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Micromagnetic field theories effectively capture the long-range static structures and dynamics of ordered spin
systems at temperatures below their ordering temperatures. The field theory, if expressed in the correct form, further
elucidates hidden features in the order. We discuss two such instances. First, we take a look at the 2+1D XY
ferromagnet whose continuum field theory has been extensively studied in the context of the Kosterlitz-Thouless phase
transition [1]. We show how the field theory describes an interpolation of the quantum statistics of a magnetic vortex—
from bosonic to fermionic—using a duality map to 2+1D electromagnetism[2].

Second, we examine the field theory of a generic 3-sublattice antiferromagnet in 2D, exemplified by the Heisenberg
model on the triangular [3] and kagome [4] lattices. In a ground state, spins from the 3 sublattices are coplanar and
at angles of 120° to one another such that S1+S2+S3=0. The six normal modes, either keep the spins in this plane (the
a modes) or take them out of the plane (the b modes). The soft modes bx, by, and a0 respect the ground-state condition
S1+S2+S3=0 and are the Goldstone modes of the spontaneously broken SO (3) symmetry. The hard modes ax, ay, and
b0 generate a net magnetization and are hence energetically costly.

The a0 singlet has a simple scalar field theory. The field theory of the b doublet is reminiscent of the elasticity theory
of a 2-dimensional isotropic solid with two distinct “speeds of sound”. Thus the 3 branches of low-frequency spin waves
generally have 3 distinct velocities. The nearest-neighbor Heisenberg models on the triangular and kagome lattices
are exceptional in that sense. The former exhibits an accidental degeneracy of the spin-wave velocities between the
two b modes. The nearest-neighbor kagome model is similar to a two-dimensional solid with a vanishing shear modulus
and thus a zero speed for the transverse part of the b doublet (the weather-vane mode) while the longitudinal part of
the doublet is degenerate with the a0 mode. The 3 speeds can be readily calculated for any lattice model. The doublet
a = (ax,ay) mediates the coupling between external perturbations — such as an applied magnetic field — and the

antiferromagnetic order parameter. We apply this field theory to the hexagonal antiferromagnet Mn3Ge [5,6,7].

[1] J. M. Kosterlitz,J. Phys. C7, 1046 (1974).

[2] S. Dasgupta, S. Zhang, 1. Bah, and O. Tchernyshyov, Phys. Rev. Lett. 124, 157203 (2020).

[3] A. V. Chubukov, S. Sachdev, and T. Senthil, “Large-S expansion for quantum antiferromagnets on a triangular
lattice,” J. Phys.: Condens. Matter 6, 8891 (1999).

[4] A. B. Harris, C. Kallin, and A. J. Berlinsky, “Possible Néel orderings of the Kagomé antiferromagnet,” Phys. Rev.
B 45, 2899 (1992).

[5] S. Nakatsuji, N. Kiyohara, and T. Higo, “Large anomalous Hall effect in a non-collinear antiferromagnet at room
temperature,” Nature 527, 212 (2015).

[6] Y. Chen, J. Gaudet, S. Dasgupta, G. Marcus, J. Lin, Y. Zhao, W. C. Chen, M.B. Stone, O. Tchernyshyov, S. Nakatsuji,
C. Broholm, “Antichiral spin order its Goldstone modes and their hybridization with phonons in the topological
semimetal Mn3Ge”, Phys. Rev. B 102, 054403 (2020).

[7] S. Dasgupta and O. Tchernyshyov, Phys. Rev. B 102, 144417 (2020).

I B B B B B micccicccicccicccionsionstanstanssanssanssanstanssannsanssannsannsannsnnnsnns YA XV 6l B2 5 38



B BRI — BN Y REED S AT TIVHESE
HEF : 2021 4 3 A 26 H(&) 4R~ 50

B A2 51 VB

AR R RS

i@ : SEUR

HE:

BN REEIIWE O RR R B FHELRET 2 FETH LR, BLERCOBFHENELHET S X b
ER D REWV, 22T, (D JFE Y FEED BRT R ¥ — A2 428 H L ()22 WV TR 2%
BECHE T2 L0 FERLIELAVGN D, Wb b A= FRIOER ORI SV T, RKEHEY =<#iE
(MLFW [N E< AW Hi D, EFEITFR v © v 2 557210 T < IR RPA 75(RPA [2)& AW CE TR AEIER 0/35
A2 HE—FRICRL 5 LR TED, LnLAaRL, MLWF 230 < S oS R S 5, E T, MLWF
KOt cRPA CHESE L7285 = o & VLA R [B]IC SV TR BB 25T 5, 22 C, 125 EAurl[4] %
i LAKERR SR (L & e L7 f A BT 5[5], T, LAPW #& LMTO HORA FiETh 5 PMT MLEB%IE
[6,7]% AV =38T LOWA RS EIC OV TR L, Th a0 < S0 0 HilieWEICER LB R 28T 5.

[1] N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12947 (1997).

[2] F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S. Biermann, and A. I. Lichtenstein, Phys. Rev. B 70, 195104
(2004).

[3] D. Li et al., Nature 572, 624 (2019).

[4] N. E. Bickers, D. J. Scalapino, and S. R. White, Phys. Rev. Lett. 62, 961 (1989).

[6] H. Sakakibara, H. Usui, K. Suzuki, T. Kotani, H. Aoki, and K. Kuroki, Phys. Rev. Lett. 125, 077003 (2020).

[6] T. Kotani and M. van Schilfgaarde, Phys. Rev. B 81, 125117 (2010).

[7] T. Kotani, H. Kino, and H. Akai, J. Phys. Soc. Jpn 84, 034702 (2015).

B SIS RS MY —k 3 — ElEEA YDB12 OF — < EHiERM
HIF © 2021 £ 4 H 23 H&)  Faij 10 B~Fhj 11 K
Bt - A2 o1 VB
Al c OHE SO
FE KUK E R FBEBE LA FE R
HE:
SmB6 &AW SAERAVITEIE(R YbB12 O ZiLE TOREREZE—ERVIEY | EO L) REER H->T, 2L TH
{2374 » NGB E LCTHY BT 5T a0, AERZR 0 B3R ER ATz,

B : BiE 35— : HOTI from string theory
HEF : 202145 A 14 H(&) TFRARE~TH# 5K
R A V11
##Hil © Prof. Koji Hashimoto
FilE : Graduate School of Science, Kyoto University
LH:
The higher order topological insulators (HOTIs) are a good playground to ask questions on spatial dimensionality in

general physics. String theory, as a consistent quantum gravity, has a peculiar ability to control spacetime dimensions
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to accommodate various physics systems. In 2016, we eventually discovered the notion of continuum HOTI,
independently from the major work by Benalcazar et al., where our findings were naturally derived by applying the
ideas of solitons, duality, and branes, which are major ingredients used in string theory, to topological materials. This
talk explains our path, and discusses the physical origin of the continuum HOTIs from such string-theoretic or field-

theoretic viewpoints.
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The fermion doubling theorem (=—/L-& > =" DEH) plays a pivotal role in Hermitian topological materials. It
states, for example, that Weyl points must come in pairs in three-dimensional semimetals.
In this talk, I review the doubling theorem for various Hermitian systems and present an extension of the doubling
theorem to non-Hermitian lattice Hamiltonians.
We work on two-dimensional non-Hermitian systems without any symmetry constraints, which can host two
different types of topological point nodes, namely, (i) Fermi points and (ii) exceptional points. We show that these two

types of protected point nodes obey doubling theorems, which require that the point nodes come in pairs.

Reference: Phys. Rev. Lett. 126, 086401 (2021).
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PRE : Bz 3 J— : Electron correlation effects near Van Hove singularities: Application to twisted
bilayer graphene and supermetal
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Electron correlation decorates the condensed matter physics, bringing symmetry breaking and ordered phases. It
becomes vital when many electrons are active, namely near a Van Hove singularity (VHS) where the density of states

(DOS) diverges. Since a VHS accompanies the topological transition of the Fermi surface, tunable materials are
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desirable to observe VHS-related behaviors, for example, by strain or pressure. The seminar focuses on moiré
superstructures made of van der Waals materials; twisted bilayer graphene allows band dispersion design by the
stacking angle, and correlated insulating and superconducting states are observed near the so-called magic angle.
First, we introduce a theory that describes a possible mechanism for correlated insulating and superconducting
states in twisted bilayer graphene [1]. Our analysis of a hot-spot model shows that d- or p-wave superconductivity and
charge/spin-density wave emerge from Coulomb repulsion near VHS. We further investigate the tunable nature of
twisted bilayer graphene, which invokes the notion of a high-order VHS [2]. We show that tuning a single tuning
parameter, such as a twist angle of a moiré material, pressure, and strain, realizes a high-order VHS realizes a power-
law divergence in the DOS in two dimensions, unlike the usual logarithmic one. We could attribute the origin of the
so-called magic angle to the high-order VHS. Finally, we discuss correlation effects at a high-order VHS [3]. We perform
a renormalization-group analysis to find a nontrivial metallic state, where various divergent susceptibilities coexist,
but no long-range order appears. We term such a metallic state as a supermetal. Our controlled analysis at the

interacting fixed point reveals that an interacting supermetal is a non-Fermi liquid.
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Initially found in solid-state electron systems, the quantum Hall effect and topological insulator physics have
recently been influencing a wide range of quantum as well as classical systems. In this talk, I will give a brief overview
of the recent progress of topological physics in AMO-related systems, with an emphasis on my own works. Here, AMO
systems stand for atomic, molecular, and optical systems. The talk will focus, in particular, on the progresses made in
ultracold atomic gases and photonic (polaritonic) cavity arrays. Some topics which I plan to cover in depth include

synthetic dimensions and the notion of quantum geometric tensor.
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While we cannot define a ground-state of time-dependent quantum systems in general, the time-periodic systems
can overcome this issue due to the application of Floquet theory. In principle this application results in a static-like
system, so it would follow that there can be an equivalent ground-state for these time-periodic systems. Indeed we can
define one from the average-energy [1], and in this seminar we will explain the procedures for doing so. We will also

explore the properties of this ground-state and how it can be applied to develop practical calculations.

[1] C. M. Le, R. Akashi, and S. Tsuneyuki, Defining a Well-Ordered Floquet Basis by the Average Energy, Physical
Review A 102, 042212 (2020).
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Recently, topological spin textures such as the magnetic skyrmion and its three-dimensional analogue, the magnetic
hedgehog, have attracted much attention. Although the skyrmion and hedgehog have the same topological character,
the latter has a singular point at its texture center, so that the hedgehog is sometimes called the magnetic monopole.
Of recent particular interest is the hedgehog lattice which is a periodic array of the monopoles and anti-monopoles.
Although the hedgehog lattice is known to be stabilized by the Dzyaloshinskii-Moriya (DM) interaction [1,2,3], a
mechanism other than the DM interaction has not been reported so far.

In this talk, we show that the hedgehog lattice is realized in the classical J1-J3 Heisenberg model on the breathing
pyrochlore lattice without the DM interaction [4]. A quadruple-q state with the ordering vector of q = (+ 1/2, £1/2, £1/2),
which is realized for a large third nearest-neighbor antiferromagnetic exchange interaction along the bond direction
J3, turns out to become the hedgehog-lattice state on the breathing lattice, while on the uniform lattice, it is a collinear
state favored by thermal fluctuations. We will also demonstrate that in a magnetic field, the structure of the (1/2, 1/2,
1/2) hedgehog lattice is changed from cubic to tetragonal, resulting in a nonzero net spin chirality which in a metallic
system, should yield a Hall effect of chirality origin.

Please access here for the registration: https://forms.gle/AMo5tqQoNoTR2e8Q9
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Topological electronic materials are new quantum states of matter hosting novel linear responses in the bulk and
anomalous gapless states at the boundary, and are for scientific and applied reasons under intensive research in
physics and in materials sciences. In 2019, three groups including us [1-3] scanned through a total of 39519 materials
available in structural databases and found that as many as 8056 of them are actually topological (8889 if spin-orbital
coupling is neglected). In order to make the calculated result more valuable, we built a topological material database
based on it [4]. All the results are available and searchable at http://materiae.iphy.ac.cn/. We also plotted the band
structure as well as the local density of states (DOS), shown on the same website.

In this talk, I will firstly make a brief introduction on topological band theory (TBT), especially for the symmetry-
based indicator part [5-7], then introduce the efficient and fully automated algorithm in diagnosing 39519 non-
magnetic materials basing on the TBT. At last, I will show how to use the topological material website by some material

examples, such as the twofold unconventional Weyl node with C=4, associating with experimental results [8-9]
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Diversity of physical properties of magnets provides a fascinating playground in condensed matter physics. What is
interesting to note is that there are many restrictions for physical properties in magnets imposed by magnetic structure.
It is often useful to represent some aspect of magnetic structure by using symmetry, order parameter, and topology.
For example, it has been known that the finite elements of a linear response tensor are identified by the magnetic
point group, which characterizes macroscopic symmetry of the magnetic structure.

Cluster multipole method is first suggested to identify the multipole order parameters related to anomalous Hall

effect in antiferromagnets [1, 2] and is further developed to generate the orthonormal symmetrized magnetic structure
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bases providing multipole expansion for a given crystal structure [3]. The symmetrized magnetic bases are useful to
produce high symmetric magnetic alignments which can be good candidates of stable magnetic structures for a
magnetic compound. We recently applied the cluster multipole method combined with first-principles theory to
investigate the transport phenomena of magnetic systems with predicting stable magnetic structures [4, 5] and
established a framework to systematically evaluate the stable magnetic structures for given crystal systems [6]. In

this talk, I introduce an overview of cluster multipole method and application to the study of magnetic compounds.
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In this talk, we demonstrate iterative-structured machine learning such as deep learning by using the D-Wave
Advantage.

As is well known, the D-Wave quantum annealer outputs many realizations of the spin configurations following the
Gibbs-Boltzmann distribution. The D-Wave quantum annealer is thus expected to be used in the Boltzmann machine
learning and related models to compute the expectation at each epoch during the learning process. However, due to
the bottleneck to newly input the parameters on the quantum processing unit, the efficient implementation is not
demonstrated for deep architecture. In particular, the sampling conditioned on the visible variables demands
repetition of the sampling by changing the parameters of the machine learning model.

We propose a new algorithm to perform the efficient Boltzmann machine learning including the hidden units and
generalization to the iterated-structured machine learning such as deep learning. In addition, we introduce several
aspects of our proposal. The first topic is that the architecture can be regarded as the variational circuits consisting of
the quantum processing units on the D-Wave quantum annealer. The second one is that, by taking some limitation on
several conditions, we find a relationship between our proposed method and several machine learning methods. The
third one is that our technique makes it easier to perform the Boltzmann machine learning with the continuous

variables available for practical applications.
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