
observed within the time scale of around 1 ps in our mea-
surements. However, the temporal resolution in the present
case is about 1 ps, which prevents us from extracting
meaningful time constants of the ultrafast demagnetization
process as discussed in the study by ultrafast soft x-ray
pulse [15]. On the other hand, the time constants for the
second process of a partial magnetization recovery and the
third process of a thermally driven demagnetization can
be well estimated by fitting the measured o with empir-
ical exponential functions, yielding t, 3=3+£0.5 ps and
T34 = 12 £ 1 ps, respectively. These dynamic processes as
observed in Mn-Ni-Ga by UTEM reveal a general dynamic
nature for demagnetization and relevant ultrafast evolu-
tion in magnetic metals as discussed in previous literature
[1,8,9]. It is worth highlighting that our high spatiotem-
poral view of ultrafast magnetization dynamics in the
complex nanoscale domain networks in Mn-Ni-Ga lamella
is now augmented with a real-space magnetic imaging
capability with sub-50-nanometer resolution.

The fundamental ultrafast behavior in metal magnets
can be described by a phenomenological model account-
ing for the intricate interplay between the electron, spin,
and lattice subsystems [1,8]. Upon photoexcitation, the
electrons almost instantaneously acquire photonic ener-
gies within tens of femtoseconds and the hot electrons
rapidly transfer their excess energies to the spins within
hundreds of femtoseconds, resulting in an ultrafast destruc-
tion of spin angular momentum [the first process “1-—2”
in Fig. 3(b)]. As the electron-spin subsystem thermal-
izes the lattices in the picosecond timescale, a par-
tial recovery of magnetization occurs [the second pro-
cess “2—3” in Fig. 3(b)]. Further thermalization in the
electron-spin-lattice subsystems reaches a new thermally
equilibrated state at an elevated temperature, at which the
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FIG. 3. Ultrafast magnetization dynamics in Mn-Ni-Ga with a
nanometer-picosecond spatiotemporal resolution. (a) Temporal
snapshots of Lorentz images captured at different time delays
as indicated and under the following conditions: pump laser
(A =520 nm, 8r=2300 fs, F =7 mJ cm~2, and repetition rate =
50 kHz), probe laser (A =347 nm, 6¢=300 fs, and repetition
rate = 50 kHz), the initial temperature is 100 K, exposure time
per snapshot of 15 s. Line profiles extracted from the yellow
rectangle marked regions are overlaid. (b) Calculated standard
deviation o of line profiles for a whole set of time series. Four
distinct magnetic states are indicated and their respective atomic
spin models are illustrated. The time constants of the second
process “2—3” and the third process “3—4” can be estimated by fit-
ting the o with empirical double-exponential functions, yielding
753=3=%0.5 ps and 73 4=12=%1 ps, respectively. (c) Simu-
lations of temporal evolution of temperatures for the electron,
the spin, and the lattice subsystems with the three-temperature
model. Scale bar is 500 nm.

magnetization is suppressed or even destroyed above T¢
[the third process “3—4” in Fig. 3(b)]. In order to ana-
lyze the magnetic changes upon the fs laser excitation, we
also calculate the electron system temperature 7, spin sys-
tem temperature Ty, and lattice system temperature 7; by
the coupled differential equations[1], and the longitudinal
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temperature gradients (normal to surface) and the expo-
nential decay of the source within the material are taken
into account [46]. The three-temperature model (3TM)
equations read

C(T)aT"—8 ko (T, T)aTe Ga(T, — T))
eeat—axeealax el\le 1

- Ges(Te - Ts) + Q(xa t),
T
CS(TS)W = _Ges(Ts - Te) - Gsl(Ts - Tl):

a7
CI(TI)E =—Gu(T) - To) — Ga(T; — T)),

2
0.ty = 004" p o [—)—C — 2.77(8%) } .

8t d

where Cj, C,, and Cy are the respective specific heats for
the lattice, electron, and spin subsystems, and the elec-
tronic specific heat C.(7T,) = y T., which is approximated
linearly with electron temperature 7,. Gej, Ges, and Gg
are the respective interaction constants for electron-lattice,
electron-spin, and spin-lattice, k. is the thermal conductiv-
ity of the electrons, and x is the direction normal to the
surface [47,48]. O(x, f) is the laser source term that has
an exponential decay in space to account for absorption in
a nontransparent medium, with parameters of reflectivity
R, penetration depth d, fluence F, and pulse duration 4.
The temporal evolution of temperatures about these three
subsystems and the corresponding magnetization dynam-
ics are shown in the Figs. 3(b) and 3(c). Importantly,
the electron and spin temperatures can quickly rise after
the photoexcitation, resulting in a rapid destruction of
magnetic order and the immediate alteration of magnetic
domains. However, the phenomenological model does not
capture the underlying complex angular momentum and
energy transfers among the electron-spin-lattice subsys-
tems [2,49,50]. Microscopic understanding on the exact
channels of energy and momentum transfers in magnetic
metals is still an open question. In the present case, the
domain network may offer an additional extrinsic mecha-
nism for ultrafast demagnetization by direct spin transfer
across the domain walls via “hot electron” transport [27].
It is worth noting that locally the temporal changes in mag-
netic contrasts are varied from areas to areas in Fig. 3(b),
which could be associated with the local variations in
structure or composition at the nanoscale. Such inhomo-
geneity in magnetic dynamics observed in Ni also provides
evidence of the possible presence of coexisting phases
during the ultrafast demagnetization process [51]. Direct
imaging of magnetic dynamics with high spatiotempo-
ral resolution may provide a unique tool for elucidating
the proposed direct spin transfer mechanism [27], and

revealing the local inhomogeneity of transient states during
photoinduced magnetic phase transitions [51].

Finally, using the ns-stroboscopic imaging (A =355 nm,
8t=10 ns, and repetition rate = 10 kHz) we can obtain
a full cycle of magnetization dynamics in Mn-Ni-Ga (see
Movie 2 in the Supplemental Material [43]) initiated
by a single femtosecond pump laser pulse (A =520 nm,
§t=1300 fs, F =7 mJ cm~2, and repetition rate = 10 kHz).
Figure 4(a) presents the representative snapshots taken
at different time delays, displaying a gradual recovery of
the stripelike contrasts as the specimen thermalizes to its
initial state in the microsecond timescale. In Fig. 4(b),
the line profiles extracted from the regions marked in
Fig. 4(a) reveal a temporal evolution of the domain net-
works. A rapid suppression of magnetic spiral contrasts
at t=0.367 us can be attributed to a thermally driven
demagnetization above T¢ [the paramagnetic state “4”
as also seen in Fig. 3(a)]. Subsequently, the temperature
of the specimen decreases following by heat dissipation
to the supporting copper bars resulting in nucleation,
growth, and rearrangement of domain networks, the tem-
perature change for the specimen has been theoretically
calculated with a two-dimensional heat diffusion model
in Appendix B. Importantly, the magnetic domain struc-
tures in Mn-Ni-Ga fully recover to the initial state, as
evidenced in the nearly perfect match of line profiles taken
atr=21.437 us and at =0 us [Fig. 4(b)].

In order to extract the time constant ty, for the heat dis-
sipation process, we fit the time-dependent standard devi-
ations o [Fig. 4(c)] with an exponential function to yield
a 7y, =6.9£0.8 us. It is noteworthy that additional bend
contours (marked by white arrows) are present in Fig. 4(a)
due to microstructure distortion following thermo diffu-
sion, and certain related dynamic behaviors are also shown
in the Supplemental Material Fig. S4 [43]. Moreover, we
can also attribute this structural feature to nanomechan-
ical oscillations as recently discussed by Flannigan and
coworkers [52—54]. It is notable in our experiments that
the dynamic features of magnetic domains (walls) via line
profiles are not affected visibly by the presence of the bend
contours. This fact demonstrates that the ultrafast dynamic
properties of magnetic domain networks can be essentially
characterized by Lorentz UTEM images as mentioned in
above.

In recent years, the phenomenon of ultrafast demag-
netization and relevant magnetic transient states resulting
from excitation by an intense femtosecond laser pulse
has been extensively investigated, and the underlying
mechanism remains a hotly debated issue. Our inves-
tigations on dynamic features for the magnetic domain
networks of Mn-Ni-Ga lamella reveal a rich variety of
phenomena subsequent to femtosecond laser excitations,
in accordance with a general trend of ultrafast magneti-
zation dynamics as reported for magnetic metals [1,8,9].
In comparison with either time-resolved optics or x-rays
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FIG. 4. A full cycle of magnetization dynamics in Mn-Ni-Ga
with a nanometer-nanosecond spatiotemporal resolution. (a)
Temporal snapshots of Lorentz images captured at different time
delays as indicated and under the following conditions: pump
laser (A =520 nm, §t=300 fs, F =7 mJ cm~2, and repetition
rate = 10 kHz), probe laser (A =355 nm, 6= 10 ns, and repe-
tition rate = 10 kHz), the initial temperature is 100 K, exposure
time per snapshot of 3 s. The white arrows indicate additional
bend contours, which do not affect the analyses of magnetic con-
trast. See the text for details. (b) Line profiles extracted from
the yellow rectangle marked regions in (a). Note that the nearly
perfect reproduced line profiles r=21.437 us and t=0 us sug-
gest that the magnetic spirals fully recover to the initial state.
(c) Temporal evolution of the standard deviation o of the mag-
netic contrast line profiles, showing the complete recovery of the
magnetization as the electron-spin-lattice subsystems cool down
and the heat transfers to the supports. The time constant of the
fourth process “4—5” can be estimated by fitting the o with a sin-
gle exponential function, yielding 7, = 6.9 £ 0.8 us. Scale bar is
500 nm.

microscopy ultrafast techniques [10,16,19,21], one out-
standing strength of the Lorentz UTEM approach for
studying magnetization dynamics lies in its real-space
imaging of magnetic structures with nanometer resolu-
tion. Such a high spatiotemporal resolution is ideally
suited to elucidate a possible ultrafast demagnetization

mechanism involving spin-transport processes in nonuni-
form magnetization (domain walls or noncollinear spin
textures). The Lorentz UTEM also provides a nanometer-
nanosecond-resolved magnetic imaging for recording a
full cycle of magnetization dynamics. From a dynamic
cycle, one can determine a proper repetition rate for a
stroboscopic observation and can also obtain the nature
for thermally driven magnetic phase transitions. Such a
real-space Lorentz imaging with nanometer-nanosecond
resolution provides an ideal tool for observation of fast
magnetization switching launched by acoustic waves [55].

III. CONCLUSION

In summary, by maximizing the collection efficiency
of photoelectrons for imaging and interfacing an ultrafast
transmission electron microscope with a fs-ns laser sys-
tem, we explore the time-resolved (both picosecond and
nanosecond) capability of Lorentz TEM for a real-space
imaging of ultrafast magnetization dynamics initiated by
laser pulses. Using fs-laser-generated photoelectrons, we
demonstrate a picosecond view of ultrafast magnetiza-
tion dynamics of magnetic spirals in a Mn-Ni-Ga spec-
imen with a sub-50-nm spatial resolution. Our Lorentz
UTEM observations reveal three successive dynamic pro-
cesses of magnetization transitions involving four dis-
tinct magnetic states, namely, upon optical excitation, the
Mn-Ni-Ga first undergoes an ultrafast optical demagne-
tization around 1 ps, then a rapid recovery of magneti-
zation within a few picoseconds, and finally a thermally
driven demagnetization toward a paramagnetic state in
tens of picoseconds. Moreover, using ns-laser-generated
photoelectrons, we record a full cycle of magnetization

(b)

FIG. 5. Evaluation of spatial resolution for Lorentz UTEM.
Lorentz images of 70-nm spirals in FeGe lamella taken at a
defocus value of 5 mm and at 230 K. (a) Lorentz image by
continuous thermionic electrons. (b) Lorentz image by pulsed
photoelectrons. The pulsed laser for photoelectrons is character-
ized by a central wavelength A =347 nm, duration 6¢ =300 fs,
and repetition rate = 50 kHz.
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dynamics in Mn-Ni-Ga subsequent to photoexcitation in
a time span of tens of microseconds. Based on the three-
temperature approximation, we briefly analyze the tem-
poral evolution of the lattice, the electrons, and the spin
subsystems, and the relevant thermodynamic transitions
following the electron-lattice thermalization are also dis-
cussed. Our results clearly demonstrate that real-space
magnetic imaging with high spatiotemporal resolution is
highly desirable for the study of magnetic dynamics and
magnetization phase transition in complex nanoscale spin
textures.
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FIG. 6. Temporal pulse char-
acterization. Electron energy-loss
spectra taken from carbon nan-
otubes at different delay times.
(a) Electron energy-loss spectra
show the electron—photon inter-
action, modifying the electron
energy in steps of +Aw. (b) Elec-
tron energy-loss spectra as a func-
tion of delay time for the tempo-
ral characterization of employed
electron pulses. Arrows: extracted
electron pulse duration of approx-
imately 600 fs.
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APPENDIX A: UTEM SETUP AND PUMP-PROBE
SCHEME

Ultrafast pump-probe experiments are performed in
our home-built UTEM modified from a JEOL-2000EX
microscope operating at 160 kV. For pumping, frequency-
doubled (Spirit, Spectra-Physics) laser pulses are used
(central wavelength A = 520 nm, pulse duration §¢= 300 fs
at FWHM) with variable fluence F up to 15 mJ cm~2. The
size of the pump laser at the specimen position is estimated
to be 100 um (FWHM), providing a uniform laser excita-
tion, as also confirmed in the ex-sifu measurements by a
beam profiler (BeamOn HR, Duma Optronics). For prob-
ing by electron pulses, a LaBg photocathode (@ =15 um)
is driven, respectively, by frequency-threefold fs laser
pulses (A =347 nm, 6t=300 fs) or ns laser pulses (Stele-
A-1, ZY LASER, A =355 nm, §t=10 ns) at different
repetition rates. Note that we use shorter wavelengths
and higher photon energies of the fs laser (A =347 nm,
hv=3.57 eV) and ns laser (A =355 nm, hv =3.49 eV)
for efficient generation of pulsed photoelectrons from
the LaBg cathode with a work function in the range of
2.5—2.8 eV depending on its facets and working con-
ditions. The 50-kHz repetition rate is used for the fs-
stroboscopic imaging to generate pulsed photoelectrons.
The pulsed electrons arriving at the CCD camera detector
are directly measured to be approximately 100 electrons
per pulse. The time delay for pump-probe measurements
is set by a mechanically motorized delay stage (Newport
M-ILS250CC). For the ns-stroboscopic imaging, we use a
10-kHz repetition rate, resulting in approximately 5 x 10*
electrons per pulse, and the pump-probe time delay is set
by a digital delay generator (SRS DG645).

0 ps l 1.3ps| 8 ps l 40ps|

FIG. 7. Reproducibility of
experimental observation. A sec-
ond series of UTEM images from
a different Mn-Ni-Ga specimen
in which we observed the same
evolution as seen in Fig. 3. Scale
bar is 500 nm.
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In the Lorentz UTEM experiments, a 300-ym con-
denser aperture is used for taking the time-resolved images
of magnetic domains with a good signal-to-noise ratio.
A sub-50-nm spatial resolution for domain structures is
demonstrated as shown in Fig. 5. A double-tilt liquid-
nitrogen-cooled holder is used to perform the UTEM
observations at 100 K. Images are recorded by a CCD cam-
era (Gatan Orius SC200) with exposure times of 15 s per
image for fs-stroboscopic imaging and 3 s per image for ns-
stroboscopic imaging. All Fresnel images are recorded at a
defocus value of approximately 10 mm with the objective
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FIG. 8. Evolution of magnetic domain walls and three-

temperature model simulation for a reversible cycle with a pump
fluence of 7 mJ/cm?. (a) The experimental data display four
times of magnetization switching by an ultrafast laser pulse from
picosecond to microsecond timescales, and ensure the dynam-
ics of the domain wall is reversible for stroboscopic observation.
Five distinct magnetic states are indicated and their respective
atomic spin models are illustrated. (b) Simulations of tempera-
tures for the electron, the spin, and the lattice subsystems. The
temperature of electrons rises instantaneously and then the hot
electrons transfer their excess energies to the spins rapidly, result-
ing in an ultrafast demagnetization [the process “1-2” in (a)].
As the electron-spin subsystem thermalizes the lattices in the
picosecond timescale, a partial recovery of magnetization occurs
[the process “2—3” in (a)]. Further thermalization in the electron-
spin-lattice subsystems reaches a new thermally equilibrated
state at an elevated temperature above T¢ [the process “3—4” in
(a)]. Finally, the specimen cools down via heat dissipation to the
supporting copper bars [the process “4—5” in (a)].

lens switched off (i.e., Lorentz mode with residual mag-
netic field of approximately 100 Oe).

For synchronizing the pump laser and pulsed elec-
trons and for characterizing the temporal resolution, we
make use of the electron-optical cross-correlation in
laser-induced near fields [37]. At delay times for which
the optical pump pulse and electron-probe pulses overlap
at the sample surface, the electron energy spectra exhibit
sidebands separated by the photon energy, as shown in
Fig. 6. The 600-fs duration of the electron pulses can be
extracted from the temporal width of the highest-order
photon sidebands when the microscope is operated at a sin-
gle electron per pulse regime. However, we note that for
the present study of direct magnetic imaging, the micro-
scope is operated at multielectrons per pulse regime and
the time resolution of the UTEM is estimated to be around
1 ps due to the space charge effects [41,42].

From experimental sides, we verify that our observa-
tions are repeated for the same area and reproducible for
different areas of the specimen. We provide a second series
of UTEM images from a different Mn-Ni-Ga specimen, as
shown in Fig. 7.

APPENDIX B: DATA ANALYSIS AND
SIMULATIONS

As the stripelike contrasts in the Lorentz images origi-
nate from the domain networks in Mn-Ni-Ga, in order to
exhibit the changes in the in-plane magnetization M,,, we
can measure the variations in standard deviation o of line
profiles using o = [Z(X; — X )/N1"/? [21], where X g is the
average value of the contrast X;, and N is the pixel number
of the line profile.

To theoretically analyze the dynamic evolutions of a
magnetic structure as observed in our experiments, two
models are used to investigate the specific features of
transient states. We first use the three-temperature model
for the sub-100-ps dynamics as described by Beaurepaire
[1], calculating the light-induced temperatures 7 of the
electron, spin, and lattice. In addition, the longitudinal
temperature gradients (normal to surface) and the expo-
nential decay of the source within the material are taken
into account for a more accurate simulation. The thermal
constants are estimated from Ref. [48], the interaction con-
stants are estimated from Ref. [47], and the laser source
term is calculated by our pump laser characteristics. On
the longer time scales, we solve the two-dimensional heat
diffusion equation and calculate the temperature of the
sample with COMSOL Multiphysics™. The evolution of
magnetic domain walls and the estimated temperature in
a full cycle are shown in Fig. 8. The realistic optical and
thermal parameters for simulations are listed in Table 1.
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TABLE 1.

The realistic optical and thermal parameters for

simulations.
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