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Fig. 1. Schematic conceptualization of phase transitions. Cooperative interaction causes a change in adiabatic potential energy accompanied by
modification of the physical parameters. Consequently, the phase changes between 1 and 2.

Fig. 2. Schematic conceptualizing the photo-induced phase transition (PIPT). Phase transition from a minimum (1) to another local minimum (2) of
the adiabatic potential energy is induced through the photo-excited state.

PIPT phenomena can be called classical (incoherent) PIPT because it includes the classical (incoherent) energy-relaxation
process (see Figs. 4 and 5).

These reports, especially those of Nasu [8,9], have kick-started experimental research on classical (incoherent) PIPT
phenomena accompanied by changes in various physical (order) parameters of charge/valence (charge density of con-
stituent atoms/molecules), spin (magnetic), and lattice structures (orbitals) resulting from cooperative interactions such
as electron–electron, spin–lattice (orbital), and electron–lattice interactions. Section 2 of this review presents experimental
evidences of various classical (incoherent) PIPT phenomena. Once the photon energy has been appropriately distributed
among cooperatively interacting constituents in the classical (incoherently relaxed) PIPT process, it can initiate another
order in materials that cannot be realized on the ground-state energy surface under equilibrium conditions (hidden
state). The possible appearance of a hidden state has been theoretically discussed since the beginning of PIPT research.
In Fig. 3(c), 4, and 5 [8,9], the hidden state appears as a local minimum of the excited-state surface. Section 2 (especially
subSection 2.3) will discuss the classical (incoherent) PIPT process governed by energy relaxation, in which the hidden
lattice (orbital) order appears at rather slow speed (within 100 picoseconds [ps]).

Section 3 will introduce ultrafast classical (incoherent) PIPT in a system with strong electron–lattice (orbital)–spin
coupling, along with the initial process of classical (incoherent) PIPT. This research field has been enabled by the
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Fig. 3. Energy diagram of the localized electronic ground and photo-excited (exciton) states against the lattice distortion Q around the exciton state.
(a)–(d) four types of relative location between two parabolas in the energy diagrams corresponding to the ground and exciton states, respectively.
Cases (b) and (c) are optically stable against spontaneous emission in the low-temperature limit.
Source: Reprinted and redrew with permission from [7]. Copyright APS.

Fig. 4. Schematic conceptualizing photo-induced phase transition. A new ordered phase unique to the photo-excited state (called a hidden state) can
arise during the energy relaxation/dissipation (incoherent) process.
Source: Reprinted and redrew with permission from [9].

rapid development of femtosecond lasers, pulsed X-rays, and pulsed electron techniques during the past 20 years. New
measurement techniques, i.e. femtosecond time-resolved photoemission spectroscopy and electron diffraction combined
with femtosecond pulsed laser light in the visible region, will also be introduced as powerful new tools in PIPT research.

The main part of Section 3 will be devoted to the ultrafast photo-conversion of electron–electron and electron–lattice
coupled systems, i.e. charge ordered (CO) and CDW systems. As a typical example of a hidden-state appearance, this
section also discusses a high-density state of hole coupling with high spin configuration, i.e. high spin polarons. This
state appears only immediately after photoexcitation in a strongly electron–spin–lattice coupled system. Judging from
various researches on the initial process of classical (incoherent) PIPT, the PIPT is a promising target for experimental and
theoretical investigations in photo-functional materials science. As demonstrated in Section 3, PIPT materials based on
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Fig. 5. Illustration of classical photo-induced phase transition (PIPT) dynamics. Classical (incoherent) PIPT dynamics are mainly governed by the slow
relaxation/dissipation of photo-injected energy leading to decoherence of the multi-electron state in a cooperatively interacting system. The three
horizontal axes correspond to the order (physical) parameters of charge/valence (charge density of constituent atoms/molecules), spin (magnetic),
and lattice (orbital) structures. A hidden state may be realized in the energy relaxation/dissipation (incoherent) process.

strong electron–electron and electron–lattice interactions might achieve ultrafast (<100 fs) phase switching and realize
the hidden state in PIPT dynamics.

In Section 4, as a challenging problem, coherent control of the PIPT dynamical process utilizing excitations of phonon
modes and electronic states will be discussed. It is quite naïve question that what occurs in the ultrafast PIPT dynamics
before the energy relaxation process which leads to decoherence of the electronic and/or electron–phonon coupled states
on the potential surface of photoexcited state. This is quite common problem with the research field of quantum (coherent)
control of chemical reaction dynamics [10–12]. Although the target material for PIPT is complicated many body system
coupling via cooperative interaction and thus different from the one for chemical reaction control, concepts of coherent
control can be utilized.

As schematically shown in Fig. 6, under this condition, ultrafast and coherent electronic and phonon dynamics will
play essential role in PIPT initial process on the excited state energy surface. Based on the obtained experimental results,
the importance of coherent electronic and/or electron–phonon coupled dynamics in ultrafast PIPT process (quantum
(coherent) control of PIPT) will be demonstrated. It should be noted that quantum (coherent) nature of the transformation
can be more and more pronounced when experimental set-up allows for shorter and shorter time scales. Therefore, a
clear-cut distinction between ‘‘classical’’ (structural changes and lattice degrees of freedom involved) and ‘‘quantum’’
(lattice degrees of freedom ignored) is rather difficult.

Recently, materials have been excited by ultrashort and intense coherent light in the ultraviolet to far-infrared (far-IR)
region. Especially in the far-IR (THz) region, a solid-state system can be driven by a single cycle or half-cycle of a light
wave. As shown in Section 5, an I-to-M transition and ferroelectricity can be induced by the strong electric fields of far-IR
and mid-IR light after just a few cycles. As an application of this advanced light source, Oka et al. [13] realized the Floquet
state and material tuning (Floquet engineering) by exploiting the strongly coupled state between the electromagnetic field
of photons and the electronic state of materials. Intensive studies of this photon-dressed state in a cooperative system
have just started. The experimental studies introduced in Section 5 will show the importance of the Floquet state in the
quantum (coherent) control of PIPT dynamics in strongly electron–lattice (or spin–lattice) coupled systems.

Photo-tuning of magnetic phase transitions triggered by the injection of spin-polarized carriers and/or spin excitations
occurs via the inverse Faraday effect. This type of photo-tuning has been extensively studied in ultrafast spintronics [14].
This review focuses on PIPT materials in electron–lattice coupled systems, which are related to ultrafast structural and
electronic-state dynamics. Therefore, it is limited to PIPT phenomena with magnetic responses based on spin crossover
and metal–insulator transitions, which realize the hidden state through classical (incoherent) and quantum (coherent)
dynamics. The photo-induced tuning of magnetic and spin states, including the photo-effect of magnets exhibiting exotic
quantum natures through strong correlation energies, is another large and growing field that has been covered in several
previous reviews [14–16]. In addition, the research field of PIPT in a various class of quantum materials including
topological and super conductive systems is now in progress. In should be noted that only a limited part of this class
of PIPT materials will be introduced (Sections 4 and 5). Please refer to the references given in Sections 4–6.
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with femtosecond pulsed laser light in the visible region, will also be introduced as powerful new tools in PIPT research.
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coupled systems, i.e. charge ordered (CO) and CDW systems. As a typical example of a hidden-state appearance, this
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Fig. 5. Illustration of classical photo-induced phase transition (PIPT) dynamics. Classical (incoherent) PIPT dynamics are mainly governed by the slow
relaxation/dissipation of photo-injected energy leading to decoherence of the multi-electron state in a cooperatively interacting system. The three
horizontal axes correspond to the order (physical) parameters of charge/valence (charge density of constituent atoms/molecules), spin (magnetic),
and lattice (orbital) structures. A hidden state may be realized in the energy relaxation/dissipation (incoherent) process.

strong electron–electron and electron–lattice interactions might achieve ultrafast (<100 fs) phase switching and realize
the hidden state in PIPT dynamics.

In Section 4, as a challenging problem, coherent control of the PIPT dynamical process utilizing excitations of phonon
modes and electronic states will be discussed. It is quite naïve question that what occurs in the ultrafast PIPT dynamics
before the energy relaxation process which leads to decoherence of the electronic and/or electron–phonon coupled states
on the potential surface of photoexcited state. This is quite common problem with the research field of quantum (coherent)
control of chemical reaction dynamics [10–12]. Although the target material for PIPT is complicated many body system
coupling via cooperative interaction and thus different from the one for chemical reaction control, concepts of coherent
control can be utilized.

As schematically shown in Fig. 6, under this condition, ultrafast and coherent electronic and phonon dynamics will
play essential role in PIPT initial process on the excited state energy surface. Based on the obtained experimental results,
the importance of coherent electronic and/or electron–phonon coupled dynamics in ultrafast PIPT process (quantum
(coherent) control of PIPT) will be demonstrated. It should be noted that quantum (coherent) nature of the transformation
can be more and more pronounced when experimental set-up allows for shorter and shorter time scales. Therefore, a
clear-cut distinction between ‘‘classical’’ (structural changes and lattice degrees of freedom involved) and ‘‘quantum’’
(lattice degrees of freedom ignored) is rather difficult.

Recently, materials have been excited by ultrashort and intense coherent light in the ultraviolet to far-infrared (far-IR)
region. Especially in the far-IR (THz) region, a solid-state system can be driven by a single cycle or half-cycle of a light
wave. As shown in Section 5, an I-to-M transition and ferroelectricity can be induced by the strong electric fields of far-IR
and mid-IR light after just a few cycles. As an application of this advanced light source, Oka et al. [13] realized the Floquet
state and material tuning (Floquet engineering) by exploiting the strongly coupled state between the electromagnetic field
of photons and the electronic state of materials. Intensive studies of this photon-dressed state in a cooperative system
have just started. The experimental studies introduced in Section 5 will show the importance of the Floquet state in the
quantum (coherent) control of PIPT dynamics in strongly electron–lattice (or spin–lattice) coupled systems.

Photo-tuning of magnetic phase transitions triggered by the injection of spin-polarized carriers and/or spin excitations
occurs via the inverse Faraday effect. This type of photo-tuning has been extensively studied in ultrafast spintronics [14].
This review focuses on PIPT materials in electron–lattice coupled systems, which are related to ultrafast structural and
electronic-state dynamics. Therefore, it is limited to PIPT phenomena with magnetic responses based on spin crossover
and metal–insulator transitions, which realize the hidden state through classical (incoherent) and quantum (coherent)
dynamics. The photo-induced tuning of magnetic and spin states, including the photo-effect of magnets exhibiting exotic
quantum natures through strong correlation energies, is another large and growing field that has been covered in several
previous reviews [14–16]. In addition, the research field of PIPT in a various class of quantum materials including
topological and super conductive systems is now in progress. In should be noted that only a limited part of this class
of PIPT materials will be introduced (Sections 4 and 5). Please refer to the references given in Sections 4–6.
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ing the saturation densities (Ns!0.3!1016 photons/cm2 at
4 K and !0.1!1016 photons/cm2 at 77 K) and lp!400 Å,
we can estimate the width of the initial N excited state, WN,
produced by one photon (a single CT excitation) to be
8 D0A0 pairs at 4 K and 24 D0A0 pairs at 77 K.
Since the results of the photoconductivity measurements

shown in Fig. 2(b) demonstrate that the photocarriers are
never generated by the resonant CT excitations, the photoex-
cited states will have excitonic character. Considering that
the photoexcited state is composed of a number of D0A0
pairs, the photoexcited state is not attributable to a simple CT
exciton but to a 1D confined N states, which will be relaxed
from the Franck-Condon-type CT excited state. Formation
process of the 1D confined N state is schematically illus-
trated in Fig. 6(a). Formation of the 1D N domain composed
of a number of D0A0 pairs has been suggested from both
theoretical29–32 and experimental9,33 points of view, when the
N and I phases are almost degenerate. In the following, we
will call the initial N state as a confined 1D N domain. The
evaluated size of the confined 1D N domain at 77 K is larger
than that at 4 K. This is perhaps because the valence insta-
bility is enhanced near Tc.
At 4 K, the initial confined 1D N domains decay rapidly

for the low excitation density, while they are multiplied for

the high excitation density. The N states produced after the
multiplication have a lifetime much longer than 500 ps, sug-
gesting the formation of the stable N states, which are differ-
ent from the initial microscopic 1D N domains. It is reason-
able to consider that the 1D N domains make the neighboring
I states unstable and change them to N states, resulting in the
production of semimacroscopic N states. The I phase in
TTF-CA is stabilized by the interchain interactions as well as
the intrachain one, as demonstrated by the detailed structural
analysis.13 As for the interchain interaction, there are two
kinds of energy gain stabilizing the macroscopic I phase; one
is due to the interchain Coulomb interaction, and the other to
the three-dimensional (3D) ordering of dimeric displace-
ments giving rise to the ferroelectric nature. Both energy
gains will be lost by the generation of the confined 1D N
domains. That would be the reason why the multiplication of
the confined 1D N domains to the macroscopic N region
occurs. The photoinduced behaviors for the low and high
excitation densities observed at 4 K are schematically illus-
trated in Figs. 7(b) and 7(c), respectively.
At 77 K, the multiplication is observed for all the

excitation densities we used. The lowest one is 0.005
!1016 photons/cm2, which corresponds to !1 photon/
1000 DA pairs. Such a promotion of the multiplication pro-
cess of the N states at 77 K as well as the relatively large

FIG. 6. (a) and (b) are schematic illustrations of photoinduced
formations of a 1D N domain in the I phase and a 1D I domain in
the N phase, respectively. (c) and (d) show charged-solitons and
charged domains in the I phase, respectively.

FIG. 7. Schematic illustrations of the photoinduced behaviors
observed in the I phase; (a) the weak excitation at 77 K, (b) the
weak excitation at 4 K, and (c) the strong excitation at 4 K.
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As the nature of the initial excited states changes depend-
ing on the excitation energy, the spatial size of the initial N
state will also be varied. By assuming again that the
saturation of the −!R /R signal occurs when half of the mol-
ecules within the absorption depth lp is neutralized, we
evaluated the size of the initial N state from the
saturation photon density indicated by the arrows in Fig. 8.
The evaluated size is !17 D0A0 pairs for the 0.8 eV excita-
tion and !35 D0A0 pairs for the 1.0 eV excitation. These
values are the average size of the initial N states composed of
the noncharged N domains (the confined 1D N domains) and
the charged N states. The size of the former is !8 D0A0 pairs
"=WN# at 4 K as mentioned earlier. Judging from the excita-
tion energy dependence of B / "A+B# shown in Fig. 10, the
size of the latter "=WC# is expected to be slightly larger than
35 D0A0 pairs. The photoconductivity reflects the probability
of the carrier separation P, while B / "A+B# is expressed as
WC / $WCP+WN"1−P#%. Taking account of this relation, we
can estimate the size of the charged N state "WC# so that the
excitation energy dependence of the carrier generation prob-
ability P is equal to that of the photoconductivity. When we
set WC to be 40 D0A0 pairs, the values of P are calculated as
shown by the open squares in Fig. 10, the excitation energy
dependence of which is in good agreement with that of the
photoconductivity. The important point is that the spatial size
of the charged N state is much larger than that of the non-
charged N state (the confined 1D N domain) produced by the
resonant excitation.
The charged carriers will be converted to charged N do-

mains, probably during the carrier separation process. In
other words, the charge carrier injection (or equivalently the
injection of D0 and A0) in the I phase makes the neighboring
I molecules unstable and then a relatively large size of 1D N
domain is produced. Previous theoretical studies about the
TTF-CA revealed that a possible charged excited state in the
ionic phase is a charged soliton,31 which is schematically
illustrated in Fig. 6(c). When the energy of the N phase is
close to that of the I phase, the energy gain of the Coulomb
interaction by the charge will overcome the energy cost for
the generation of the N states (D0A0 pairs). As a result, the
width of the charged soliton is expected to increase as shown
in Fig. 6(d). Assuming that the sizes of the positively- and
negatively-charged N states are equal to each other, the size
of the charged-soliton-like N state is estimated to be
!20 D0A0 pairs, since the total size of the charged N state is
!40 D0A0 pairs as mentioned earlier. It should be noted that
the charged N state is composed of the odd number of neutral
molecules, as shown in Fig. 6(d). Such a large size of the
charged N state manifests that the charge-carrier injection
shown in Fig. 6(c) makes the neighboring I states more un-
stable than the excitation of the CT exciton (or a D0A0 pair).
The 1D charged-excited state will be strongly bound to the
lattice due to its net charge, as compared with the 1D N
domain with no charge. This may be the reason why the
lifetime of the charged N states generated by the higher en-
ergy excitation is much longer than that of the confined 1D N
domains generated by the resonant CT excitation as seen in
Fig. 9.
When the excitation density is increased further for the

higher energy excitations of 0.8 and 1.0 eV, the −!R /R sig-

nals just after the photoirradiation saturate as shown in Fig.
8, similarly to the result for the resonant "0.65 eV# excita-
tion. In these cases, multiplications of the N states are also
found to occur within about 30 ps and stable N states are
produced.

C. Coherent oscillations

In this subsection, we focus on the coherent oscillations
observed on the photoinduced reflectivity changes, !R /R,
associated with the I to N conversion. Figures 11(a)–11(c)
show the time characteristics of −!R /R for the 0.65 eV ex-
citation "0.3"1016 photons/cm2# at 77 K in three typical
time domains, 0–6, 0–18, and 0–500 ps, respectively. In Fig.
11(a), a rapid oscillation is observed as indicated by the ar-
rows. In Fig. 12(a), we expand the time domain of 0–3 ps.
By subtracting the background rise and decay from the time
profile and performing a smoothing, the oscillatory compo-
nent is obtained as shown in Fig. 12(b), in which an oscilla-
tion with the period of about 0.6 ps is clearly observed. The
similar oscillations are also detected at 4 K for the 0.65 eV

FIG. 11. Time evolutions of −!R /R at 2.25 eV "E!a# in the
time regions of 0–6 (a), 0–18 (b), and 0–500 ps (c) in the I phase at
77 K. The pump energy is 0.65 eV "E &a# and the pump density Nex
is 0.3"1016 photons/cm2. The arrows indicate the coherent
oscillation.
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硬X線

硬X線：結晶方位やドメイン
軟X線：吸収・発光測定

マルチドメイン構造における回折と分光の同時顕微測定2.

相転移で多ドメイン化や本質的相分離系
各ドメインの 
電子状態議論

外場誘起相転移物質 
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BaTiO3 の Ti Kβ 発光
電場で強誘電ドメインを 
揃え発光線変化

中島伸夫, 放射光 28, 12 (2015). 相分離した相の電子状態

2ビーム利用で 
単一ドメインを選択し 

発光測定

paring the signal from both different regions. In practice, we
use the average signal from the c-domain !VPFM" area com-
pared with the average signal from the a-domain !LPFM"
area to find the correction factor !, as denoted in Eq. !4"

! =

#1
m$LPFM$

m

#1
n$VPFM$

n

, !4"

where m and n denotes the summation over all LPFM
pixels and VPFM pixels, respectively. The ! factor measured
in the a-c domain structure is equal to 3.78"0.1.

It is known that in BaTiO3 the magnitude of the polar-
ization vector P! in a and c-domains is the same. Thus the
signal was corrected so that the maximum VPFM signal is
equal to the maximum LPFM signal, as follows:

Pz = !Pz
corrected, !5"

Px,y = Px,y
measured. !6"

The correct signals !Px , Py , Pz" are then transformed into
spherical coordinates !# ,$ , P" with Eqs. !7"–!9",

# = arcsin%Pz

P
& , !7"

$ = arctan%Py

Px
& , !8"

P = $P! $ = 'Px
2 + Py

2 + Pz
2, !9"

where # is the zenith !elevation" angle measured in ra-
dians from the x-y plane, $ is the azimuthal angle in radians,
and P is the magnitude in volts. Figure 2 shows the spherical
coordinate system.

For each image, the values of #, $, and P are plotted in
a histogram summing the number of occurrences !pixels" of
each value.

IV. RESULTS AND DISCUSSION

The Px,y,z values as given by Eqs. !5" and !6" of an 30
%30 &m2 area on the BaTiO3 crystal are shown in Fig. 3.
Note that scratches in the surface are clearly visible on the
PFM images.

Because the crystallographic plane of the imaged surface
is known to be !1 0 0", we correlated the orientation infor-
mation from PFM images with the crystallographic direc-
tions. In a tetragonal crystal system there are only six pos-
sible orientations along the axes of the coordinate system. In
our case a positive Pz value indicates a polarization in the (0
0 1) direction while a negative Pz value indicates the

TABLE I. Quantification of the domain orientations for the BaTiO3 sample.

BaTiO3 sample

Direction (0 0 1) (0 0 1̄) (1 0 0) (1̄ 0 0)
% of the image 27.5 32.4 15 25.1

FIG. 2. Scheme showing the spherical coordinate system.

(b)(a)

(c)

FIG. 3. !Color online" !a" Px, !b" Py, and !c" Pz signals as depicted in Eqs.
!5" and !6". The values are given in units of volts !V". Note that scratches on
the surface are clearly visible in the PFM images.

[001]

[001]

[100]

[100]

(b)(a)

(c)

FIG. 4. !Color online" PFM-images of Fig. 3 transformed to spherical co-
ordinates. The # and $ images !in radians" are in full agreement with the
domain structures shown by the symbols. The P-image indicates whether
the magnitude of the P-vector !in volts" is constant.
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BL11での予備実験計画

強誘電物質のドメイン内の電子状態
Beam size: HX 100 μm, SX 10 μm と予想

新光源での実験構想

K. Lai, Science 329 190 (2010).

Beam size: HX 1 μm, SX 0.1 μm と想像

新光源での期待
Beam size: HX 10 nm, SX 10 nm
ドメイン壁の内部構造の観測 4/5

(BaTiO3、マルチフェロ物質)

((Nd,Sr)MnO3 薄膜)



メゾスコピック構造系でのトポロジカル欠陥励起とその運動3.

磁気スキルミオン

H. Fujita, M. Sato, PRB 95 054421 (2017)
Y. Ishii et.al., Sci. Rep. 12 1044 (2022)

(several tens of nanometres) can be regarded as a magnetically 2D
system, in which the direction of q is confined within the plane
because the sample thickness is less than the helical wavelength;
therefore, various features should appear that are missing in bulk
samples. In the context of the skyrmion, the thin film has the advant-
age that the conical state is not stabilized when the magnetic field is
perpendicular to the plane23. Therefore, it is expected that the SkX can
be stabilized much more easily, and even at T 5 0, in a thin film of
helical magnet.

In this Letter, we report the real-space observation of the forma-
tion of the SkX in a thin film of B20-type Fe0.5Co0.5Si, the thickness of
which is less than the helical wavelength, using Lorentz TEM28 with a
high spatial resolution. The quantitative evaluation of the magnetic
components is achieved by combining the Lorentz TEM observation
with a magnetic transport-of-intensity equation (TIE) calculation
(Supplementary Information).

We first discuss the two prototypical topological spin textures
observed for the (001) thin film of Fe0.5Co0.5Si. The Monte Carlo
simulation (Supplementary Information) for the discretized version
of the Hamiltonian in equation (1) predicts that the proper screw
(Fig. 1a) changes to the 2D skyrmion lattice (Fig. 1b) when a perpen-
dicular external magnetic field is applied at low temperature and when
the thickness of the thin film is reduced to close to or less than the
helical wavelength. The Lorentz TEM observation of the zero-field
state below the magnetic transition temperature (,40 K) clearly
reveals the stripy pattern (Fig. 1d) of the lateral component of the
magnetization, with a period of 90 nm, as previously reported18; this
indicates the proper-screw spin propagating in the [100] or [010]
direction. When a magnetic field (50 mT) was applied normal to the
plate, a 2D skyrmion lattice like that predicted by the simulation
(Fig. 1b) was observed as a real-space image (Fig. 1e) by means of
Lorentz TEM. The hexagonal lattice is a periodic array of swirling spin
textures (a magnified view is shown in Fig. 1f) and the lattice spacing is
of the same order as the stripe period, ,90 nm. Each skyrmion has the
Dzyaloshinskii–Moriya interaction energy gain, and the regions
between them have the magnetic field energy gain. Therefore, the
closest-packed hexagonal lattice of the skyrmion has both energy
gains, and forms at a magnetic field strength intermediate between
two critical values, each of which is of order a2/J in units of energy. We

note that the anticlockwise rotating spins in each spin structure reflect
the sign of the Dzyaloshinskii–Moriya interaction of this helical mag-
net. Although Lorentz TEM cannot specify the direction of the mag-
netization normal to the plate, the spins in the background (where the
black colouring indicates zero lateral component) should point
upwards and the spins in the black cores of the ‘particles’ should point
downwards; this is inferred from comparison with the simulation of
the skyrmion and is also in accord with there being a larger upward
component along the direction of the magnetic field. The situation is
similar to the magnetic flux in a superconductor29, in which the spins
are parallel to the magnetic field in the core of each vortex.

Keeping this transformation between the two distinct spin textures
(helical and skyrmion) in mind, let us go into detail about their field
and temperature dependences. First, we consider the isothermal vari-
ation of the spin texture as the magnetic field applied normal to the
(001) film is increased in intensity. The magnetic domain configura-
tion at zero field is shown in Fig. 2a. In analogy to Bragg reflections
observed in neutron scattering22, two peaks were found in the cor-
responding fast Fourier transform (FFT) pattern (Fig. 2e), confirm-
ing that the helical axis is along the [100] direction. In the real-space
image, however, knife-edge dislocations (such as that marked by an
arrowhead in Fig. 2a) are often seen in the helical spin state, as
pointed out in ref. 18. When a weak external magnetic field, of
20 mT, was applied normal to the thin film, the hexagonally arranged
skyrmions (marked by a hexagon in Fig. 2b) started to appear as the
spin stripes began to fragment. The coexistence of the stripe domain
and skyrmions is also seen in the corresponding FFT pattern (Fig. 2f);
the two main peaks rotate slightly away from the [100] axis, and two
other broad peaks and a weak halo appear. With further increase of
the magnetic field to 50 mT (Fig. 2c), stripe domains were completely
replaced by hexagonally ordered skyrmions. Such a 2D skyrmion
lattice structure develops over the whole region of the (001) sample,
except for the areas containing magnetic defects (Supplementary
Information). A lattice dislocation was also observed in the SkX, as
indicated by a white arrowhead in Fig. 2c. The corresponding FFT
(Fig. 2g) shows the six peaks associated with the hexagonal SkX
structure. The SkX structure changes to a ferromagnetic structure
at a higher magnetic field, for example 80 mT (Fig. 2d, h), rendering
no magnetic contrast in the lateral component.

d e f

90 nm 90 nm 30 nm

[010] [100]

a b c

Figure 1 | Topological spin textures in the helical magnet Fe0.5Co0.5Si.
a, b, Helical (a) and skyrmion (b) structures predicted by Monte Carlo
simulation. c, Schematic of the spin configuration in a skyrmion. d–f, The
experimentally observed real-space images of the spin texture, represented
by the lateral magnetization distribution as obtained by TIE analysis of the

Lorentz TEM data: helical structure at zero magnetic field (d), the skyrmion
crystal (SkX) structure for a weak magnetic field (50 mT) applied normal to
the thin plate (e) and a magnified view of e (f). The colour map and white
arrows represent the magnetization direction at each point.
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SR光で格子形成過程及び駆動状態観測
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[Pt(3.2 nm)/CoFeB(0.7 nm)/MgO(1.4 nm)]15. The contrast between
very high DMI at the Pt/CoFeB interface and the lower DMI at
the CoFeB/MgO interface results in a large net DMI; additionally,
the materials composition yields a strong perpendicular magnetic
anisotropy (PMA). Together, these are able to stabilize magnetic
skyrmions in the stack at room temperature, as previously shown in
ref. 17. Furthermore, this material exhibits excellent homogeneity—
resulting in a landscape with a very low pinning energy—and thus
has great potential for obtaining reliable skyrmion dynamics. In
particular, the reproducibility of skyrmion motion resulting from
low pinning is crucial for pump–probe dynamic measurements
that reveal the dynamic velocities. Since the experimental contrast
is integrated over billions of repetitions of the excitation process,
variations in the skyrmion trajectories due to stochastic processes
would not yield a clear signal. The schematics of the measurement
can be found in Fig. 1.

First, we determine the topological properties and average veloci-
ties of the skyrmions, which identify the observed spin structures as
chiral skyrmions13,21. As already introduced in ref. 17, we used the
dependence of the skyrmion trajectory on the DMI to determine
the chirality of the system. The direction of the SOT-driven motion
of the skyrmion along the track (±x) depends only on the sign of
the DMI constant D, for a given spin Hall angle, and is indepen-
dent of the skyrmion polarity. We find that the skyrmion motion
occurs against the electron flow direction, which is the characteristic
behaviour for left-handed Néel domain walls and skyrmions, as
expected for Pt-interface-based materials when Pt is the bottom
interface. Having established the topological properties, we turn
to the dynamics in more detail. First we apply an out-of-plane
magnetic field of 30mT to set the size of the skyrmions11,17. A typical
view of such a skyrmion and a fit of its out-of-plane magnetization
profile can be found in Fig. 2a,b. Note that the analysis takes into
account the convolution with the X-ray beam, which increases
the observed contrast diameter as compared to the real skyrmion
diameter. The skyrmion diameter shown in the figure represents
the apparent skyrmion size during the dynamics. To excite the
dynamics, we applied bipolar current pulses designed to drive the
skyrmions back and forth to restore the initial state after each
pump–probe cycle. This allows for time-resolved imaging where
each frame corresponds to a snapshot of the skyrmions during the
measurement cycle, and therefore also during the excitation (details
in Methods).

Previous work demonstrated high average skyrmion velocities
exceeding 100ms�1 at current densities around 5 ⇥ 1011 Am�2, en-
abled by the lowpinning in thismaterial17. However, thatwork relied
on static imaging of the skyrmion positions before and after current-
pulse application, without providing information on the dynamic
trajectories and velocities. Pump–probe measurements, by contrast,
provide access to dynamic (time-resolved) velocity profiles of the
skyrmions, which cannot be directly inferred from conventional
static measurements because material inhomogeneities (for exam-
ple, pinning sites) can significantly influence the dynamic trajectory
and velocities. For this type of measurement, a tailored excitation is
required so that the pulses always move the skyrmions reproducibly
between the same positions. Details on this requirement and the
resulting e�ects for the skyrmion dynamics can be found in Supple-
mentary Section 2. Furthermore, only dynamic imaging can reveal
the open question of the e�ective mass and the inertia, as previously
found to be sizeable for bubble skyrmions13. Therefore, as a first step,
we extract the dynamic velocities of the skyrmions as a function of
time. This can be done by tracking the skyrmion positions in each
frame of the pump–probe measurement and then calculating the
displacements within the given time between the frames. Since our
samples are placed on thin siliconnitridemembranes in vacuum, the
heat dissipation is poor. For this reason, we include an increased de-
lay between the unipolar pulses with positive and negative polarity

y

MgO
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CoFeB

a c

+|Ja|

−|Ja|

+|v|

−|v|

−|v|
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db

x

SkH!

SkH!

Figure 1 | Schematic description of technique and observed skyrmion Hall
e�ect. a, Observed stack as single repetition. The layers show the relative
experimental thickness di�erences. b, Schematics of the scanning
transmission X-ray microscopy (STXM) measurements. An X-ray beam (1)
is focused via a zone plate (2) and an aperture (3) on the sample (4), which
is contacted by two gold striplines. The beam is transmitted through the
sample and the silicon nitride membrane (5). On the other side (not
shown), the beam is detected. The transmission of X-rays depends on the
magnetization at the specific focus spot. c,d, Skyrmions moving in a
magnetic wire (micromagnetic simulations, red and blue correspond to
negative and positive out-of-plane contrast, respectively). When excited by
an alternating current, the skyrmions move backwards and forwards at a
specific angle with respect to the current flow direction, the skyrmion Hall
angle ⇥SkH.

to allow the system to cool down (in the Supplementary Movie we
omit the frames corresponding to this delay period to highlight
the important times during the pulse injection where the dynamics
occur). Figure 2c shows the time-resolved skyrmion velocity. It can
be seen that the velocity follows the current density without any
noticeable delay, implying that the observed skyrmions exhibit only
a small inertia (upper bound⇡1.3⇥10�21 kg), which is significantly
lower than the values measured in ref. 13, where the inertia was
found to be large for non-chiral bubble skyrmions. This can be
explained as derived in ref. 13: the skyrmion mass scales inversely
with the rigidity of the spin structure, which in our case is very
high because of the strong DMI. The DMI lowers the e�ective
mass, because it makes the spin structure more rigid, and thus
counteracts the deformations needed for generating the e�ective
mass. As a result, the mass of our skyrmions can be expected to be
small as compared to the non-chiral bubble skyrmions observed in
ref. 13, which is in line with the observations and in agreement with
our micromagnetic simulations showing a delay of <100 ps and a
very similar response as compared to the experimental observations
(Supplementary Fig. 4). We note that di�erent uses of the term
‘bubble skyrmion’ are found in literature. Our use of the term (as
previously introduced in ref. 17), means that a ‘bubble’ describes
a magnetic structure with little DMI, and therefore is used for
skyrmions that are not necessarily chiral. Sometimes one can read
the term ‘bubble skyrmion’ also for skyrmions with a plateau region
in their centre, however this is not necessarily a feature set by the
DMI value. One can obtain a plateau for skyrmions inmaterials with
di�erent combinations of DMI and anisotropy and in general the
model described within this work can be used for a range of DMI
values as long as the skyrmion is chiral, as is the case for thematerial
used here where a fully Néel type domain wall is present.

The extracted peak dynamic velocities are slightly higher than the
averaged ones in the current density versus velocity plots derived
from static measurements17. This e�ect stems from the unknown
threshold current density in the static imaging and the dynamic
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固体内のメゾスコピック構造系において

これまでの観測方法
Scanning transmission X-ray microscopy (STXM) 

Magneto-optical Kerr effect (MOKE) microscopy
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−je

Q = +1Q = −1
a b

Substrate Substrate10 µm

Figure 5 | Accumulation of skyrmions at the device edge. a, Demonstration of skyrmion (Q=�1) accumulation at the edge of the device (width 60 µm
and length 500 µm). This is done by repetitively applying 50 pulsed currents of 50 µs duration at a frequency of 1 Hz with a current density
je =�6⇥ 106 A cm�2 and an applied field of +5.4 Oe. b, Reversing the magnetic field from positive (+5.4 Oe) to negative (�5.2 Oe) leads to the
accumulation of skyrmions with positive topological charge Q=+1 at the opposite edge.

one could electrically probe the skyrmion accumulation due to
the skyrmion Hall e�ect, from which the reciprocity between
the topological Hall e�ect and the skyrmion Hall e�ect can be
established3,6,46. For the topological Hall e�ect it should be beneficial
to have smaller skyrmions with consequently larger emerging
magnetic field.

By changing the sign of the topological charge, and the sign of
the electric current, we have revealed a strong similarity between
the conventional Hall e�ect of the electronic charge and the Hall
e�ect due to the topological charge. Furthermore, our results
suggest the important role of defects for understanding the detailed
dynamics of magnetic skyrmions. In the future, similar to the
well-studied motion of superconducting vortices in the presence
of pinning47, by tailoring the geometry/distribution of materials
defects or artificially created pinning sites, it will be possible to
experimentally reveal many exciting phenomena, such as dynamic
phase transitions, rectifyingmotion of skyrmions from ratchets, and
quantized transport ofmagnetic skyrmions5,33,34,42. Our observations
also indicate that the topological charges of magnetic skyrmions, in
combination with the current-induced spin Hall spin torque, can
be potentially integrated to realize novel functionalities, such as
topological sorting.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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