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What is a heterodyne?
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Linear response theory

®: signal frequency

Ja(t) = /dt’aab(t,t’)Eb(w)e_M/



Linear response theory
®: signal frequency
Ja(t) = /alt’aab(t7 t/)Eb(w)e_th/
If static, o(t —t')

= Ty (w) Ep(w)e™™?

ac-conductivity



Linear response theory for periodically driven system

Ja(t) = / dt’aab(t,t’)Eb(w)e—M’

=Y amw)e R B, (w)

o: signal frequency
Q: drive frequency

Periodic driving
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input signal output signal
W ' o +nQ

Heterodyne
(Floquet state)
TO, Bucciantini, PRB’16



Heterodyne Hall effect

n TO, Bucciantini, PRB’16
Oy (W)

B(t) Osdcillatin
magnetic fie

Application: Dissipationless frequency conversion
— Ultra-low power consuming Bluetooth!?



Heterodyne Hall effect

n TO, Bucciantini, PRB’16
Oy (W)
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In the following, | will focus on the resonant case

®=C)



Example 1: Classical particle in an oscillating B field
TO, Bucciantini, PRB’16

\
B(t) = Bcos{lt

\

' I time dependent magnetic field

Newton'’s equation

m (% + n) v(t) = e (E(t) + 1o x B(t)>

C



Example 1: Classical particle in an oscillating B field
TO, Bucciantini, PRB’16

B(t) = Bcos{t
no E-field

¢ ©/0=3.0

C 6.0

® =qB/m ¢

cyclotron frequency



Out of plane
Magnetic field

B,= B cos Qt

In plane
Electric field

Ly

mc/fi=3

with static Ey-field
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Ja(t) = / dt’aab(t,t’)Eb(w)e_wt/
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() (ii) (iii)
®./Q =qB/(m,cQ)

winding per half cycle

Periodic orbits
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Out of plane
Magnetic field

B,= B cos Qt
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Heterodyning Hall current
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Out of plane
Magnetic field

B;= B cos Qt
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Summary: Example |
TO, Bucciantini, PRB’16

Classical particle in an oscillating B-field

heterodyne Hall insulator”

_ 1
ng(o) =0 nyl (Q) ™~ E

@ magic frequencies ((i), (ii), (iii),.. zeros of J,(B/QQ))

Ja(t) =) om(w)e VB (w)
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Example 2: Quantum particle in oscillating B field
\TO, Bucciantini, PRB’16

. time dependent magnetic field
\

B(t) = Bycos Qt

Newton’s equation
m (% + n) v(t) = e (E(t) + %v x B(t))
|

Schrodinger equation

1 ~ 2 2

H = > s + (py — Bo cos”(Qt)a:) |
Ay
Solvable by Husimi transformation




n=2

@

n=1

@)

level spacing
® =qB/m ¢

cyclotron frequency

Quantization: static B

_ Lo Y

Pn (:U) = 6_36‘

-10 -5 0

momentum-position locking

lp = B~1/2



How to realize A, = B cos({2t)z?

Wiincoming laser A. THz metamaterial

enhancement factor of B

A (degrees)

@ resonating current 0 10 20 30 40
Time (ps)

y position (um)
Y. Mukai, K. Tanaka, et al. (Kyoto grp.) New J. Phys.'16

1 Tesla, 1 THz!!

cf) E-field enhancement (Liu, Nelson, Averitt, ef al. Nature 12)
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H = o+ (py — Bo COSII(W)?C)Q}
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Quantization: time-oscillating B

], ge— -~ dotted line
H = 5 D + (py — Bo cos(§2t)x) }
R T T I L I I R CT I RCTI I T TERTTIII LTI T LI J

Solvable by Husimi transformation A,

B,=0.2, Q=1, p =5

](I)a(a:,t)|2

wave function

Floquet theory .
see A. Eckardt RMP’16 Floquet state [H — 0] |P,) = €4|Pa)



Quantization: time-oscillating B
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Floquet theory ,
see A. Eckardt RMP'16 Floquet state [H — i0;] [®,) = €a I%}




Floquet quasi-energy Spectrum
2
Py

*
2m}

5n(py) — En |

Floquet quasi-energy

temporal mixture n-th Landau levels



Floquet quasi-energy Spectrum
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Dissipationless Heterodyne Hall current

A B(t) = Bcos it
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Example3: 2D Dirac electron in oscillating B field

TO, Kitamura, Nag, Saha, Bucciantini, in prep

\

time dependent magnetic field

\
B(t) = Bcost

)

graphene, surface of 3D TI, ...

Dirac equation

Hpirac = 03Pz + 0y(py — B cos Q)

]
Ay




1
w—f{k,—f—i5

Spectrum Ack.o) = — T, ..

k 0 2 3
y
(=0.6, B/a=0.000, E,=0.0 honeycomb, zigzag edge
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w—f{k,—f—i5

Spectrum Ack.o) = — T, ..

r 0 2 3

y
0=0.6, B/a=0.0010, E,=0.0  honeycomb, zigzag edge
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w—f{k,—f—i5

Spectrum Ack.o) = — T, ..

r 0 2 3

y
0=0.6, B/a=0.0020, E,=0.0  honeycomb, zigzag edge




1
w—ﬂk+i(5

Spectrum Ack.o) = — T, ..

k 0 1 2 3

y
(=0.6, B/a=0.0030, E,=0.0  honeycomb, zigzag edge
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w—ﬂk—l—i(S

Spectrum Ak = — TPy

T T T T T

1.0+

“n-Landau levels”

 n-Flat bands at e=+Q/2
A series of bands around them
 electron-hole resonant state

0.5F

0.0+

e _ N
Dirac node

preserved 05l
\ y,

-1.0

0=0.6, B/a=0.0030, E,=0.0 zigzag




Effective Hamiltonian
“n-Landau levels”

Hpirac = 0':1:]3:1; + Oy (py — B cos Qt:l?)
] rotating frame transformation

B
0 —10, +1—2x
H.g = cosf B 2

Landau levels of 2D Dirac system

en = /2 — p2vV/Bn £ Q/2

two n=0 states

t/T=0.

006
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The flat band is protected by time-glide symmetry (Morimoto-Po-Vishwanath'17)

“n-flat band”

two n=1 states

tT=0.

localized @

center
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Heterodyne Hall effect

\

I time dependent magnetic field
\

B(t) = Bcost

o

<>
E, = E! cosQt

additional ac-electric field



Heterodyne Hall effect (add B and E)

0 2 3

0=0.6, B/a=0.0020, E,=0.20 honeycomb, zigzag edge




Heterodyne Hall effect (add B and E)

1.0,

“n-Landau levels”

n-Flat bands at e=+Q/2 tilts |
= g-chiral “center” mode
— current in y-direction

cf) m-edge state: Rudner-Lindner-Berg-Levin “13 oo}

T o
Dirac node |

axial chiral magnetic effect-like band

— current in (-y)-direction w05 _

CME: 3D Weyl in E,B fields

Fukushima-Kharzeev-Warringa’08 ‘k—o B
Y

0=0.6, B/a=0.0020, E—



Heterodyne Hall effect

chiral center state

axial CME state

2 3

0=0.6, B/a=0.0020, E,=0.20 honeycomb, zigzag edge



Summary

 Heterodyne Hall effect in three examples was studied

« They are characterized by the heterodyne response functions
Oy (W)

ongoing: Relation with topology, interaction (fractional state)

classical particle quantum 2DEG quantum 2DDirac
1.0f ‘ ‘ \\‘_;j,_ ]
Eq 1t E.=0
Out of plane _ e n=2
S Magnetic field O// )
. B;=B cos Qt e ,O’//
— n=1
. IErl'ch’ltgéeﬁem //’/ /,O’O
y MD/’ _()
/’/OU !
o
TO, Bucciantini, PRB’16 0
TO, Kitamura, Nag, Saha, Bucciantini in prep Y




Heterodyne Kubo formula




general theory 1/3
Floguet theory (non-perturbative in driving)
review: A. Eckardt, RMP’16

********************************************************************************************************************************************

time dependent problem eigenvalue problem
100 = H(t)w e Hoo = €ada
H(t) = H(t+T) (t) = e o(1) = H(t) — id,
0 =2m/T HE+T) = ot) &: Floquet quasi-energy

Floquet state
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Floguet Hamiltonian
Z Hmn¢7o7;b — €a¢g ¢(t) _ Z ¢me—imQt

m=—0o0

1 .
(H)™ = [ dtH ()™= s, QI

H,, = H™ ~ absorption of m “photons

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,



general theory 2/3
How to construct the effective Hamiltonian?

Heg = ilnU(T))T

« Mathematically ill defined in many-body systems
« Many expansion schemes (non-convergent)

(i) 2nd order perturbation Pershan, van der Ziel, Malmstrom Phys. Rev. 1966

[van(t)vnb*(f)+van*(¢)‘vnb(¢)]

Wnp— W Wbt

Feti()gp=—n"1)

n

(i) 1/Q2 expansions (van Vleck, Floquet-Magnus, Brillouin-Wigner)

relations between schemes: Mikami, ef al. PRB ’16

eff —H0+ Z H—m7

m>0

(iii) 1/(AE_,-nQ), 1/(U-nQ) expansions (Brillouin-Wigner, ...)
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m=—0oo

(-

: : : : eneral theory 3/3
Brillouin-Wigner expansion ~ ° 4

H™ QM = e

| Ho—2Q H.; 0 0 0 |<I§2> |<I§2>
oo I—IO—Q H 0 0 [P |P1)

P= Ho || Hy 0 %) | =€ [2°)

U 0 =—Ho+Q Hy &~ 1) |®~1)

0 0 pO0 H_y Hy+29 |P—2) |D—2)
- )\

Qlu) = Q5+NQ—HOQHI“> Q=1-P

Projection | 1/Q expansions Mikami et al. PRB'16

eff —HO+ Z H—m7

m>0

different from Magnus expansion

Projection |l Bucciantini, Roy, Kitamura, Oka, arXiv’'16 (appendix)

higher order monopoles in the Floquet Weyl semimetal

k|? + k2 ing A?(|k| + k3)*E!
HW:]: i (k —Q A2| 3 ) 0_3 N
e~ = | 1K K@K =2 222K — )

(k3F'oT + hee.)



Husimi transformation

H (pz, py — qAyit) = 5 —
'€

Husimi (Taniuti) PTP °53

e . 2
[pg7 + (py —qA, — EBz(t):v)z) ]

= driven Harmonic oscillator with an oscillating potential

(i) Quantum oscillator without driving

mew?(t)
2

2
Pz
2m,

172

H(t) =

w(t) = w.cos Ot

(ii) Classical driven oscillator
meX + mew(t)2X = S(t)

S(t) = w(t) (Aky — qAy)

solution

|

%

v, (x,t) = e_ﬁE”teikyygpn(:c — X (t),t)exp

oy

|

%{meX

1 1
pseudo-energy L=-m.X? - —mew(t)>X? + XF(t)
thz 21.2 T 2 2
En =&n ol 20 * E,=¢,+ —ZWIZ/ —% ; L(t')dt/



