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4D Visualization of a Nonthermal Coherent Magnon in a
Laser Heated Lattice by an X-ray Free Electron Laser
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Kee Hoon Kim, Sang-Youn Park, Hee Jun Shin, Pavel Borisov, Matthew J. Rosseinsky,
Dogeun Jang, Hyeongi Choi, Intae Eom, Urs Staub, and Sae Hwan Chun*

Ultrafast optical manipulation of magnetic phenomena is an exciting
achievement of mankind, expanding one’s horizon of knowledge toward the
functional nonequilibrium states. The dynamics acting on an extremely short
timescale push the detection limits that reveal fascinating light-matter
interactions for nonthermal creation of effective magnetic fields. While some
cases are benchmarked by emergent transient behaviors, otherwise
identifying the nonthermal effects remains challenging. Here, a femtosecond
time-resolved resonant magnetic X-ray diffraction experiment is introduced,
which uses an X-ray free-electron laser (XFEL) to distinguish between the
effective field and the photoinduced thermal effect. It is observed that a
multiferroic Y-type hexaferrite exhibits magnetic Bragg peak intensity
oscillations manifesting entangled antiferromagnetic (AFM) and
ferromagnetic (FM) Fourier components of a coherent AFM magnon. The
magnon trajectory constructed in 3D space and time domains is decisive to
evince ultrafast field formation preceding the lattice thermalization. A
remarkable impact of photoexcitation across the electronic bandgap is directly
unraveled, amplifying the photomagnetic coupling that is one of the highest
among AFM dielectrics. Leveraging the above-bandgap photoexcitation, this

1. Introduction

Magnetism maneuverable by an ultrashort
optical laser pulse represents an outstand-
ing showcase that illuminates intriguing
light interactions with fundamental phys-
ical degrees of freedom in condensed
matter.'3] Apart from the magnetic field
component of the electromagnetic wave,
the light-matter interactions may pro-
duce an internal effective magnetic field
through relativistic spin—orbital coupling
(spin/orbital degrees of freedom),*¢! res-
onant electronic transitions (charge degree
of freedom),/”#] and direct optical pumping
of phonons (lattice degree of freedom).[-12!
Each of the processes commences nonther-
mally by the photoirradiation, being dis-
sociated with the photoinduced thermal
effect.3] The fascinating physics uncov-
ered in these processes have contributed to
the current research paradigm of investi-

energy-efficient optical process further suggests a novel photomagnetic

control of ferroelectricity in multiferroics.

gating photoinduced nonequilibrium states
in quantum materials." The emerging
research field of optospintronics regards
those nonthermal effects as innovative
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pathways to accomplish ultrafast control of the magnetic
moment.['3]

A variety of nonthermal ways to create an effective field have
been identified with the aid of time-resolved optical spectroscopy
experiments.[*1215-23] However, the fact that the optical tech-
niques also sense photoinduced changes in other degrees of free-
dom makes it nontrivial to distinguish the nonthermally created
field from the photoinduced thermal effect. While some cases
can be attested by transient magnetic behaviors distinct from the
static ones at the elevated temperature, e.g., pump-light polar-
ization dependences,[*>1%18] or emergent new properties,/!1:*]
or inferred by using a low pump fluence supposed to increase
temperature insignificantly,[2>2°] if neither of these criteria is ap-
plicable, it becomes challenging to identify the origin of mag-
netic dynamics. For dielectric materials, photoexcitation above
the electronic bandgap is one of the most effective ways to op-
tically manipulate material properties based on large amount of
the photoexcited charge carriers coupled to the other physical de-
grees of freedom.'*?"-2%1 However, for the study of the nonther-
mal field effects, this approach has been largely avoided because
of the great confusion with thermal effect caused by formidable
light absorption. If one has experimental probes that are able to
differentiate the dynamics of spin and the other degrees of free-
dom, the gateway to revealing nonthermal magnetic effects can
be widely open.

The recent development of X-ray free electron lasers (XFELs)
has made a breakthrough to extend various X-ray spectroscopy
and scattering techniques into ultrafast time domain based on
femtosecond X-ray pulses with high brightness.**! In this work,
we devise time-resolved resonant magnetic X-ray diffraction to
discriminate a nonthermally created magnetic field against the
photoinduced thermal effect in a multiferroic Y-type hexaferrite.
A coherent magnon trajectory visualized in 4D domains, i.e., 3D
space and 1D time, manifests sub-picosecond formation of the ef-
fective field followed by delayed lattice thermalization of 10 ps.
The 4D trajectory allows us to directly quantify the field strength
for both below- and above-bandgap photoexcitations, and in turn
unveils a large amplification of the photoinduced field for the lat-
ter. This observation underscores a highly energy-efficient route
to achieve substantial field strength desired for optospintronics
applications.[3*3] The scope of the applications even broadens for
multiferroics with magnetic and electric dipoles strongly coupled
to each other, in the perspective of that the optically manipulated
magnetic moment is functional for controlling the ferroelectric
polarization.33-3]

2. Results and Discussion

2.1. Photoinduced Intensity Oscillations in Magnetic Bragg
Reflections

The Y-type hexaferrite studied in this work is
Ba,Sr; sZn,(Fe,_, Al );,0,, (x = 0.08, BSZFAO), a multi-
ferroic material that features magnetically-induced ferroelectric
polarization (Pgg).1*) It has a transverse conical magnetic order,
ie., a canted AFM structure with a cycloid spin component,
which involves inverse Dzyaloshinskii-Moriya interaction
in creating Pp; (Figure 1a).’%¥] The notion that this mag-
netic order persists close to or even at room temperature (for
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x = 0.00) has drawn significant attention as a rare example
of room-temperature magnetoelectrics.?®! We choose the x =
0.08 compound marking a giant magnetoelectric coupling that
enables Py to be switched by a small magnetic field of <10
mT.3% We anticipate that the photoinduced effective magnetic
field in this multiferroic not only controls the magnetization but
also potentially manipulates Pgy.

Its transverse conical magnetic order consists of FM and
AFM components from the net magnetic moments y; and ug
of the structural L (large) and S (small) blocks, respectively
(Figure 1a).’”) For instance, the external magnetic field along the
x-axis in the ab-plane aligns the FM component of y; (m = p,,
+ p;,) along the field and the AFM component of y; (I = p;; —
H;,) along the orthogonal y-axis in the ab-plane. Meanwhile, ug
directs its FM component opposite to the field and AFM compo-
nent along the z-axis perpendicular to the ab-plane. These indi-
vidual sublattices of u; and ug give rise to FM (0 0 3n) and AFM
(0 0 3n + 1.5) Bragg reflections with integer n. These reflections
can be probed using resonant soft X-ray diffraction near the Fe L,
edge (=710 eV), owing to the long c-axis parameter of BSZFAO (c
=43.3 A, a=b=5.85 A) (Figure 1b,c). Figure 1d summarizes the
experimental layout, where an external magnetic field is applied
normal to the horizontal scattering plane. This geometry allows
the #—z" and 7—¢" polarization channels to selectively detect the
FM and AFM components, projecting each component on the
x-axis and the incident X-ray direction (|| k;), respectively.

We employ the optical laser pump and X-ray probe experiment
to investigate temporal changes of the magnetic Bragg reflec-
tions. The transverse conical magnetic structure is stable below
260 K with an external magnetic field (H,,) applied along the
ab-plane. To prepare the magnetic state, the sample was cooled
from 300 K (above the magnetic transition temperature) down to
82 K (the base temperature of the liquid-nitrogen cryostat) with
H,, = 200 mT (|| ab-plane) applied during the cooling process
(Figure 1d). The pump-probe experiment was conducted mostly
at the base temperature because the oscillating features in the
magnetic Bragg peak intensities could be clearly shown. The op-
tical laser with the wavelength (4,,.,) = 400 nm was used to ex-
cite the valence electrons above the direct bandgap (Figure S1,
Supporting Information).*”! We tuned the X-ray to the incident
energy (E;) = 702 eV, with an energy of a few eV below the Fe
L, edge, which penetrates deep into the material and probes the
bulk properties (see Experimental Section). Figure 2a shows the
transient intensities of FM (0 0 3), AFM (0 0 1.5), and (0 0 4.5)
Bragg reflections as a function of time delay after the photoir-
radiation. We observe that these Bragg peaks display multiple
oscillation cycles with a period of 24 + 0.5 ps. Their Fourier
transformation shows a single oscillation frequency centered at
41.7 £ 0.9 GHz (=~ 0.17 meV), implying a quasiparticle state
present with the corresponding energy (see Figure S3, Support-
ing Information).

Quasiparticles such as coherent phonons or magnons are able
to oscillate Bragg reflection intensities. We first inspect the rel-
evance of coherent phonon for the oscillating feature. The reso-
nant FM (0 0 3) Bragg peak contains structure factors not only
from the FM component but also from the crystal structure and
the orbital asphericity. If the coherent phonon is the origin of in-
tensity oscillation in the middle panel of Figure 2a, the same os-
cillation will be present in a non-resonant condition suppressing
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Figure 1. Crystal and magnetic structures of the Y-type hexaferrite and experimental layout for the time-resolved resonant magnetic X-ray diffraction.
a) The crystallographic unit cell (left) consists of multiple Fe/Al(blue)-O octahedra and Zn/Fe/Al(red)-O tetrahedra that construct magnetic L, , (orange
rectangles) and Sy , blocks (blue rectangles). The oxygen anions at the vertices are not shown for simplicity. The canted AFM magnetic structure (right)
is represented by net magnetic moments of the L (1, red arrow) and S (us, blue arrow) blocks under the external magnetic field, He, || +x. The u; and
us are constrained in horizontal and vertical planes (gray), respectively. The y; and us lead to the cycloidal spin components in the yz-plane with the
modulation || the z-axis, yielding the ferroelectric polarization || the y-axis. The dotted black frames are guides to the eye for conceiving the transverse
conical structure. The ¢ and 0 are angles between the y; and the x-axis, and between the ug and the z-axis, respectively. b) X-ray absorption spectrum
at the Fe L; edge. The circles denote the incident X-ray energies used in this work. c) L-scan covering FM (0 0 3), AFM (0 0 1.5), and (0 0 4.5) Bragg
peaks at T =82 K using an incident X-ray photon energy, E; = 711 eV. d) Layout of the time-resolved resonant magnetic X-ray diffraction. The horizontal
scattering plane (gray gradient) is defined by the incident (k;) and outgoing (k) wavevectors. Optical laser (red) and X-ray (blue) pulses are collinearly
incident on the sample with the polarizations lying in the scattering plane, i.e., p- and z-polarizations, respectively, while the diffracted X-ray pulse has

both 7z'- and ¢’-polarizations.

the magnetic contribution. It turns out such an oscillation is
not shown in the non-resonant (0 0 3) reflection (shown later in
Figure 4). Thus, we turn our attention to the coherent magnon as
the possible origin. We observe that reversing an external mag-
netic field inverts the oscillation profiles of the AFM (0 0 4.5)
Bragg reflection, while the profiles of the FM (0 0 3) Bragg reflec-
tion remain unaffected (Figure 2b,c). Notably, an AFM magnon
with u;; and y;, precessing counter-clockwise around quasi-
equilibrium positions fully explains the oscillation profiles of the
AFM (0 0 4.5) and FM (0 0 3) intensities (Figure 2d). For exam-
ple, the AFM precession projected on the scattering plane for H,,,
|| +x (Figure 2e) realizes that the AFM (0 0 4.5) intensity (x|! -
k;|*) minimizes at = /2-phase (every first quarter period) and max-
imizes at 3z /2-phase (every third quarter period). Meanwhile,
the FM (0 0 3) intensity (cx|m * x|?) minimizes at z-phase (every
half period) and maximizes at 2z-phase (every full period). These
relations result in inverted-sinusoidal and cosinusoidal profiles
in the AFM (0 0 4.5) and FM (0 0 3) Bragg reflections, respec-
tively. On the other hand, when H,, is reversed || —x, the yu;
and its precession trajectory are rotated by 180° around the z-
axis (Figure 2f): the AFM component precessing on the scattering
plane is reversed, while the FM component out of the plane keeps
the mirrorsymmetry. As the consequence, the AFM and FM pro-
files are inverted and maintained, i.e., sinusoidal and cosinu-
soidal, respectively (Figure 2b,c). We confirm that the other com-
binations of the precessing motions are incompatible with the
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intensity oscillations in Figure 2a—c (see Note S4 and Figures S5—
S8, Supporting Information).

2.2. An Effective Magnetic Hamiltonian Quantifying the
Precessing Magnetic Moment

An effective magnetic Hamiltonian model provides a further un-

derstanding of the coherent AFM magnon. This Hamiltonian is
built from the L and S blocks:[#041]

H =] Z Mg Hy+ 2] My My + 2] gl - Ky

Lj=12
2
+D, Y (Wi +Ds Y (Wi —H, Y (u+ul)
i,j=12 i,j=12 i,j=12

1)

with [, ¢, J;;, and J ¢ being the exchange interaction constants of L
and S, Land L, and Sand S blocks, respectively; D; and Dy are the
magnetic anisotropy constants of L and S blocks along the z-axis
(] [001]), respectively, and H, is the sum of internal (H,,,) and ex-
ternal (H,,,) magnetic fields along the x-axis. Most of the param-
eters in the Hamiltonian are determined by matching the simu-
lation and the experimental data of the static magnetization (M,)

vs magnetic field (see Experimental Section). The H,, regions

ext
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Figure 2. Transient magnetic Bragg peak intensities. a) AFM (0 0 1.5) (top), FM (0 0 3) (middle), and AFM (0 0 4.5) (bottom) reflections at
T = 82 K for a laser fluence = 1.0 m| cm~2 using E; = 702 eV. The transient data (symbols) are normalized to the intensity at a negative time delay
of —1 ps for each reflection. The solid lines are fitting results combining a damped oscillation and an exponential decay (Table S1, Supporting Informa-
tion). b) AFM (00 4.5) and c) FM (0 0 3) reflections for Hgy || +x (blue, 2.0 mJ cm~2) and —x (red, 3.0 m) cm~2) at T = 82 K. The colored circles correspond
to the same colored y; directions on the precession trajectory shown in (d). d) Schematic illustration of 1 ; and g, ,, which precess counter-clockwise
(denoted by black arrows) around the precession axes tilted further away from the x-axis. The spiral lines represent the precession trajectories toward
the new equilibrium directions. e,f) Top view of the experimental geometries for H,,; || +x (e) and x (f). The u; and its precession trajectory are projected
on the horizontal scattering plane. The y; at the beginning of the precession and at the first quarter of the oscillation period is denoted by the light red

and dark red arrows, respectively.

displaying steep (<100 mT), moderate (100 mT to 1.6 T), and gen-
tle (>1.6 T) slopes correspond to magnetic domain alignment,
gradual reduction of the transverse conical angles for y;, and y;,
down to zero, and progressive flop of ug, and ug, toward +x di-
rection, respectively (Figure 3a). The M, vs H,,, relation derived
from the magnetic Hamiltonian is consistent with the behav-
ior of the single magnetic domain, reproducing well the exper-
imental data above 100 mT. Meanwhile, the magnetic anisotropy
constants D; and Dy are determined from the magnon energies
calculated from the Landau-Lifshitz-Gilbert equation (see Ex-
perimental Section; Note S1, Supporting Information). Two so-
lutions for the equation correspond to normal modes that em-
body distinct magnitudes of AFM precessions of 1, and y1;,, and
ug and pg,. We assign the observed 41.7 GHz (x0.17 meV) in
Figure 2 to the lower energy magnon by noting that the higher
energy magnon in Y-type hexaferrites is usually located in the
frequency range of 0.5-1.5 THz.[***243] Using the fully deter-
mined parameters in the Hamiltonian, the relative magnitudes
of p;, and g, precessions are calculated (see Experimental Sec-
tion; Figure S2, Supporting Information). Figure 3d illustrates
the precession motion of the lower energy magnon relevant to
the observed intensity oscillations. The u; precession is dominant
and nearly isotropic in the surface normal to the precession axis,
while the ug precession is insignificant and anisotropically elon-
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gated along the x-axis. This calculation result verifies our data
interpretation mainly with the y; precession.

We note that the oscillation amplitudes measured at both mag-
netic reflections allow for direct quantification of the precessing
magnetic moment. For a more precise quantification, we match
the penetration depths between the X-ray probe and the optical
laser pump by tuning the incident X-ray energy E, = 711 eV. This
energy slightly above the Fe L; absorption edge significantly de-
creases the X-ray penetration depth comparable to that of the op-
tical laser pump for 4, = 400 nm (see Experimental Section).
(We avoid using the E; right at the Fe L, edge ~ 710 eV because
of the complexity of analysis caused by radically different relative
spin contributions from the octahedral and tetrahedral sites at the
Fe L, edge.*Y The E, = 702 and 711 eV employed for this study
capture the behaviors of the octahedral sites of which net spin
contribution is parallel to the net magnetic moment.) Figure 3b
shows that the AFM (0 0 4.5) intensity exhibits a large initial oscil-
lation amplitude amounting to 28 % of the static value at the laser
fluence = 1.0 m] cm~2. This change corresponds to the situation
that u;; and u;, move out of the xy-plane by 4° toward the +z and
—z directions, respectively, at the first z/2-phase (the first quar-
ter of the oscillation period). As the precession is nearly isotropic
around the precession axis (Figure 3d), each precession axis for
4y, and y, , tilts by the same angle toward —x direction from the
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Figure 3. Net magnetization modified by the photoexcited AFM magnon. a) H,,, dependence of M, per a formula unit (f.u.) at T = 80 K presenting the

experimental data (blue symbols) and calculation result (red lines) from the magnetic Hamiltonian in Equation (1). The gray circle denotes M, at H

ext

(= 200 mT) where the X-ray diffraction experiment is performed. b) AFM (0 0 4.5) and c) FM (0 0 3) intensities at H,, || +x and T = 82 K for a laser

fluence = 1.0 mj cm™2

using incident X-ray energy, E; = 711 eV. The colored circles correspond to the same colored y; directions on the precession

trajectory shown in (e). d) Schematic illustration of the precession trajectories of y; 1 and ug; simulated from the magnetic Hamiltonian. e) Illustration
of the magnetization (dark pink arrow along the x-axis) modified by the AFM magnon at the first half of the oscillation period.

initial position. The FM (0 0 3) intensity with the initial oscilla-
tion amplitude (Figure 3c) is consistent with that p;; and p,, tilt
by the same angle further from the precession axis when they
come back on the xy-plane at the z-phase (the half period). This
precession is able to change the net-magnetization substantially.
The M, vs H,, relation derived from the magnetic Hamiltonian
(Figure 3a) deduces AM, = —1.8 uy/fu. (%26.4 % of the static
M,) at the first z-phase (the first half period) and AM, = —0.9
ug/fou. at longer time delays when y;,; and y;, point along their
precession axis at the transient quasi-equilibrium (Figure 3e).

2.3. Time Scale of the Lattice Thermalization

A study of time-resolved optical spectroscopy measurement
suggested that photoinduced thermal changes in the mag-
netic exchange interactions and anisotropy energies may re-
sult in the quasi-equilibrium magnetic structure in the Y-type
hexaferrite.[*) However, we find that the substantial magnetiza-
tion change observed in Figure 3 is not relevant for the photoin-
duced thermal effect. If the thermal effect were dominant, the
AFM (0 0 4.5) and FM (0 0 3) intensities would decrease by a
comparable amount, in accordance with the temperature depen-
dence of the magnetic Bragg peak intensities observed in neutron
scattering.’’] This assessment is contradicted with the quasi-
equilibrium intensities (the dotted offset lines in Figure 3b,c) that
exhibit —3% of the AFM (0 0 4.5) reflection, much less than the
amount —23% of the FM (0 0 3) reflection. In order to confirm
ultrafast nonthermal formation of offsets, we examine the tran-
sient intensities by subtracting the oscillatory contributions (see

Adv. Mater. 2023, 35, 2303032 2303032 (5 of 11)

Figure S9, Supporting Information). It is noted that the offset
of the FM (0 0 3) reflection intensity emerges on a resolution-
limited short timescale, implying a nonthermal origin. [The ini-
tiation of small offset for the AFM (0 0 4.5) reflection is hard
to resolve precisely as it is influenced by the remaining oscilla-
tory feature that is not completely subtracted from the data.] At
long timescales, there may be a thermal contribution to the tran-
sient intensities. However, our observation in Figure 3b,c (also
Figure S9, Supporting Information) indicates that this thermal
contribution does not significantly impact the nonthermal effect
for laser fluences below 2 mJ cm™2.

To confirm the irrelevance of the thermal effect to the observed
substantial magnetization change, we inspect the timescale for
the lattice to be heated by the photoirradiation with a higher flu-
ence (8.3 mJ] cm~2). We note that the FM (0 0 3) Bragg peak
contains the crystal structure factor and its radial profile (e.g., 6—
20 scan) serves as an indicator of the lattice response. Figure 4b
shows the time-delay dependence of the peak shifts and widths
obtained by fits to a Lorentzian for the §-26 scans (Figure 4a). It
is evident that the Bragg peak shifts to a lower angle after 10 ps
manifesting a lattice expansion while the rapid increase of the
peak width around the same time delay indicates sizable strain
gradient during the lattice expansion. The lattice response is also
checked by the non-resonant X-ray diffraction at E, = 652 eV
tuned away from the X-ray absorption edges of any atomic ele-
ment in the BSZFAO (Figure 4c). It appears no pronounced os-
cillation in the transient (0 0 3) Bragg peak intensity, but sub-
stantial intensity decrease after 10 ps followed by a saturation af-
ter 50 ps. This intensity change shows a monotonic dependence
with the fluence, indicative of photoinduced thermal effects with
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Figure 4. Transient response of the lattice to the laser excitation. a) The 626 scans of the (0 0 3) peak at selected time delays for a high laser fluence
= 8.3 mJ cm~2 of the photoirradiation with Aj,.., = 400 nm (above the bandgap). The data (circles) obtained at T = 82 K under the resonant condition
E; =711 eV are fitted with a Lorentzian profile (solid line) and vertically shifted for clarity. Each fitted peak position is indicated by a star symbol and
the position at —1 ps is denoted with a vertical dashed line. b) Summary of the fitted peak position (red square, left axis) and peak width (blue circle,
right axis) in the FWHM as a function of time delay. The error bars are the standard deviation of the fit. ) Normalized intensity changes at T = 82 K
under a non-resonant condition E; = 652 eV for laser fluences of 1.3 m) cm~2 (cyan) and 5.8 m) cm~2 (pink). This intensity change shows a monotonic
dependence on the fluence, indicative of photoinduced thermal effects, a combination of the Debye—Waller factor, the peak shift (expansion) and width
change (correlation length). The vertical dashed line (gray) depicts the onset of the peak shift and intensity change noticed in (b) and (c).

a combination of the Debye—Waller factor and the peak shift. The
lattice thermalization much slower than the formation of quasi-
equilibrium point for the magnetic moment direction evinces the
engagement of a nonthermal origin for the coherent magnon.

It is noteworthy to mention that the magnetic Bragg intensity
change observed for laser fluences below 2 m] cm™ is not sig-
nificantly influenced by the peak shift and broadening. The max-
imum values of peak shift and broadening for 2 m] cm=2, de-
termined through linear interpolation from the values obtained
at 8.3 mJ cm~? (Figure 4b), are A(20) ~ —0.07° and Apeak-width
change of ~0.6°. These changes are insignificant when compared
to the relatively broad FM (0 0 3) Bragg peak, which has a FWHM
(full-width-at-half-maximum) of ~3° for the negative time de-
lay in the resonant X-ray diffraction condition at E, = 711 eV
(Figure 4b). The mosaicity of the magnetic Bragg peak is 0.2° in
the FWHM (see Figure S10, Supporting Information), which is
still considerably broader than the estimated A9 ~ —0.035°.

2.4. Photoinduced Effective Magnetic Field

We note that the 4D trajectory of the magnon is able to eluci-
date the cause of the large change of magnetization. We first
rule out ICME (inverse Cotton—Mouton effect)('”1822] and IMR
(inverse magneto-refraction)!”8! for photoinduced effective mag-
netic field available by the linearly polarized pump laser. These
effects are present only when the laser pulse resides in the sam-
ple and thereby leads a magnetic moment to precess around its
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original position after the pulse is gone, which are disagreed by
the formation of the new quasi-equilibrium position (Figure 3e).

Instead, we find that nonthermal DECM (displacive excitation
of coherent magnon) effect is consistent with our observation.!1¢]
This effect produces a long-lived, photoinduced magnetic field
(Hppoto)» Which is described as:!*1¢!

Hpoto = Zia B EM, )
where y;yy is components of a fourth-rank magnetoelectric ten-
sor related to the magnetic symmetry, Ej, is electric-field com-
ponents inside the BSZFAO launched by the pump laser (long
living even after the pump duration, to be discussed later), and
M, is components of the magnetic moment at the initial equilib-
rium position. The transverse conical order in the BSZFAO has
the magnetic symmetry with nonzero y;;y components that al-
low the net of H,,, to be axial to the magnetization (M,) with
not only p-polarization but also s-polarization of the pump laser.
The H,,, direction turns out to be opposite to M,. We confirmed
the qualitatively similar intensity oscillations in the AFM (0 0
1.5) Bragg reflection for both polarizations (Figure S11, Support-
ing Information), while the quantitative difference is attributed
to the polarization dependence of either the laser absorption or
the magnetoelectric tensor component, .

The magnitude of Hy,,, can be quantified based on the quasi-
equilibrium position determined in the 4D precession trajec-
tory. We evaluate AM, at this quasi-equilibrium position, and

then deduce the corresponding H,,,, through the M, vs H,
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Figure 5. Effective magnetic field changes due to the laser excitation. a) AFM (0 0 4.5) intensities (circles) and their fit (solid curve) at H,; (=200 mT)
|| +x and T = 82 K using incident X-ray energy, E; = 711 eV for the laser pump with ..., = 400 nm (above the bandgap). The data for each fluence
are vertically shifted for clarity. The gray lines denote initial intensities. b) FM (0 0 3) intensities (circles) and their fit (solid curve) under the same
experimental condition except the laser pump with Aj;., = 800 nm (below the bandgap). c,d) The laser fluence dependence of H,,o, estimated from
the coherent magnon trajectory for Aj,., = 400 nm (pink circles) (c) and 800 nm (cyan squares) (d). The dashed lines are guides to the eye. The error
bars are determined by the range of fitting parameters that give 10% increase of the least-squares values from the best fitting result.

relation, assuming AH,,, = —|H,;,,|- Figure 5c shows H; ., asa
function of laser fluence that follows a linear slope below 1.0 m]
cm~? in good agreement with Equation 2 (e.g., E? « fluence) and
then becomes saturated. At higher fluences, it is hard to deter-
mine Hy;,,, because the intensity oscillation profile is distorted
by other effects such as ultrafast demagnetization!*! or magnetic-
order melting!?®?%4¢] within 1 ps, the redshifting of the magnon
frequency caused by a substantial increase of temperature af-
ter 10 ps, and the irregular oscillation amplitude possibly due
to enhanced magnon—-magnon or magnon—phonon scatterings
(Figure 5a). To confirm the trend of H,,,, upon the laser flu-
ence, we switch 4, from 400 nm (the photon energy above the
bandgap) to 800 nm (below the bandgap) (Figure 5b). The behav-
iors of H,, for both laser wavelengths qualitatively agree well
with each other, except that 4., = 800 nm requires a 15 times
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higher fluence compared to 4., = 400 nm to achieve the same
level of Hy,,, (Figure 5d). [The initial increase of FM (0 0 3) inten-
sities before 2 ps in Figure 5b is attributed to a different origin.]

We remark that the overall fluence dependence in Figure 5c,d
is in stark contrast with that for the coherent magnon driven
by photoinduced strain on the lattice.[***”#1 The photoexcita-
tion above and below the bandgap are able to produce the strain
through one-photon and two-photon absorption processes, re-
spectively. In turn, the magnitudes of strain and its resultant co-
herent magnon follow linear and quadratic dependence on the
laser fluence for the former and the latter, respectively, which con-
tradicts our result in Figure 5c,d. Besides, the oscillation profiles
measured with E; = 702 and 711 eV penetrating differently deep
into the sample, match each other by adjusting their scale of am-
plitude to the penetration mismatch. If the strain propagating
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from the sample surface were involved in generating the coher-
ent magnon, both profiles would be qualitatively different. For
instance, the signal measured with the X-ray probe at E; =702 eV
penetrating deeper than the laser pump with 4., = 400 nm
would be influenced by the strain after about tens of picosecond
(see Figure S3, Supporting Information).

2.5. Possible Microscopic Mechanism

The photoexcitation above the bandgap yields significant photon
absorption that generally obscures the influence on the photo-
magnetic effect due to other myriad photoinduced phenomena,
e.g., demagnetization, magnetoelastic effect, and so on.[?-2932]
We remark that the 4D trajectory of the precessing magnetic mo-
ment enables clear access to the photomagnetic effect against the
complication of the above-bandgap photoexcitation. This unique
merit allows us to find a remarkably large amplification of the
photomagnetic coupling. The coupling strength determined by
the linear slope of H,,,, vs fluence presents 187 + 13 mT cm’
m]~! for the above-bandgap photoexcitation (4., = 400 nm),
which is much larger than 12.3 + 0.5 mT cm? m]~! for the below-
bandgap photoexcitation (4, = 800 nm). This amplified photo-
magnetic coupling is at least an order of magnitude higher than
those in other AFM dielectrics, which have been characterized
only for the below-bandgap photoexcitation!*”*1¢] due to the diffi-
culty aforementioned for the time-resolved magneto-optical spec-
troscopy. Note that the realized Hy,,,, = 187 mT with the fluence
of 1.0 mJ ecm~ for A, =400 nm, is as strong as the field strength
of rare-earth permanent magnets widely used in practice. This
level of Hy,,, may flip the magnetization with a single-laser shot
in a magnet, if the coercive magnetic field is small.

The enhanced photomagnetic coupling in the BSZFAO is un-
derstood based on the microscopic origin for DECM effect.[1¢]
This effect relies on photoinduced electron redistribution among
multivalent magnetic ions, which lasts long even after the pho-
toirradiation. For example, iron garnets are known to have
the nonthermal valence exchange persisting longer than a few
nanoseconds, resulting in a quasi-static photoinduced magnetic
anisotropy (PMA) that essentially works as a photoinduced mag-
netic field.['®! This microscopic process is known for the below-
bandgap photoexcitation, but in principle also available for the
above-bandgap photoexcitation. We note that a similar valence ex-
change channel is allowed for the BSZFAO. Its oxygen vacancy
induced during the single crystal growth yields the multivalent
iron ions distributed on tetrahedral/octahedral sites.l’"! This sit-
uation is analogous to that in the iron garnets. Therefore, the en-
hancement of photomagnetic coupling in the BSZFAO implies
higher efficiency in the valence exchange process through the
charge transfer transition above the bandgap than the d—d tran-
sition below the bandgap. This route to boost the photomagnetic
effect will be also effective for a variety of AFM dielectrics.

3. Conclusion

The 4D visualization of the coherent magnon realizes a
long-anticipated capability of XFELs for investigating ultrafast
nonequilibrium magnetic phenomena. This allows us to un-
ambiguously identify the photoinduced magnetic field for both
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above- and below-bandgap photoexcitation in a Y-type hexafer-
rite. We find that a remarkable amplification of the photomag-
netic effect is achieved by the photoexcitation above the bandgap,
which accounts for a large modulation of the net magnetization
through the photoexcited AFM magnon. The notion that this hex-
aferrite is a multiferroic with ferroelectricity and ferrimagnetism
strongly coupled to each other, suggests application prospects not
only for optospintronics but also for ultrafast optical control of
magnetoelectric effects.[>*3] This work fully demonstrates the
advantages of resonant and nonresonant X-ray diffraction exper-
iments brought into the ultrafast time domain, and further ex-
tends one’s capability of revealing nonthermal phenomena in
quantum materials with complex coupling among the funda-
mental physical degrees of freedom.

4. Experimental Section

Sample  Preparation and  Characterization: Single crystals of
Bag5SrysZn,(Fe1_,Al) 1,0, (x = 0.08) (BSZFAO) were grown from
Na,O-Fe,O; flux in air. The chemicals were prepared with the
molar ratio, BaCO3:SrCO;:Zn0O:Fe,0;:Al,05:Na, 0 = 19.69(1 -
x'):19.69x":19.69:53.61(1 — x):53.61x:7.01, heated up to 1420 °C, and
underwent a series of thermal cycles. The x' (= 0.85) and the thermal
cycles followed the conditions in ref. [51].

An epitaxial thin film of BaFe,y,Sc; 3O (M-type hexaferrite) with thick-
ness = 74 nm was grown on the Al,O; (00.1) substrate by pulsed laser
deposition under the same growth conditions as in ref. [52] and annealed
ex situ twice, 2 hours at 930 °C and 2 hours at 1000 °C under flowing
O, atmosphere. The film thickness and crystal structure were confirmed
by X-ray reflectometry and X-ray diffraction measurements (out-of-plane
and ®-scans), respectively, using a Panalytical X'Pert MRD diffractometer
(Philips) equipped with a four bounce Ge (2 2 0) monochromator and a
Cu K, radiation source.

The magnetization vs magnetic field curve for the BSZFAO single crystal
was measured by using a vibrating sample magnetometer incorporated
with PPMS (Quantum Design).

Time-Resolved Resonant Magnetic X-ray Diffraction Experiment: The op-
tical laser pump and X-ray probe experiment was carried out using the
RSXS (Resonant Soft X-ray Scattering) instrument in the soft X-ray beam-
line of PAL-XFEL.I3] The BSZFAO single crystal was mounted on a six-
axis open-flow cryostat manipulator inside an ultrahigh vacuum chamber.
The sample was cooled down to T = 82 K with an external magnetic field
(Heyt) = 200 mT applied along the x-axis in the ab-plane. A pair of Nd—Fe—
B magnets were attached to the sample holder and rotated together with
the sample when the azimuthal angle was changed.

The optical laser pump was tuned to the wavelength = 400 or 800 nm,
the pulse duration =~ 100 fs, and the repetition rate = 30 Hz. The laser
was horizontally polarized (i.e., p-polarization) and was incident on the
sample in parallel to the X-ray probe. The time delay between the optical
laser pump and the X-ray probe was controlled by a motorized linear stage.

The X-ray pulses were generated to have a pulse duration of ~80 fs
and the repetition rate = 60 Hz. The horizontally polarized X-ray and 26
rotation of the detector established the horizontal scattering geometry re-
sulting in incident z-polarization. The scattered X-ray pulses were detected
by an avalanche photodiode whose signals were recorded by a high-speed
digitizer. The incident X-ray photon energy was calibrated from the X-ray
absorption spectrum (XAS) of 100 nm-thick Fe foil measured via the trans-
mission mode across the Fe L; edge. The repetition rate of the X-ray twice
that of the optical laser pump allowed to compare the sample signals
with/without the pumping for each time delay. This alternating probe re-
moved errors from the mid- and long-term variations of the X-ray intensity.

Penetration Depth of the X-rays: The X-ray penetration depth at E; =
702 eV, just below the Fe L; edge =~ 710 eV, was calculated to be 363 nm
(density =5.14 g cm™ incident X-ray angle = 90°) from the database of
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the Center for X-ray Optics.[>] It is well known that these calculations are
accurate for X-ray energies away from the absorption edge. To estimate the
penetration depth at the edge at 711 eV more precisely, the intensity ratio
~9.26 of the XAS spectrum at the pre-edge and the absorption edge were
taken into account.[*4] The penetration depth was deduced to be 39 nm by
dividing the depth at E; = 702 eV by the XAS intensity ratio. In the actual
experimental geometry with an incident angle (), the penetration depths
calculated for normal incidence needed to be multiplied by the factor of
sin(6). In the geometries of the (0 0 3) Bragg reflection with an angle of
0 ~ 29° and the (0 0 4.5) Bragg reflection with an angle of 6 ~ 66°, the
penetration depths from the sample surface were estimated to be 19 and
36 nm, respectively at E; = 711 eV.

Penetration Depth of the Optical Laser: Optical transmittance mea-
surement by the UV-vis—NIR spectroscopy identified the absorption co-
efficient and penetration depth of the sample in the wavelength range.
The BSZFAO single crystal was attempted to measure, but it was too thick
(=200 um) to obtain any relevant signal, absorbing almost all the incident
photons. Alternatively, an epitaxial thin film of BaFe;y,Sc; 3019 (M-type
hexaferrite) with thickness = 74 nm was measured to estimate the pene-
tration depth.[>?] This M-type hexaferrite is known to have material prop-
erties in common with the BSZFAO, such as the transverse conical mag-
netic structure and magnetoelectricity.[?] Figure S1 (Supporting Informa-
tion) shows a substantial rise of the absorption coefficient above 2.85 eV
(blue), indicating the direct electronic bandgap. The penetration depth re-
duced abruptly around this wavelength and was counted to be 39 nm at
Alaser = 400 nm. Later, the absorption coefficient (red, Figure S1, Support-
ing Information) of the BSZFAO was obtained by the optical ellipsometry
measurement using M-2000 (). A. Woollam Co.). Figure S1 (Supporting
Information) shows that the BSZFAO has a direct bandgap = 2.75 eV and
the penetration depth = 30 nm for Aj,,, = 400 nm (3.10 eV, above the
bandgap) and 263 nm for Aj,.., = 800 nm (1.55 eV, below the bandgap).
In the experimental setup where the optical laser pump and X-ray probe
were incident collinearly on the sample, the penetration depths from the
sample surface were calculated with the penetration depths for normal in-
cidence multiplied by the factor of sin(6): in the geometries of the (0 0 3)
Bragg reflection (6 ~ 29°) and (0 0 4.5) Bragg reflection (0 ~ 66°), 15 and
27 nm, respectively for A,¢e, =400 nm, and 131 and 237 nm, respectively
for Ajpser = 800 nm.

Fitting of the Transient Magnetic Bragg Peak Intensities: The magnetic
Bragg peak intensities in Figure 2a are fit with a damped oscillation and
an exponential decay:

M] —Ayexp (—t/7;) + A @)

I=A —t i
yexp( /71)5'”[ -

where t is the time delay, t; is a phase shift, Q is the oscillation period,
and 7, is a damping constant for the oscillation and 7, the exponential
decay constant; A;, A, are amplitudes of the oscillation and the decay, re-
spectively, and A; represents a constant background. The values extracted
from the fit to the data in Figure 2a are summarized in Table S1 (Support-
ing Information).

Magnetic Hamiltonian Model Calculation: The M, vs H,,, relation was
deduced from the magnetic Hamiltonian (Equation 1) minimized with re-
spect to the u; and g directions.*! The u; 4, w5, sy and pg, vectors
constructing the transverse conical magnetic structure (the right panel of
Figure 1a) are represented as:

M Hcosp Uiy uicosp

#{1 =|-pising|, M{z = psing (4)
Hiy 0 Hi 0

Hey —pssing He, —pssing

=1 o |, and|u,|=[ O (5)
;421 —puscost ”gz pscosl
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where ¢ and 6 are angles between y; and the x-axis, and ug and the z-axis,
respectively. The magnetic Hamiltonian (Equation (1)) can be reformu-
lated as:

M = —4) suyps cos sin0 + 2, (u)? (cos’ — sin’g)
+2Jss(us)? (sin26 — cos?8) + 2D (us)*cos?d
= 2(Hiny + Hey) (1 cos ¢ — ps sin6) (6)

Minimizing the Hamiltonian with respect to the i, and us directions or
¢ and 6 angles,

oH . .
W, {4)1sussin@ — ) uy cos d + 2(Hine + Hex)} (kg sing) =0
(7)
% = {—4J,5u; cos p + 8ssus sin@ — 4D ps sin O
¢
+2(Hing + Hex)} (uscos@) = 0 8)

When the external magnetic field, H,,, is increased to 1.59 T, it is known
that ¢ gradually decreases to zero, while 8 remains finite.[*’] In the region

of Hyy < 1.59 T, the aforementioned minimization conditions lead to

M, (ug/fu.) = pfy + wey = py cos¢— pssing

215 =2y~ (2Jss =D
:{JLS i~ (Yss — Ds)} (Hint + Hext) ©)

2{J2s =21 @ss — Ds)}

while in the region of H,, > 1.59 T, as ¢ is fixed to zero,

2{(2Jss = Ds) = Jus} m,
2(2Jss — Ds)

M, (ug/fu) = ufy + pey =p —pssing =

1
+ 2@ —D3) (Hint + Hex) (10)

The M, vs H,, relation was represented with these two linear lines with
a change in slope at Hg,; = 1.59 T.

The net moments of the L and S blocks were set as |y, | = 17.5 ug and
|us| = 4 ug with the notion that interlayer spins of Fe3* ions within each
block are in antiparallel and unequal numbers of Fe3* sites at different
layers result in the uncompensated moments. It was found that the M,
Vs Hey relation with J slu [|us| = 85.3 ug T, Ju |u,[* = 54.8 g T, Jsslusl®
= (40 + 0.8 Dg) ug T, and H,,; = 1.21 T is in good agreement with the
experimental data (Figure 3a). Incorporating the Dzyaloshinskii-Moriya
interaction into the magnetic Hamiltonian and adjusting the M, vs H,
relation might improve the correspondence between the calculated results
and experimental data.l*'l However, it was inferred that the interaction
still had a minor impact as indicated by the small deviation observed in
Figure 3a.

The parameters and relation obtained above were employed to deter-
mine the magnetic anisotropy constants, D; and Ds. To this end, the
Landau-Lifshitz—Gilbert equations (without damping terms for simplic-
ity) were used that are written:

d /- - o7 d /- - Uz
= () == (nyHL) and = (fis) =~ (ﬂsts) i)
where y is the gyromagnetic ratio and FIL(S) = —VML(S)H is the effective

magnetic field on the L(S) block. The solutions taking into account AFM
precessions of u; 1 and y;,, and us, and us, reveal two k = 0 normal
AFM magnon modes (Note S1, Supporting Information).[*1l The lower
energy AFM magnon (low-lying mode) was attributed to the coherent
magnon with the frequency of 41.7 + 0.9 GHz.[40] The higher energy AFM
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magnon (high-lying mode) was presumed in the frequency range 0.5-1.5
THz where a number of Y-type hexaferrites exhibited another AFM magnon
mode.[4243] By setting the frequency of this higher energy mode to 0.8
THz, it was found that D, | |? = 11.6 ug T and Dg|ug|> = —54.4 ug T.

With all the parameters determined in the magnetic Hamiltonian, rel-
ative magnitudes of the AFM magnon modes were calculated. Figure S2
(Supporting Information) shows the trajectories of the lower- and higher-
frequency modes. The former mode had dominant u; precession of which
trajectory was nearly isotropic, while ug precession was insignificant and
highly anisotropic along the x-axis. On the other hand, the latter mode ex-
hibited comparable magnitudes of the y; and ug precessions that were
largely elongated along the z-axis and nearly circular, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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