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postdocs with diverse backgrounds
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Quantum Materials-and Spintronics, Nakatsuji Lab.
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Topological Electronic Structure
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Armitage et al., RMP 90, 015001 (2018);

530 (1966). Fu et al., APL Mater. 8, 040913 (2020).

L=ZZemm T=2r000 x=ZEpoo) Hasan and Kane, RMP 82, 3045 (2010).

Experimentally established iti‘ttonfweakiyzititeracting electron systems



£
. {
Qs \ W

3 ¢ Charge

Large Coulomb repulsion and narrow
bandwidth give rise to

strong electronic correlations

~ In correlated matters, the complex interplay L W,

between multiple degrees of freedom brings | 6».

about a rlch unlverse of quantum phases 'ﬁ. §
' : = S P

Orbltal

Wi

CSU PASM23 Summer Schoolllietu




Traditional platforms: Spin-driven phenomena

Quantum Functionalities &
phenomena Applications
———e Superconductivity

—
Insulator
FM layer
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——e Strange metal and

Ferromagnet-based
Quantum criticality nonvolatile memory
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Quantum liquids

 Quantum
N =@ 2 - computing
-« Kondo effect
, Metal-m_sylator
transition
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New platforms: blending topology with multipole |.'oh'ysic's

Topological insulator

Weyl points

Atomic/Cluster
Multipoles

New Physics,
Functionalities, &
Innovative Applications

Topological
Band
Structures

Multipole
polarization

Nodal lines

Nodal web
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Plan

» Multipole Physics on Correlated Electron Systems
» Topological States in Magnetic Systems
» Physics of Antiferromagnetic Weyl Semimetals

» Physics of Multipolar Kondo Lattice Systems



Multipolar Expansion in electromagnetism

Maxwell equations:

E=-V¢p
V-E = 4mp,(r) (Gauss’ law for electricity) ==———————>> V¢ = —4mp, (1)
71 TScaIar potential field

Electric charge density

V- B = (0 (Gauss’ law for magnetism) s V . H = 4.7-[pm(r)

—

1 aB Magnetic charge density p,,,(r) = =V - M(r)
VX E = ——— (Faraday’s law)

c Ot

VXB=—|4m) + — | (Ampere’s |aW) s V2A — _4_7T i(r)
c ot — ;)
Vector potential field
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Multipolar Expansion in electromagnetism

For regions outside an arbitrary source distribution, the b (r)
scalar potential ¢ (r) and the vector potential A(r)
admits a multipolar expansion:

Source charge
r>X

¢(r) = Z Z ] Zim (F)Qum - Electric multipolar moments
=0 m=—1 _T

Normalized spherical harmonics: Z;,(#) = / Yim (7)

21+1

1 LZlm(r)
A(r) = z z RS M = Magnetic multipolar moments

=0 m=-1

Qim = | drr'Z,,(#)*p.(r) — Source charge density distribution

M,, = [ drr‘Z,,,(#)*p,(r) — Source magnetization density distribution




Multipolar Expansion in electromagnetism

Rank Multipole Expression for lllustration
[=0 Electric monopole P1=0(r) = 47Tc<190T >l< —>i<—
=1 Electric Dipole ¢1=1(r) = 4;0’;3 %{@§
N
=2 Electric quadrupole | ; () == 872:31”3 \%%»ﬁé

Nakatsuji




Atomic muItipoIes in a material

Coulomb interaction
between electrons

Spin-orbit coupling

Electric Electron orbitals Magnetic
multipoles multipoles
! l
Quantifies Quantifies
charge magnetization
density ' density
distribution “ ) distribution

Rank-0 electric Rank-1 magnetic
multipole multipole

Multipoles characterize the localized charge and
magnetization.density.distribution.at,an atomic site



Symmetry properties of atomic multipoles

le - (_1)l le

Under inversion (spatial parity) transformation: My, > (=1)*1 M,

The electric charge density p. () is time- The magnetization density p,, () is time-
reversal-even and parity-even, such that reversal-odd and parity-odd, such that

po (1) = p.,(—7) in the presence of pm () = —p,,(—7) in the
inversion symmetry presence of inversion symmetry

And

(0 0)

pm(@) =) Z (214 1) Zin ()

[=01l=—m

Electric multipoles are time-reversal even, Magnetic multipoles are time reversal odd,
and only even-rank electric multipoles are and only odd-rank magnetic multipoles
non-zero with inversion symmetry. are non-zero with inversion symmetry.




Symmetry properties of atomié rhultipolés?

le - (_1)l le

Under inversion (spatial parity) transformation: My, > (=1)*1 M,

@ \ 4
With an inversion-symmetric crystalline
electric field (CEF), the local electron
wavefunction has definite parity
— Even-rank and odd-rank multipoles are
\ electric and magnetic multipolar moments,
respectively.

Only even-rank electric
multipoles are non-zero

Only odd-rank magnetic
multipoles are non-zero
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Symmetry properties of atomic multipoles?

[ = 3 (octupole)




Platforms to explore ajtomijc r'mjltipoles.?

Increasing localization
4f Ce Pr Nd Pm

5 Th Pa U Np Pu Am Cm BK
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transition actinide

o
[
[
[
[
[
[
[
[
[
[

rare earth

Large electron-electron interaction (Coulomb repulsion U ~ 1eV)
Large spin-orbit coupling (15, ~ Z%)
Highly localized.eleatrenic wayefunctionat.the atomic sites



Effects of crystalline electr:ic' fiéld (CEF) |

Crystalline Electric Field (CEF):
Modifies the energy levels of the electronic orbitals according to the local
symmetry of the ion’s environment in a crystal.

__________________________________________________

_ Stevens’ operator 0 _
Hegr = E q;$(R;) i | o = E BimOim
L | L, m 5

/_

Scalar potential at the ligand position R;
created by the magnetic ion

Example: Local cubic symmetry (7, and O,)

\
\
)

Hegr = Bug(049 + 5044) + Beo(0go — 210¢,4) o Magnetic ion
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Effects of crystalline electric field (CEF)

Crystalline Electric Field (CEF):

Modifies the energy levels of the electronic orbitals according to the local
symmetry of the ion’s environment in a crystal.

Example: d-orbital splitting due to CEF

E A Spherical distribution A
of electrons 5
(negative charges) . )-: Electrons form
e N ~.@ anoctahedron
Isolated magnetic ion e : :
"""" 5-fold degenerate; & : )
@ ““““““ increased electrostatic E o~ 0 .
““““ 00 @b
" é
5-fold Acer ., 0 .
degenerate k U gs :g:
é Py é
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Example: Ce3*in a cubic CEF

Ce3* (4f1): L =3,S=1/2,J=5/2

The CEF Hamiltonian in the basis set for J = 5/2:

0 60V5
\ \

\ \
20 0

0 —180
\

0

.0 = J2

60(1@\

60

0
0

0

/




Example: Ce3*in a cubic CEF

Charge and magnetization density Representative multipoles of I'y quartet

distribution for |TF), |T5, a),|T5, b) .

rank Stevens notation

p Jao, (2 = x,1,2)

Iy (3)

1(d) Jx |
Iy Dipole

I

I37(2)

I5°(3)

2 O03=3QE-F-J5)
0= L(R-1)

O, = L£(,.+ 1], [ Quadrupole

On = \Tq ”: Jx + JxJ2)

O.r_l.f = "T?‘ (Jx] y + / y Jx)

I, (1)

Tr_u: @ Jx j_u Iz OCtU pOIe

H. Kusunose, J. Phys. Soc. dgi-pRENPEATIAKIQBN 0ol Lecture: Satoru Nakatsuji

P. Thalmeier et al., arXiv:1907.10967



Multipolar phenomena in Ce3*-based systems

La-doped CeB; : B-T phase diagram featuring Ce3Pdy,Sig : Two electron localization
dipolar, quadrupolar, and octupolar orders transitions driven by dipolar and

D 10 15 ‘
1§ B C./7 (JK® (mole-Ce)')

quadrupolar d.o.f

<@

SC:
T ¢ Tk M
T() o T(p
B || [001]

/ B | [110]

f’r:e la,,B

023786

= B _, (entropy balance)
« B, (kink)
< B . (neutronj

. CSU PASM23 Summ r School Lecture: Satoru Nakatsuji .
D. Jang et al., npj Quantum Mater (2017) V. Martellia et al., PNAS (2019)




Multipolar phenomena in Ce3*-based systems

La-doped CeB; : B-T phase diagram featuring Ce3Pdy,Sig : Two electron localization

transitions driven by dipolar and

dipolar, quadrupolar, and octupolar orders

The multipolar orders are “hidden”
under the dipolar (spin) order.

- Let’s design a new material platform to
explore pure multipolar phenomena.

vvvvvvvv

0oL
N 1

Magnetic QCP B(T)
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Cubic Pr3* systems: Ideal platform for multipolar physics

4f Kramers doublet (e.g., Ce3*, Yb3*)
Ced* (4f') J = 7/2
Odd _number of f electrons — Always carry
Half-integer J magnetic dipoles
Kramer’s theory: double
degeneracy protected by , Degeneracy is

time-reversal symmetry i robust against
structural disorder

4f non-Kramers doublet (e.g., Pr3*)

 Even number of f electrons Pr3+ (4f2) J= 5

* Integer J

 Double degeneracy is not
protected by time-reversal
symmetry but by the local Degeneracy can

symmetry be lifted by
structural disorder

No magnetic
dipoles but high-
rank multipoles




Cubic Pr3* systems: Ideal platform for multipolar physics

CEF scheme of Pr3* PrTizAlzg
in local cubic . (Ta) e
environment !

Pr3+

SOC
>

CEF with a point
group symmetry T,

1|7 1[5
IF§>=§\E(I+4>+I—4>)—§\EIO>
Frank-Kasper cages of 16

Al surrounding the Prion L )
— strong c-f hybridization G = ﬁ(HZ) +1-2))

~ N
R S

Well-isolated non-Kramers
doublet ground state




Active multipoles in cubic Pr3* systems

II57)
IT57)

Basis states of the I'; non-Kramers doublet: |I3) = (

(TF| JIT5) = 0,where @ = x,v,z  No dipole moment!
Finite matrix elements for

Quadrupolar moments
(time-reversal even)

Octupolar moment
(time-reversal odd)

m:%(IFg*) +i|T5))
|¢>=%§(iIF§*> +|T57))

Pseudospin-1/2 basis
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Cubic Pr3* systems: Ideal platform for multipolar physics

CEF scheme of Pr3* PrTizAlzg
in local cubic . (Ta) e
environment !

Pr3+

SOC
>

~ N
R S

CEF with a point
group symmetry T,

Frank-Kasper cages of 16
Al surrounding the Pr ion
— strong c-f hybridization




Probing atomic multipoles

« Long-range ordered phases involving high-rank multipoles are often
referred to as “hidden orders” because their nature is highly
challenging to detect using conventional magnetic probes,
such as neutron scattering

o Lattice strains
with the order pi
magnetic field on [ e——"

Strains

E-Quadrupole
Charge
Mhsirbulion

Stevens Op.

CSU PASM23 Summer School Lecture: Satoru Nakatsuji T. Yanagisawa et al., PRL123, 067201, (2019)



Probing atomic multipoles

« Long-range ordered phases involving high-rank multipoles are often
referred to as “hidden orders” because their nature is highly
challenging to detect using conventional magnetic probes,
such as neutron scattering

- Lattice strains with appropriate symmetries can directly couple
with the order parameter of multipolar order, like the effect of a
magnetic field on dipolar moments.

Measurement of elastic

modulus (e.g., ultrasound, Ordering of high-rank

magnetostriction)

atomic multipoles
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Probing multipole order with ultrasound

What can we learn from the ultrasound?

— Elastic constant € = v?p

7N

Sound velocity  Density

Electric Quadrupole

Magnetic dipole

Field Lattice strain ey Magnetic field H
Ord t (Or) oF M or
rder parameter = — —
P [ = Ber (M) EY?,
1 0%F 1 . 0%F
T T gtod [gR rT oz

Elastic constant directly probes
csu pasm23 summiPEh AURGEURQLALsUS ceptibility!




Probing multipole order with ultrasound

What can we learn from the ultrasound?

— Elastic constant € = v?p

7N

Sound velocity  Density

Electric Quadrupole

Magnetic dipole

Field Lattice strain ey Magnetic field H
Ord t (Or) oF M or
rder parameter = — —
P [ = Ber (M) EY?,
1 0%F 1 . 0%F
T T gtod [gR rT oz

Elastic constant directly probes
csu pasm23 summiPEh AURGEURQLALsUS ceptibility!




Example: spin-orbital liquid in Pr3*-based pyrochlore

Peak width of A -- W~ B/ of bulv A007%T)
74.80

Spin—-orbital interlocking in the non- Strong lattice
Kramers doublet softening |
N. Tang et al., Nat. Phys (2022) accompanying J : e 50

the liquid-gas w., 4
metamagnetic [
transition | PR

0.54

Virtual monopole states 10.10

-2.34

- -5.00

Ultrasound velocity Magnetostriction

0.5

5
———__700mK__~ Bl AL (1)

400 mK

AL/L, (x107%)

The non-Kramers doublet in Pr,Zr,O - hosts two time- S ]
reversal even quadrupolar moments (XY pseudospin aceill 4o i
components) and (Z pseudospin component) one time- . 2,0, ull 10}

reversal odd dipolar moment




Example: spin-orbital liquid in Pr3*-based pyrochlore

Spin—orbital interlocking in the non- Strong lattice
Kramers doublet softening — |
N. Tang et al., Nat. Phys (2022) accompanying
the liquid-gas
metamagnetic
transition

The quadrupolar moments couple linearly to ____
strain, making lattice probes particularly  Nn—G—_
effective for detecting the low-lying spin-

orbital dynamics

AL/L, (x107®

The non-Kramers doublet in Pr,Zr,0O - hosts two time- ] 03 3 Crcf2
reversal even quadrupolar moments (XY pseudospin vl g i
components) and (Z pseudospin component) one time- T egzg0,  ulimo)

reversal odd dipolar moment



How do multipoles modify quantum phenomena?

Magnetic Kondo effect

conduction
electron spin

channel
4f-dipolar c-f hybridization
moment

Single-channel Kondo model (k= 1)
and exact screening

f electrons become itinerant and enter
the Fermi surface in the heavy-fermion
Fermi liquid (FL) ground state

p ~ AT?

23 Summer School Lectt

Quadrupolar Kondo effect

conduction
electron orbital

channel 2

c-f hybridization channel 1

4f-quadrupolar
moment

Two-channel Kondo model (k = 2) and
over-screening p, ; . phys. Rev. Lett. (1987).

Residual entropy S, = %R In2 leads to a
non-Fermi liquid (NFL) ground state

p~TY2 C/T ~—1InT,
¥ ~T"720or~—InT




How do multipoles modify quantume phenomeha?

Magnetic Kondo effect Quadrupolar Kondo effect

conduction

conduction electron orbital

on.spip T—
The multipolar Kondo effect represents an

alternative route to novel NFLs, distinct from
quantum criticality.
The NFL is intrinsic to the multipolar Kondo

p~TY2 C/T ~—1InT,
¥ ~T"720or~—InT

23 Summer School Lectt



Multipolar RKKY vs. Multipolar Kondo effect?

Modulated AFQ order in PrPb, . S'"ge'f‘::;'tt?n"\'(ultgoro:frz irfondo
1-x" "x"'2 20

(a) AFQ 1
T ‘ I J _ flT . l' 1 & dipole
°~, ooo o OOOQ o o o quadrupole

Per:‘- - ﬁ/, et [ 104)] direction (y=0)

T (b) AFQI
HIOOIT | vt sit 01181 4o

- 0 - 0 0 e 0 oo 0 L 0 quadrupole

Prir,Zn, o(x = 1)
AFQ order

°
=
a
(8]
'
—
(.
E
O

ﬁ e [ 100 ] direction (y=0)
H

1 |
1

Para

S, (J /K Pr-mol)

LI | 1 I T T LI ] T l T I Li 1 1 ] 1 T Ll
_ N

PR T W T NN TN MR

{34)RIn2 v
ey Y., Prlr,Zn

AFQ 1 1-x" 'x!T241120

lJ.lllIl.lIllllilllllllllllllllllllllllll

0 o o S H .
00 01 02 03 04 05 06 07 08 o4 o0 _ , Non-Fermi liquid
7" (K)

: Y. Yamane et al., PRL121, 077206 (2018
T. Ominaru et al., PRL94, 197@5%1 F‘Eé)n(% ( )
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Multipolar RKKY vs. Multipolar Kondo effect?

Single-site multipolar Kondo

Modulated AFQ order in PrPb, effectin Y. Pr.Ir-Zn
1-x" "x"*2 20

(a) AFQ 1
TTTTTTTTTTY 4 I N f .y A 8.4 1 $a

PrPb, Can we fmd a way to tune the

o competition between the multipolar
Kondo effect and RKKY-type multipolar
mteractlon In a Iattlce system’?

Prir,Zn, o(x = 1)
AFQ order

v A/ Para

7T
AFQ 1)

Y, Prlr,Zn,,

()
00 01 02 03 04 05 06 07 03

7" (K)

Non-Fermi liquid

T. Ominaru et al., PRL94, 197&%’] Y. Yamane et al., PRL121, 077206 (2018)
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