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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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X-ray free electron laser




Why is it called X-ray free electron “LASER”?

Patterson et al., Phys. Chem. Chem. Phys. 12, 5647 (2010)
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XFEL vs. synchrotron radiation sources

XFEL Synchrotron
(4" generation) (3 generation)

Brightness o ~1034. : ~1026
(photons/sec.mm2.mrad?.0.1%BW) 0,. e
“ = l Ay ..‘
Coherence length s, ~100 uym : ~10 um
"l--ll‘
. ““-llll....
Pulse duration 5 ~0.025 ps ‘2 ~100 ps
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Three key features of XFEL

1. High brightness — Sensitive to subtle scattering amplitude

2. Coherence length — Imaging crystals at the micrometer and nanometer scales

3. Short X-ray pulse duration — Ultrafast dynamic phenomena employing “pump-probe”
scheme

Available hard X-ray FEL facilities (2023.11.)

1. LCLS (U.S., 2009) 4. European XFEL (Germany, 2017)
2. SACLA (Japan, 2012) 5. SwissFEL (Swiss, 2017)
3. PAL-XFEL (Korea, 2017) 6. SHINE (China, under construction)




Time-resolved x-ray scattering/spectroscopy at XFEL
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X-ray probe

& Optical laser pump

X-ray probe

\

» Synchronized with the trigger signal shared by pump and probe beams

» Time-delay is tuned by changing the path length of the optical laser



Transient landscape of the atomic potential energy surface

Atomic potential energy surface of Bismuth

D. M. Fritz et al., Science 315, 633 (2007)
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Difficulty to observe coherent magnons using the XFEL

CuO TbMnO,4 TbMnO,
Optical laser pump: 1.5 eV Optical laser pump: 1.5 eV Optical laser pump: ~8 meV (2 THz)
S. L. Johnson et al., PRL 108, 037203 (‘12) J. A. Johnson et al., PRB 92, 184429 (‘15) T. Kubacka et al., Science 343, 1333 (‘14)
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» The standard to identify the coherent magnon s 173
is not established due to the rare observation. A ORI

» The oscillation amplitude might be too small to be
observed with the signal-to-noise ratio achievable
by the XFEL.



Strategic plans to hunt the coherent magnon

Magnetic field

Q
~—— Resonant magnetic X-ray diffraction — - Hexaferrite N
1. Separate n-6’/ n-n’ polarization channels: 1. A canted antiferromagnet; a known platform to
magnetic moment projected on the k; and x host large-amplitude coherent magnons
directions, respectively
2. Shortened penetration depth of X-ray due to 2. Substantial magnetic scattering cross section
increase of absorption for better matching that of at the Fe L;-edge (~710 eV)
the optical laser
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Multiferroic Y-type hexaferrites

Hexaferrites Applications

kRefrigerator magnets Magnetic recording media icrbwave devices )
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Time-resolved resonant magnetic X-ray diffraction

Y-type hexaferrite: Ba, ;Sr, :Zn,(Fe, 9,Al} 5)12052

Transverse
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Intensity oscillations in the magnetic Bragg peaks

Amplitude (a.u.)

» A coherent quasi-particle with 42 GHz
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Dependence on the direction of the applied magnetic field
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Dependence on the direction of the applied magnetic field

4 N

= AFM component
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An analysis with the effective magnetic Hamiltonian

H=J z (s; .AELj) + 20 Uy - ) + 20 5 (U - Hs,)

i,j=1,2

+D, Z (ﬂﬁ_-)z + D z (‘Us;'_-)j —-H, Z (A + U,
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An AFMR magnon responsible for the intensity oscillation
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A nonthermal, photoinduced magnetic field
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» A nonthermal photoinduced effective magnetic field

Hyphoto = Xijki EjExM,
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Possible microscopic origin of the photoinduced magnetic field

Iron garnet: Gd;Fe;0,,

F. Hansteen et al., Phys. Rev. Lett. 95, 047402 (‘05); . . . .
F. Hansteen et al., Phys. Rev. B 73, 014421 (‘06) A. Kirilyuk, A. V. Kimel, and Th. Rasing, Rev. of Mod. Phys. 82, 2731 (‘10)

N T~
» Photoexcitation induces

electron transfer between
different Fe3*#* valence sites.
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The photoinduced magnetic field vs. laser fluence
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» The above-band-gap photoexcitation is
more efficient to create the photoinduced
magnetic field.



Summary

ADVANCED
RESEARCH ARTICLE MATERIALS

www.advmat.de

4D Visualization of a Nonthermal Coherent Magnon in a
Laser Heated Lattice by an X-ray Free Electron Laser

Hoyoung Jang, Hiroki Ueda, Hyeong-Do Kim, Minseok Kim, Kwang Woo Shin,
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*

Adv. Mater. 2023, 2303032

s The time-resolved resonant magnetic X-ray diffraction using an XFEL demonstrates a

capability of studying the light-induced coherent magnon.

s The 4D trajectory of the magnon precession can be reconstructed from multiple magnetic
Bragg reflections, which plays an important role to resolve a nonthermal photoinduced

magnetic field.

% The nonthermal photoinduced magnetic field in the multiferroic Y-type hexaferrite suggests

a new potential of optical control of ferroelectricity through magnetoelectric coupling.
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A coherent magnon observed in another Y-type hexaferrite

Ba, ,Sry gZn,Fe 5,0y,

D. Talbayev et al., Phys. Rev. Lett. 101, 097603 (2008)
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A long-lived photoinduced magnetic field

Y-type hexaferrite

H. Jang, SHC# et al., arXiv 2110.15626 ('21)

Iron garnet: Gd;Fe;0,,

F. Hansteen et al., Phys. Rev. Lett. 95, 047402 (‘05);
F. Hansteen et al., Phys. Rev. B73, 014421 (‘06)
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» A long-lived photoinduced magnetic field
along the axial direction

» A long-lived photoinduced magnetic field
along the radial direction



Microscopic origin of the long-lived photoinduced magnetic field

Y-type hexaferrite

Iron garnet: Gd;Fe;0,,

Y. Chai, SHC et al., New J. Phys. 11, 073030 (‘09) A. Kirilyuk, A. V. Kimel, and Th. Rasing, Rev. of Mod. Phys. 82, 2731 (‘10)
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Optical spectroscopies to observe the coherent magnons

Photo-induced biregringence

TmFeO,

Kimel et al., Nature 429, 851 (2004)
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Spin reorientation

Spin oscillations
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Kimel et al., Nature 435, 655 (2005)
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Ba, ,Srq ¢ZNFe;,0,;

Talbayev et al., Phys. Rev. Lett. 101, 097603 (2008)
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Mikhaylovskiy et al., Phys. Rev. Lett. 125, 157201 (2020)
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Tzschaschel et al., Nat. Commun. 10, 3995 (2019)
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» Optical spectroscopies are
not only sensitive to the
spin deg. of freedom, but
also others (lattice, charge,
etc.).
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