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Barbieri et al (1989); Chigusa, Moroi, KN (2020)
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Sensitivity in QUAX-like setup
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Campbell-Deem, Cox, Knapen, Lin, Melia (2019)
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o mEmmELt: (5)=>s o= B(2Js, + gunBo) /S

<§Z> _ Ziz_smexp (Bm(zJs. +gupBo)) 0 (sinh(a(l +1/285))
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S sexp(Bm(zJs, +gupBy)) 0o . sinh(a/25) ) Bs(a)

grpBoS(S +1) T — JzS(S + 1)
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Direct exchange interaction

® Two-electron system with Coulomb interaction

® O(Orbital wave function:

U= <= [ale)U(a2) — Val@)én(@)] for spin triplet

v = % Ya(z1)¥p(r2) +Yalz2)v(z1)]  for spin singlet

----------
~~~~~~~~

® Coulomb energy:

2 : :'""“.:
E = /dxldaj‘gllli ‘ U, =U=+J ’ \‘:{; ’

T — T3]

~ - ~ -
_____________

62

U= / Ay iy s (21)0 (22) (1) 5 (2)

X12

62

J = /dl’ldﬂi‘z Ya(z1)vp(r2) —Ya(z2)¥B(T1)

L12



Direct exchange interaction

® Rewrite effective Hamiltonian

1

1 =7 for S =1 (triplet)
1 2—5(5 — 5] — 53) 3

=7 for S =0 (singlet)

J
E=U+J - >E:U—§(1+4§1-§2)
- ™)
— Heﬂ-‘ — —2J§1 ° §2
_ y




App.3 Anti-ferromagnet



Hubbard model
® Hubbard model

( )
H = —t Z (cjgcjJ + c Cio) + UZ ZTCZTCwa
k (?:7j)70- J
Tight-binding model Hubbard interaction
® Electron number per site: n = N./N; n = 1:half-filling

® Model of Mott insulator

® Fourier space Hamiltonian

~

T
H Zwkckacka _I_ INA Z 5k1+k2,k3+k4ck1Tck 1 Ck3lCha?

L  k1kokska y

Wk = —tz e’™° :usual energy band structure for U=0
5



® Hubbard model with large U limit (n=1)

® Effective Hamiltonian at the second order in HO:

=~ 5 (g + il
(2g)oo’

® Rewrite it with spin operator:

Sj_ — CITCii Sz_ — CziczT ' ZO-C'LJC’LU
( ) t2
—_— Heff:_ZJZSi'Sj Jz—ﬁ<0
(4,9)
\_ Y,

Anti-ferromagnetic Heisenberg model !



Anti-ferromagnet model

® Hamiltonian

(- )

H:——ZSg Sg —g,uB(BA—I—BO ZSE +g,uB(BA—BO ZSK
leA ¢'eB
\_ W,

J <0

S, :electron spin at site /

B :anisotropy field

® Ground state S

), @ ¢, @,



® Quantization

St = W\/1 - @ag % = bjn\/%\/

AL = ae\ﬁ\/ agag SBm = \/%\/

" [ng75§,m’:| _QSE mémm’
SAgzs—aeag Sé’m:—s—l—b,};&bm
e Fourier transform 77 ®----- Q- @
E 5
1 7 1 iEm . e O—O—0----
A = —F— e ay bp, = — e ‘"VEmp, '
7w 2 7 o 28

® Hamiltonian

[H = (we WA wL)a};ak (we WA — WL)b]];bk we’ﬁ{(akbk af]tbli) j

We = —22JS | o

k-5
wa = gupBa BT Z e’
wr, = gupbo 5



® Diagonalize through Bogoliubov transformation

A — UpQL — Ukb]z A = UQf + Ukﬁ]i
P f (uj, —vig = 1)
Br = urbr — via,, br, = viay, + ug By
u2—1 1+ We T WA v2—1 —1+ We T WA
T2 Viwe+wa)? - b2 V(e +wa)? — 72w

® Diagonal Hamiltonian

- )
H = Z [(wk + wL)Oz,iozk + (Wi — WL)ﬁliﬁk]
N : /
Dispersion relation: p Typer NG boson”

2 2 2 2 2
wk:<w€+wx4) — VpWe — We

Y ~ 1 —
k-] <1 > Tk . . I




App.4 Topological insulator



Topological insulator

B

® 2D quantum Hall insulator

® Quantized Conductivity Oy — Qle

—n
(n: TKNN number) 2

® Gapless edge state

® 2D topological insulator with T invariance

® Spin-orbit coupling instead of ext B
® Gapless edge state

@ Charcterized by Z2 index

Honeycomb system (Kane-Mele model) , Quantum well system (BHZ model), ...

® 3D topological insulator with T invariance

Bij_ySeyx, BisSes ,... (Fu-Kane)



® Typical band structure of Tl

A A

N

(conduction) '

(Strong)

p (valence)  gpin-orbit
coupling

> L > k

— /\ Edge state

Finite size “(Dirac) semi-metal”

> k




® Fu-Kane-Mele-Hubbard model

Topological anti-ferromagnet

~

41 h

Hy = Z tljcmcﬂ, + la2 Z C.o- (d1 Xdz)c],
(i,]),0 KL
Tight-binding Spin-orbit coupling «—

Hiy = U Z nin; + Z Viinin;,

(i,))

Sekine, Nomura (2014)

on diamond lattice

Topological

.—> .
insulator

Hubbard interaction -«

> Anti-ferromagnet

(b) k.




® Fourier space Hamiltonian

Ho(k) = ZRu(k)% in the basis ¢k = [Crats Ckal> CkBT» CRBL]"

Ri(k) = A[sinu, — sinuz — sin(u, — uy) + sin(uz — uy)], i =k -
Ro(k) = A[sinus — sinu; — sin(uz — u2) + sinuy — u2)], ar = E(O’ 1’ D
- . . , ﬂ a; = 5(1,0,1)
R3(k) = A[sinu; — sinuy, — sin(uy — u3) + sin(ur, — us)], as = ¢(1,1,0)
R4(k) =t + 0t + t(cosu; + cosu, + cos uz),
: : : : 0 0 1 0
Rs(k) = t(sinu; + sinu, + sinus). @;= l(gf _(Tj], @y = [1 0]’ as = L.
® large U » Anti-ferromagnetic order
(Sia) = —(Sip) = (msinfcos g, msinfsinp, mcos ) = mye, + me, + mze,

UMf
or(l + VA/t)

Theta term: 6= g[1+sgn((5t1)] Z tan_ll
=123




Phase diagram in mean-field approximation

6

Antiferromagnet insulator

Axionic SDW

(0 £0)

CDW
NI

(6 = 0) (0 = 0)

Normal insulator

0.4 OI.8 1|.2 1.6
V/t

Sekine, Nomura (2014)



® Dirac dispersion relation at X points of Brillouin zone g

B (q) = 4/ (t0.)? + 402(g2 + ¢2) + (61)2 + (Uma)? E

A

® Hamiltonian around X point

1, - ~
Hz () = a(qxoq + qyaz + q.3) + 0t ay + Umyas

tq. — qz/a, 2Aqy, — q,/a, 20q. — q./a.

A
() = £/ (tg)? + 42(q2 + ¢2) = Ry, +4
EXl — %(17070) EXQ _: %TW(()? 170)1 EX:), — %(0707 1)
® Bulk gap at the anti-ferromagnetic phase
\:
"

® Effective action /d4 Z it (0, —ieA,) — ot — ivsUmy, ] o

r=1,2,3

hiral rotati e p v Um,
chiral rotation | S:/d%@g_ﬂF“”Fu’ 9_29 —Ztan ( >

magnon behaves as axion




Axion-magnon conversion in ATl

® Anti-ferromagnetically doped topological insulator
— Magnon has interaction to photon-photon

® Interaction Lagrangian

L= 2‘— (Coby + Cpaby) Foy FH
T
a .
? IAXIOn/ \ Magnon
® Axion-magnon Q mmmmmmpd \ [\ [ Aaaaaan. 0,
conversion E
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Marsh et al. (2018)
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® Magnon-Polariton

® EoM of photon and magnon

E — V2E + = Bobg — V(Vg - Bg)] = A cosw,t

;

Q
2 £2
47TfQ

0o — v V0o + mplo —

® Polariton dispersion relation

By -E=0,

€ €

o 1|k 2 2 K 2 2
Wi =3 — +mg + b & — +mg + b

mg = \/wA(wA + 2w, ) + wi,
= [0.12(By/2 T) + 0.6] meV

f@ = 190 eV

b2 — o’ B3
— 3 5
Amefq

)2_

202
4k mg

€

A = 2Byg,v2ppM/Ma
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Constraint on axion-like particle

1075 . . . .
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Berg et al (2017)



Constraint on hidden photon

J upiter Earth

Logo x

-15 -12 -9 -6 -3 0

BR(x'>yeteT)

Jaeckel (2013)
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