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Magnetostatic spin-wave analog of
integer quantum Hall states

» Relativistic spin-orbit interaction

h
HSO — 5 S - (VV(T) X p) O Topological band insulators

m2c? in heavy elements materials

O AHE in ferromagnetic metal s

Locking the relative rotational angle
b.t.w. the spin space and orbital space

=» wave-functions acquire complex-valued character ..

=» Quantum anomalous Hall effect in ferromagnetic metals,

or topological surface state in topological band insulator

» magnetic dipole-dipole interaction
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Content of the 1st part of my talk

1 Introduction on ‘'magnetostatic spin wave’ research

[0 Magnetostatic spin-wave analog of integer quantum Hall state
CIChern integer and chiral edge modes for spin-wave physics

Clchiral spin-wave band in ferromagnetic thin film models
[ Justification

0 Summary



[0 Magnetostatic spin wave

Spin wave : collective propagation of magnetic moments in magnets

Magnetostatic spin wave : driven by magnetic dipole-dipole interaction

atM — "}Heﬁ x M Landau-Lifshitz equation
VH.i = *V°M — H
[ I eff — —Jexcl _ d

Exchange-interaction field dipolar field

Maxwell equation (magnetostatic approximation)
Arm . 1,
V X Hd =0—2 —|‘—de
C C
V - (Hd+47TM) =0

The dipolar field is given by magnetization itself = a closed EOM for M.



[0 Magnetostatic spin wave

Spin wave : collective propagation of magnetic moments in magnets

Magnetostatic spin wave : driven by magnetic dipole-dipole interaction

8?3M — /Heff X M Landau-Lifshitz equation

(1/A)2

Exchange-interaction field dipolar field
O Wavelength of spin waves (A) >> exchange-interaction length

Dipolar field >> exchange-interaction field

=>» Spin wave is mainly driven by magnetic dipole-dipole intertaction.

N\
W ,  Dipole regime
um~~sub-um

GHz~subGHz

c.f. typical Exch.-interaction length
= several nm (iron) ~ 10nm (YIG)




0 What is ‘'magnetostatic (MS) spin wave’ research about ?
: explore ability of spin waves to carry and/or process information
€ An advantage over photonics, electronics, and . . .

: spin-wave velocity is typically several orders slower

than those of light and electron waves 10"ns = 1cm (photonics)

=» Much Better prospect for 101ns =» 1pum~10um (electronics)
‘miniaturization’ of devices 101ns =» 101um (magetostatic SW)
0] i 2rla 3nla dnla
O periodically modulated magnetic materials 12| | s dasas adua
I 1 |
s sl e = . [ RN R e R T R LY . I l- I
E’ﬂ -Perma”oy' (NigeFe-ZG)' %N 10 k l.q..lrl..- - L r L .
— 1 | I
g y v v VvV Vv - A = | 1 |
J »} ,:" 2000 E 1 i I
QO 0O R * L ¥ & *
)S it mg electroq I P Brlll‘oum Ilght‘
o r_fyc__po_s_,cqu 8 ' S{attermg (BL$)
I W T i T e D e T e Y ) PR S N I RN'E N T I N S T
100 p 0,000 0.008 0.016 0.024
@ Lithography technique in semiconductors Wavevector (nm”)
engineering enables us to makes a magnetic Gulyaev et.al. JETP letters (2003)

superlattice in ferromagnetic thin film.
Adeyeye et.al. J. Phys. D (2008)

= ‘multiple-band’ character. Wang et.al. App. Phys. Letters (2009)



0 Our Proposal = MS spin-wave analog of integer quantum Hall state

2-d ferromagnetic insulators

MS cnm-wn\lp :m:llna of

Integer quantum Hall state

normally magnetized "2-d’ magnetic superlattice

Zeeman field structure

2d magnetic superlattice structure ) )
Spin-wave magnetostatic spin-wave (boson)

volume(bulk)-mode .
X band multiple band character

W s Ch, = Bloch w.f. for each band "I’j,k>
External
————————\—\— ——————— : 15t Chern integer for each band
requency .
Ch,=-2 Cj = L/ dk{(@kr\pj’k‘ﬁgak \Ifj_k> —C.C.}
21 B7Z ’ Y ‘
{\chiral edge mode Number of chiral edge modes within a gap
/ for spin-wave := sum of the Chern integers
Ch, =1 over the bands below the gap
(\\ Spin-wave -
Volume-mode band #(m:erl) — z Cj
— w=0 k) j=1

chiral edge modes for spin-wave
free from static backward scatterings



[0 magnetic superlattice structure (a)

s N\ oo e
@ Landau-Lifshitz equation |M,.| = M,
M = vH.q x M Y\ coe
’YHeff — —Adext — Hd
eeee v @Hext
€ Maxwell equation (magnetostatic approx.) g
| | FM material
1 M, (r—7")(r—7") M,
Ha(r) = _:1?T; (|-_r'—-r’|3 —3 r—r (b)
S ) 0@
Minimize the magnetostatic energy E,c vee
=> classical spin configuration M,
1
7 EMS:—E/dTHd(T}'ﬂI{T)—Huxt'ﬂf XX EEREEXE @ Hext

-
Ttamslewsk fstotn eotsation sl theaciaesicalrdpim configuration: m |

M(T) — M[](T) 2 real-valued fields

1
(TH-J_,Q:(T) F ’é?nL’y(T‘)) : Holstein-Primakoff (HP) boson field

my(r) = NGO

() = 2O @D (0200). e

\ ' #T

\

J




HP boson field

[0 magnetic superlattice structure

le is non-conserved)
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€ Due to the spin-orbit locking nature of magnetic dipole-dipole

(ﬂL( ) al
D
p

1
2

+)t
, xp has a part

sW

€ Spin-wave Hamiltonian (quadratic boson Hamiltonian)
Because. ...
)

IN-Space

try in the sp

Ion symme
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[0 Topological Chern number from quadratic boson Hamiltonian

€ BdG (Bogoliubov-de-Gennes)-type Hamiltonian where

1 a(k) \ a'(k)=(al(k) - al(k))
I T
How = % Z ( a (k) a’(k) )@ ( (ﬂ(k;) ) k : crystal momentum

T#T" N X 2N Hermite matrix
N: # (degree of freedom within a unit

cell of the magnetic superlattice)

€ A bosonic BAG Hamiltonian is diagonalized in terms of para-unitary transformation T,

a(r)a' (r'") = a'(ra(r) = 6y

_Commutation relation_of boson field

a;(k)

. j ﬁo ? j .

T = '
Orthogonality and Completeness i CL?: (k) afj (k) | — _O’Z-j
of (new) bosonic fields

E
T, H}, Ty, = [ k E—k]

- + Projection operator filtering
-> PJ — Tkrj ‘73Tk g3 out the j-th bosonic band @k

Because this satisfies Zj P; =1 and P; P, = i P;



[J Topological Chern number from quadratic boson Hamiltonian

Projection operator filtering out the j-th bosonic band @k
> P, = Tkrjdngdg

@ (First) Chern number for the j-th bosonic band

Chy = L / dkTr[(1 — P;)(0k, P;) (Ok, P;)|, € Avronet.al. PRL(83)
BZ

2m chiral spin-wave
B i@w T i X edge mode
=5 /BZ dk Tx _FjUzg (aﬁTk)Ug (aka)L w / Ch,=-3
L€y, /
= 2’;: / dk 0,A;,. = TKNN Integer ~ —————_ 77£ / _____
BZ
Thouless et.al. PRL (82) 74 Ehy=2
Kohmoto, Annal of Physics (85) /
Gauge field (connection) /
Aj, =iTr[T 03T, 03(9k, Tk Ch,=1
k
Bulk-edge correspondence >
Halperin, PRB (82), . .. m
Hatsugai, PRL (92), . .. #(?n,:mqtl) = Z Cj

j=1
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@me-reversal

spatial inversion (x-> -x, y -> -y) ® H =0

ceccccee
0 Vortex configuration minimizes MS energy.
€ Moment lies within the x-y plane:
@ ‘stray-field-free’ configuration:
Moment is tangential along the boundary,
while being divergence-free within the

body =» no magnetic charge

@ Time-reversal symmetry + spatial inversion
is preserved =¥ Berry curvature = 0.



1 with external magnetic field along the out-of plane

O Moment acquires a finite M,

@ Time-reversal symmetry + spatial
inversion is broken.

@ mirror symmetries (e.g. (x,y) => (-x,y)) are
all broken.

=» Chern integer can be non-zero.

®©H,

ime-reversal

spatial inversion (x-> -x, y -> -y)




1 spin wave bands in the lowest frequency regime

Lowest 8 bands

® The lowest bands have non-zero Chern
integer only near saturation fields.

- Why ?

0.5 ﬁr)"""f TR i |
qHIE t||||E||| E" !IF!’ i
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L TR ! || i ! | gl
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o | H"m"——"'!ﬁﬁﬂﬂl M, ..|||||||||H|H|
o e -0 “""-'“"Ij"“ﬂ 0.4}

(5ﬁ|)||lli {1 il |! T

0.5+

0.3 I . i L 1 i !I I '-:*:.I'. v e I
: ' ! : B | |i|| i HEY HINE | Ilh-ﬂ T
M(X) X(I) M(x) —TT 0 +TT
1||||||.......|||||||||||||. "'”li.
HeXt = 0'94*HS L : L 1 L i - 1 : L L
coe M(X) X(T) m(x) —TT 0 +TT
cee  H_.=0.94*H_,

H,: Saturation field (classical spin configuration ‘is fully’polarized for H, ,>H,)

ext



[0 spin excitations within a single ring . . .

=>» “Atomic orbitals” for ““tight-binding models”

€ at zerofield . ..
Moment is almost tangential along the ring

=>» Spin excitations along the ring becomes like
the so-called backward volume mode in
ferromagnetic thin film or thin wire.

1
' > »T\ A nf
z
e e e e i tor ()
X
'T‘ Negative slope )
ferromagnetic thin film or wire * T (o)
nH 0 ‘Il';s z'rr:(s 3‘!1’:5 41'!'/8
Damon-Eshbach (1961), .. .. 'T‘ —
. . Fic. 4. ic e s rum of a fe
Arias-Mills (2001), . . . - " magnetic sab magnetises tn inr pie for by = 0
- S -

From Damon-Eshbach JPCS 19, 308 (1961)

@ Group velocity 0w/dk is antiparallel to
the vector k = “backward’”’ volume mode



[0 spin excitations within a single ring

=>» “Atomic orbitals” for ““tight-binding models”

€ near zero field . . .

€ Atomic orbitals with higher angular momenta (n))
come in the low-frequency side of those with lower n,
(as far as the dipole regime is concerned).

€ Atomic orbitals with higher n, have many nodes

along the rings. . ..
Resonance

frequency w =» The inter-ring transfer integrals between

orbitals with higher n, become very small, due
to the cancellation b.t.w. the opposite phases.

€ bulk-type SW bands in the low frequency regime
becomes less dispersive and featureless .
=>» Chern integers for them =0

angular momentum n,



[0 spin excitations within a single ring

=>» “Atomic orbitals” for ““tight-binding models”

€ Near the saturation field (H,) . . .

Moments are fully polarized above H,, while start
to acquire a finite in-plane component below H,

=» The atomic orbital with zero angular

momentum (n,=0) becomes gapless at H_,, =H,

w
ic orbitals
higher n;
ato
with
n,
>

ext

S

€ Bulk-type SW bands in the low frequency regime
becomes more dispersive .
=» chance to have non-zero Chern integers.



[0 spin excitations within a single ring

=>» “Atomic orbitals” for ““tight-binding models”
€ Near the saturation field (H,) . . .

Four-fold rotational anisotropy (e.g. depolarization
fields coming from neighboring rings) leads to the
mixing among n,, n,&2r/L*4, n,£2n/L*8, . . ..

(L: length of the ring)

=>» All the atomic orbitals within a ring are classified
only into four angular momenta;
¥ n,=0, £2mn/L, 4m/L.




[0 spin excitations within a single ring

=>» “Atomic orbitals” for ““tight-binding models”

€ Near the saturation field (H,) . . .

Four-fold rotational anisotropy (e.g. depolarization
fields coming from neighboring rings) leads to the
mixing among n,, n,&2r/L*4, n,£2n/L*8, . . ..

n, (L: length of the ring)

=>» All the atomic orbitals within a ring are classified
into four angular momenta; n,=0, *2n/L, 4r/L.

® Symmetry of "atomic orbitals’

Un, (ZE + xl) — emjw!wnj (27)
= 0 = s-wave like orbital

n,=-21/L =» p_-wave (p,-ip,) orbital

= 4r/L = d,,.,,-wave orbital



[0 spin excitations within a single ring

A
N

124

=>» “Atomic orbitals” for ““tight-binding models

————————————

S € Near the saturation field (H,) . . .
P,

“““““ o) P 2-bands (S-P,) NN tight-binding model on [1-lattice
d’xz-:glz // Bernevig-Hughes-Zhang, Science (2006),

R4 Fu-Kane PRB (2007), . ...

dx2-y2 ,’/
p. // Ch,=0 Ch,=-1 Ch,=+1 Ch,=0
P, Ch,=0 Ch,=+1 ch,= -1 Ch;=0

R B

‘atomic-orbital’ levels

A=0 A=4(t )
t.. : NN transfer between s-orbitals

t,, : NN transfer between p-orbitals

A=¢gp,-
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2-bands (S-P,) NN tight-binding model on [

€ Near the saturation field (H,) . . .
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0.94*H
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€ Near the saturation field (H,) . . .
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€ Asimilar interpretation is valid for the other model.

or 4" bands further transfers Ch,=+1 into Ch,=+1 or Ch,=+1

Sometimes, coupling between 2" lowest band and 3™

Minor details



Take-Out Messages of the 1st part of my talk

[0 Magnetostatic spin-wave analog of integer quantum Hall states
O chiral spin-wave edge modes in dipolar regime

» Chiral edge mode is robust against elastic scatterings

Halperin, PRB ('82)
O Fault-Tolerant spin-wave devices

€ Spin-wave ‘Fabry-Perot interferometer’

| | External

mPC1

input control PS1, PS2

¥ Kruglyak et.al. ('10)

SW sSwW

source Functional detector

‘ PS2 (input) medium (output)

Figure 1. A block diagram of a generic magnonic device is shown.




Quantum Spin Nematic state
In @ quantum maget

Works done in collaboration with
Tsutomu Momoi (RIKEN) and Seiji Yunoki (RIKEN)

w

J y
Reference
R. Shindou & T. Momoi, Phys. Rev. B 80, 064410 (2009)
R. Shindou, S. Yunoki & T. Momoi, Phys. Rev. B 84, 134414 (2011)

R. Shindou, S. Yunoki & T. Momoi, Phys. Rev. B 87, 054429 (2013)



Content of the 2nd part of my talk

2n
lhiriaf int A
u

|-| v -l-
el MNIELICHT TTILITV

ION ON qua m p N qUId (QSL
---Fractionalization of magnetic excitations
(spinon: spin %, charge-neutral , .. ) ---
O Spin-triplet variant of QSL := quantum spin nematics (QSN)
--- ‘'mixed’ Resonating Valence Bond (RVB) state ---

—
S

0 mixed RVB state in a quantum frustrated ferromagnet

0 Mean-field theory and gauge theory of QSN

0 Variational Monte Carlo studies
--- compare them with exact diagonalization studies ---

O physical characterizations of QSN
--- dynamical spin structure factor, NMR relaxation rate ---

0 QSN can be another ‘route’ to a physical realization
of fractionalizations of magnetic excitations in d>1 .



Chanllenge in Condensed Matter Physics

A new quantum state of matter (i.e. a new form of quantum zero-point motion)
€.8. Fractional quantum (charge/spin) Hall states
Topological insulator (quantum spin Hall insulator)

Quantum spin liquid ; a quantum spin state which can not be characterized by
any kind of spontaneous symmetry breaking down to T=0.

=>» Emergent low-energy excitations: fractionalized magnetic excitations (spinons)
and ‘gauge-field-like’ collective excitations

What is Quantum Spin Liquids ?

:= resonating valence bond state ; RVB state

Fazekas and Anderson (1973) A possible ground state of S=1/2 quantum
Heisenberg model on A-lattice ??

r ——
™ - ~
Y= + +
Spin-singlet valence bond

(favored by Antiferromagnetic
Exchange interaction) +

"Basic building block’

Non-magnetic state (spin-0)
=>» quantum spin analogue of fluid-like state



Andreev-Grishchuk (84), Chubukov (91),

Possible variant of singlet RVB states ? AndegyamdRadiemarhifierin Warsen,
@ gkt RVB states consishofisingletliquid ~ \VensimierilumoRracinirgHe(oe),
@mddmiptet galerdedsondsfractionalization, topolopiesCYEener s . . )

P —

Director vector

X-axis

i'LUy%J'aﬁi“ﬁ} T =15=1,5=0)
i[oyo] plod) x| 11) 4] 11) =[5 =1.5. = 0)

another maximally entangled state of two spins

A
I

YZ-plane

An S=1 Ferro-moment is
rotating within a plane. € Ferromagnetic exchange interaction likes it.

€ We also needs spin-frustrations.

11 (F) (AF) => “Quantum frustrated ferromagnet’ !
@ Spin-triplet valence bond on NN ferro bond and

J1(F) Spin-singlet valence bond on NNN antiferro bond




O billiear exchange interaction = quartic term in the spinon field

B . B — B »
Sjn = B} j',o:[%]a | fj.af;r',a =1, foJJ-r___L =0, fi1fin=0. for 73
— e

f;—r,T fi.l "Martix’ analogue of Nambu-vector
£l —fi (Affleck et.al. (88))

Time-reversal pair
Ferro-bond -> decouple in the spin-triplet space  Shindou-Momoi, PRB (2009)

3
A A 1
T { |Eijul? — |Dijpl?) + Te[W0E 7 }
v 4#:1 (= |Eijul® = [Dijul") UG Y7 ) *Spin-orbit hopping’
spin-triplet SU(2) link variable spin-triplet pairing of spinons ‘d-vector’
g — | B Diig Eiju = (fiuloulasfis) < :p/h pairing
e | DY B D, = (fialio: fia) -
1], 11,1 7. = m[EUzU“]a,ﬁ 78/ " - p-p pairing
AF-bond - decouple in the spin-singlet space (see a Textbook by Xiao-Gang Wen)
1 2 - P KX
. Ty rsin A AN NS
%% 4{( s = g ) =+ Tr [0 \Pj}}
spin-singlet SU(2) link variable spin-singlet pairing of spinons -. f;‘;;‘;:;_‘ﬂfj;::’;;‘;gs

» £ Xij = (fiafia) : p-h pairing
U—*:-ln — Xl] :-'zj . o
N ??3}- —Xij Nij = (fia [E-Uz} aﬁfjﬁ) : p-p pairing
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.5) :
is rotat
plane perpendicular to the D-vector.
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Jg]nlﬁfjﬁ):
1020y ]q,

[
[

1 moment
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<f‘f30f [1{02} a,cafjﬁ>
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let pairing of spinons for antiferromagnetic bonds

Xij
Mij

ANT

LVET S

rotating-plane

What pairings of spinons’’ physically mean. ..

spin-sing

spin-triplet pairing of spinons for ferromagnetic bonds
5 f;
(side-view of) rotating plane



Mean-field energetics sorts out candidate pairing states at some level . . ..

o
! |
| sinf, cos )
e
; | :
. IB g e
' : , ~ | : . )
| | e
Collinear antifer orﬁ/ e o s -
n-flUX State & Sch su%— ! | é L
f state : f | L
(with st ed momeRt— 55—+ o7 o |
When stagger magnetization is i 6 [rad] 1: i Shindou-Momoi PRB (‘09)

introduced, the energy is further
optimized (AF ordering)

Liang-Doucot-Anderson, PRL (88)

Only spin-triplet pairings
on NN ferro-bonds (*flat-band’ state)
=>» (When projected to the spin-Hilbert space)

reduces to a fully polarized ferromagnetic state.
Isolated dimer state Shindou-Yunoki-Momoi PRB (2011)

O Fermionic Mean-field Theory replace the local constraint by the global one,

so that pairling states do not strictly observe the local constraint generally.
Sin = 5 5alOlapfio Tafia=1, fIfI =0, fiifi1=0. for Vi



Energetics of projected BCS wavefunctions (VMC analysis)

Pojected +
Isolated%hzr%_

state

i 1.10 1.15 120 A 125
j _
; i
v 6 [rad] ;-..
T T = 3 T -\ﬁn‘\'l T
~0.26 | b Pojectrd——5x " - *
: ( ) Z2 planarstate”
—0.28 | b &
= "f ;
e
- o
L - .i*// -~ ¢ _,f 07 _ ‘?? _—':::'3"'».
# T - " f”’ﬂ} . : > I
—_032} . . - . el
- d - . !;“ X _h_,.j”' - D
ey ! .
.4 A = I
—034 ; 11 12
1.1 1.2

Shindou, Yunoki,
Momoi, PRB (2011)

= Ps—oP|Upcs).
73&_077\\11]3( S)

1.2

1.1

@ [rad]

O ForJ1:J2=1:0.42 ~ J1:]2=1:0.57,
the projected planar state (singlet)
wins over ferro-state and collinear
antiferromagnetic state.

O 92%~94% of the exact ground
state with N = 36 sites.



Spin nematics character in projected planar state

Sztot =5

St=5 |
szzt°t= 4 -
St=3 |
S lot=2 -
Sztotz 1 +
S,t=0 7

Shindou, Yunoki,

‘ L]:j> — IP ‘ \IJBCS> Momoi, PRB (2011)
(sympbetgﬁcpﬁrihqméagbi% tensors on ferlomagnetic bonds
s IR N

v"—-/ N
(Kluj)_ (EIJ MEI*J 1)_%5uv|Eij|)
(DU MD;kjv _%5uv|Dij|2) + H.c.

a gauge trans “’mﬂ——' +1
Ordering of d-vectors = Ordering &f thelquadrupole moment

(W18 2 [T =6

_({o; }[®) =(-1)% Teins: <{03}\\P>
(W10 4 om, ppwrs | g e 0
gauge-part z:§ ’ O3
V) =+ Ps.—o[V)+

+ Pg.—o|W) + Ps.—o|U) +

Weight of the projected Z2 planar state.
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The projected planar state mimic the

quasi-degenerate joint state
with the same spatial symmetry as that

of the ED study (especially under the field)
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Spin correlation functions J12=0.45*)1

C(j.J)

C(.0)

0.2-'I | ! | ! | ! | T J | | ! |

Shindou, Yunoki,
Momoi, PRB (2011)

; i: ““““ (‘_a_) ................................ ..""A- ..... I!' E ‘ @> — 7:).\(_:;3 :{)P ‘ @ BC: S)

:—.’I “““ I.ll ° : B .I ..... JII:—:

et e U ) g - *7] \\ .7

T S T s il b %

0o 2 47]‘ SRS 4 16 518 —iDyoa_ O _
0.1[ 7 C2:(0) 2 WS- Siﬂzf

B Il llr: 7/ N

o ! ] —1D,0 ;

0+ ] C —< 2> Fig.

! e, 19 D
015 = O-r —0O-rot.
0.2F — staggere 1 tation, .

0 (274, 8 8 10 12 1416 ;18 B O-rotation @ z-axis'n Ags(1y.

O No correlation at all between the
transverse spins in A-sublattice (j)
and those in B-sublattice (m).

(U|{S; +Sm_ +hec}[T) =0

B —O-rotation @ z-axis in B-sub.

(=

is conserved !

({oj}0)

Staggered magnetization

E_.'i'l-g(SA.z _SB,z} <{JJ } |1_]:,|’>



C(.y)

C(,0)

--------------
..................
""""""
----
""""

.* "
. L
. ]

02— .

C I T | T | T I T, ]
e ! ! ”.—
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— (b) I
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", - + ]
0.3 T | I | | | ! | e
n e T¥s) A [ Q AN, o™ 12

O = MW AR ®m N ®

Strong spin fluctuation at (m,0) and (O,m)

W) = Ps—oP|VUpcs).
C(j) = (UIS; - Si4[)

‘Interpolate’ between
sz(J) and C+-(J)
described so far

O less correlations between spins

in A-sub. and those in B-sub..

O Within the same sublattice,
spin is correlated antiferro.

0.12 -
(-0.00327 = 0.00093)
i +(0.6160 *0.0075) X L : 1

Finite size scaling suggests no 2
ordering of Neel moment



_— J2=0.45*)1

From
— Richter et.al.
PRB (2010)

ED (N = 40)
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is consistent with that of the
Exact Diagonalization results.




Summary of variational Monte-Carlo studies

O Energetics; Projected Z2 planar state ; J, =0.417 J, ~0.57 J,

0 Spin correlation function; collinear anitferromagnetic fluctuation
(But no long-ranged ordering)

== b W B on O~ 0D

(=]

A  T/2-spatial rotation

s;t=6 -] even

gtot—g5 |
z

s=4 S odd

Sztotz 3 L
d-wave spatial configuration sot=2 I even
Sztot= 1 -+

Consistent with previous exact 5;%=0 —) odd

diagonalization studies

O quadruple spin moment;

Weight of the projected Z2 planar state



Physical/Experimental characterization of Z, planar phase

1 Static spin structure takes after that of the
neighboring collinear antiferromagnetic (CAF) phase

o I

; Zz
| CAF | Planar | rarro
phase
<€
J, 0.57J, 0.417 ),

=» How to distinguish the Z2 planar phase from the CAF phase ?

Azss Auerbach

0 Dynamical spin structure factor

Interacting
Electrons

O (low) Temperature dependence of NMR 1/T, and Quantum

Magnetism

R,\
oW 5 =) T %
[ X

=>» Use Large-N loop expansion usually employed in QSL

=1 =
- -0

consult e.g. textbook by Assa Auerbach b

spaingn



€ Dyanmical structure factor S(k,®)

S, (a,¢) 5,,(0,€)

O Large N limit (0t order) o7 —— —— 07 ————— 12—
(individual excitation) ¢ \%f—“/\\ /A~ / 06 \A/\/]\ | o—
_______ O € o5 A ﬁj@;{ﬁpﬁ@? pinon continuun (] s—
] .. gSfeﬁer ype cot tyuu m\—7 \|
Spinon’s Y S U (b) \./ ] B 7/ \J \/ @) \/ X
03 : i ; i . ; : . : ; .
propagator 00) w0 g @) (00 0,0) x) g (®0) 0,0
O 1-loop correction B Spectral weight at (0,0) vanishes
(collective modes: RPA-type) as a linear function of the momentum.

B No weight at (i,0) and (0,m);
___OMO___ distinct from that of S(q,€) in CAF phase
B A gapped longitudinal mode at (m,n)

correpsonds to the ‘gapped gauge boson’
associated with the(z, state.

|‘l|lullHJ l_l | | |




Gau%e-field like collective mode at (m,mt)-point

N | o B
/A\/\ J Mean-field Phase diagram
c
0.10
_— Z, planar i U(1) planar | Ferro-
g \ 0.05 state . state state
T q."..//./ e i i
HE NNN(1.2501.25
The dlsper5|on at (m, T[) L AN Geay ) ,_,{-_/,f/,;i{ o 1 Je2 T Jes
Is kept Ilnear fOrJ <Js COTR0T e We are here
% q,. (12500750 )
/ N

B2l L WR0) . (0,0)

The linearity is "protected’ by the local gauge symmetry.

{Q,0)

A

B

vy

8 —1D_ 69
N /7
AR ,
BXUS —101

\/
/\ I

/X(Tg +1n01

"-—-—-—-——EDTJQ A

O singlet pairings on a NNN AF-bond

v" p-h channel = s-wave

v p-p channel =d-wave

O Global U(1) gauge symmetry

1( 1)j$+39903L —]_)mx_l_my@'ﬁ'g

jm — ijf

=>» A certain gauge boson at (mt,n)
should become gapless ('photon’-like)



Summary of dynamical spin structure factor shindou, Yunoki and Momoi,
Phys. Rev. B 87, 054429 (2013)

distinct from that of S(q,€) in CAF phase
O Vanishing weight at (0,0); linear function in q

al) + -+

o(€e —wv

lmyj,) (q.€) = alq

[0 A finite mass of the (first) gapped L-mode at (rt,it) describes
the stability of Z, planar state against the confinement effect.

[0 Gapped stoner continuum at the high energy region.

Temperature dependence of NMR 1/T, Wavy lines: Gapless director-waves

Relevant process to 1/T1 := Raman process
Nuclear o~ |/
vciear Moriya, PTP (1956)

Sme """" > l T1—1 ~ T24-1

d: effective spatial dimension

absi .& ission



Take-Out Messages of the 2" part of my talk

0 Spin-triplet variant of QSL := QSN
--- ‘mixed’ Resonating Valence Bond (RVB) state ---

0 Mean-field and gauge theory
of QSN in a frustrated ferromagnet

[0 Variational Monte Carlo analysis
--- comparison with exact diagonalization studies ---

0 Physical/Experimental Characterizations of QSN
--- dynamical spin structure factor, NMR relaxation rate ---

0 QSN is a new ‘route’ to realization of
fractionalization of magnetic excitations in d>1

Thank you for your attention !
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