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Quantum materials: what are they?

« Materials whose often exotic properties are governed by quantum mechanics

* Quantum properties of electronic wavefunction matter: topology & geometry
« Coulomb interactions between electrons results in entangled wavefunction (beyond Fermi

statistics) | |
Quantum (spin) Hall insulators Weyl semimetal
« Prominent examples of recent interest — | ‘P
(a) (b)
» (Magnetic) Topological insulators and semimetals [ .
 Quantum spin liquids and spin ices R

19

:ﬁ ai @T\:& w} ey
&

Bilayer device with

» Unconventional superconductors
magnetic TI MnBi,Te,

e Quantum critical materials S

;—’TGA, a
Bp Thnmel S AFM I
Ner . a

Hasan, Kane (2010); Armitage, Mele, Vishwanath (2018); Iu_'“”’:"}’ ;"B = T, ”
Keimer, Moore (2017); Savary, Balents (2017); Sigrist, Ueda ‘ i -
(1991); Sachdev (1999); Sachdev (2023) Twisted bilayer graphene I<\3 |,~ .
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Electronic wavefunctions in solids e

 Electrons in solids often well described by Bloch Hamiltonian

p2

H = o T V(r) with periodic potential V(r + R;) = V()

« Hamiltonian commutes with unitary translation operators Tr, |¢nk) = e |¢h1)

k

« Momentum eigenstates ¥ni(r) = €* Tuni(r)  Energy dispersion Ey

. . . Etk) H H H H H
» cell-periodic Bloch wavefunction wu, () °‘\W
@) | ikx W(X) (b) Ug(x) sk
i /
k=0 k=n/a \Janderbilt (2018)
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Topological Berry phase and Berry curvature

hB
* Berry phase of a spin in a magnetic field H = —yB -S = — (L) n-o
Up-spin eigenfunction

@ 4% O \ :
€9 1) = (i)

» Berry phase is geometric phase picked up during transport along closed loop

b= @ (uy|iO\uy) dX. —> qf):%A-d)\:/Q-ﬁdS:/Q-dS
P S/ S

/ Berry curvature or flux (gauge invariant)

Berry connection (gauge potential) B B
Vanderbilt (2018) QW - auAV B aVAH = —2Im (ﬁuu|8,,u> -
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Topological Berry phase and Berry curvature

hB
 Berry phase of a spin in a magnetic field H = —yB - S = — (%) n-o

(b) _ Up-spin eigenfunction Close to north pole

{9 [ Ta) = (siflczz(/QQ/)i)i‘P) | Ta) = ((nm +1iny)/2)
[0 e = %(({) ,  |On, Ta) = %((3) :

« Berry phase = flux through
shaded area e / Q. S Constant Berry flux €2, = —1/2
S

Berry phase is proportional to shaded area

1
Q= 0,4, —8,A, = —2Im(0,u|d,u). Q. = §EW,QQW

Vanderbilt (2018)
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Berry phase of Bloch electrons in solids

* Bloch Hamiltonian H;;(k) resembles spin in magnetic field A =" >~ H;®a}dj
7T
« Example: Weyl semimetal Hy = $v Z kio;

’I::.CC,'y,Z

Berry connection A, (k) = (unk|iV|tng)

Berry phase ¢,, = j{ dk - A, (k)
c

- Berry curvature Q,(k) = Vi x A, (k)

Weyl points are sources of Berry flux
(magnetic monopoles) § €2 - dS = F2r

Armitage et al. (2018)
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Impact of Berry curvature on electronic transport i B

 Berry curvature acts like a magnetic field in momentum space

« Semiclassical equations of motion of Bloch electrons
—€

2 lvkék . k x Q. Transverse Hall K, = (2? f( ) y(k) d°k

h current —e 5
hk = —eE — ei x B. ~ (2m)? Jp f( O
—E —€ 9
* Anomalous Hall conductivity ~ (2n)2 ( 5 5’5) ” f(k) (k) d°k
g (n) (n)

e Time-reversal (T) Q) (k) = —Q;) (k)
Oye = ooy | FK)QUk) d’k Inversion (P) 6% () = 20 (K)
( 7T) BZ PT a (k) = - (k)

Nonzero only in absence of time-reversal symmetry How to probe Berry curvature in presence of TR?
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Types of nonlinear probes of quantum materials I s

Nonlinear transport

Quantum Pump-probe

Nonlinear optics )
Materials spectroscopy

Two-dimensional coherent
spectroscopy
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Basic concepts of nonlinear probes 1

SAARLANDES

* Nonlinear response described by higher-rank tensors

1 2 3
P=Y xPE+Y XOE B+ Y X EEE + ...
J 7.k 4.kl

» Obey different symmetry constraints than linear response

» Detect symmetries & symmetry breaking (example: second-harmonic

At=-5.0 ps
(@n1,7,0

o
0 < '
Yo
. 1‘“‘(112)
ym

6
4

4

P’
2/\/\/\/\
0o-¢¥__ % ‘

x10?

generation)

Fiebig et al. (2005);
Zhao, Torchinsky, Hsieh et al. (2018)

Isna(2w) (Arb. Units) o
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Basic concepts of nonlinear probes 2 iz

* Nonlinear response probes topology and quantum geometry

Time-reversal (7) QY (k) = —Q% (k)
Inversion (P) Q) (k) = Q0 (—k)
PT O (k) = -0 (k)

Qfﬁ/) (k) = (Opun| Oyun) — (Opun| un) (Un| Oyun)

— g ) - 2000, g |
rom Ma et al. (2018).9

« Example: Nonlinear Hall effect due to Berry curvature dipole mmmmt— ﬁ“o

Boron nltnde

@ Anomalous Hall effect € Nonlinear Hall effect 6’2 a
— 4 2 2
& & Oyr = —5+ f(k)Q(k) d“k
Tz o = e s |
LJ Lj )
63’[

)(

Berry curvature A g =uEeg—————— 8 Q . '. : 5 7 \
' —me i+ ﬁ Xabe adc 2(1 3 i(U’L') A( be) d g:,‘ L L '@}
Sodemann, Fu (2014; Ma et al. (2018); Kang et al. (2018)
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Basic concepts of nonlinear probes 3

* Nonlinear response can be viewed as lower-order response in perturbed system
 Perturbative example: circular photogalvanic effect (CPGE) due to BC dipole

« Multiple weak-pulses: 2D spectroscopy (discussed later)

* Pump-probe is highly nonlinear example of probing excited states.

1

TR F=2Via—kxQ,
) = —Wz[k X Q(k)]g(k), .
4 hk = —¢E — ef x B.
¢E - Vn(k) af Moore, Orenstein (2010)
g(k) i - + c.c. | — Sodemann, Fu (2014)
/7 —iw de/o Q0. o k, Chan et al. (2017, 2018)

Ma et al. (2017)
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Why probing quantum materials nonlinearly? 0 =

Nonlinear interrogation of materials provides information about

Electronic symmetry & hidden orders via symmetry breaking Examples from:

e Sirica, PPO et al,

« Topology & quantum geometry of Bloch wavefunctions Nat. Mater. (2022).
* Qiang,..., PPO,

* Nature, lifetimes & couplings of excitations arXiv:2301.11243.
* Xu,., PPQO,.., Wang,

o Nat. Mater (2018).

Quantum coherences of the many-body quantum state

‘ f=50Fe Gate pulse
8 x107 = :

2 @ 1,7,0) i . T H . _'rl':ivo tlmg,e

z 6 (50 | z . 12 'nF(’I‘" ) ..'.. z pump 2 prol

= 0 £ : , - lyae —> "0,

o Y 3 o »

< 4 K ToAs (11, LN E"ut,,) A o — \I /\ " 3.

:?; 2 o I\Ieasurement U I\ N, V I\’/ 4

T’ “ THz out

. /\/\/\/\ o Nb;Sn sample Electro-optic detector
0 -¢ -4 L= £ E 4.1K-300K
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Collaborators

Theory collaborators

* Yihua Qiang, Victor Quito (Ames Lab)

* Thais V. Trevisan (UC Berkeley)

* Mathias S. Scheurer (Innsbruck Univ)
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Nonlinear response probes electronic symmetry

* Nonlinear response described by higher rank tensors

« Example: electric polarization

1 2 3
P=> XVE + Y XD EE + Y X EEE + ...
J 7.k 7.kl
« Symmetry transformation imposes constraints
Xijk = Z Riir R Rk Xtk

! A /
v ,97,k

»  Constraints inform us about symmetries & symmetry breaking
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Second-harmonic generation (SHG) i

PG SAARLANDES

Experimental setup

Outgoing intensities as function of incoming

polarization

1513 (2w; ) o | P(2w; ¢) - €h)?
152 (2w; ) o | P(2w; ¢) - €}

P2wi¢) = > xijr(2w;w,w)E;(w; ¢) Bx(w; ¢)

j,k:w’y)z
TTT TTY TTZ YTT YTy YTz ZTT 2TY 2TZ
xf}‘i = Xijk = Ty TYY TYZ Yyry yyy yyz 2Ty Yy zyz
TTZ TYZ T2Z YTz Yyyz yzz 2Tz 2Yz 22%

0 0 zzz 0 0 0 zex O 0
T o) 00 0o o0 zzz]| 0 zzz 0
C4v symmetry constraints Xijk
0 0 0 zxzz O
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Time-resolved SHG in Weyl semimetal TaAs g s

y OUthIng IntenSItleS for C4v . At=-5.0 ps At=0.0 ps v At=1.0 ps At =5.0 ps
20 @t e l(® o, © (d)
symmetry S e % il o &
T g 4 — o ? " ] ( ¢ \ ' |
139 — o, sin®(26) N4 = »
IéHG}: [b1—|—b2COS (Cb)] S e o SR T S L 1 e O ) O S
€ 1,1, — 4mm?" ((f) — 1| |(9) (h)

« Optical pump removes

lsng (2w) (Arb. Units)
o o o
[S) P )
| ‘%\
P [P _é. 1l
--—
T\
o

- |

-—

-

symmetries

. o 0 100 200 360 0 I 100 200 300 0 100 200 300 0 100 200 300
> F|tt|ng Of SHG a”OWS to Incident Polarization (°) Incident Polarization (°) Incident Polarization (°) Incident Polarization (°)
determine symmetry reduction Sirica, PPO et al,, Nature Materials (2022)
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Microscopic origin of dynamic symmetry breaking

All spatial symmetries and time-reversal are removed by optical pump
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Observed reduction of magnetic symmetry consistent with photocurrent generation

Symmetry reduction can be controlled by pump polarization

Isn6(2w) (Arb. Units) o

lsna (2w) (Arb. Units)

5 At=-5.0 ps At=0.0 ps
(@) 1,7,0] (b)

6 .
00
hA, (‘12)
o 8>

5 © 1,17 — 4mm? () 0.

180 0

x
2
S,

0.8

0 100 200 300 0 100 200 300
Incident Polarization (°) Incident Polarization (°)

Sirica, PPO et al,, Nature Materials (2022).
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Two-dimensional coherent spectroscopy ;|

» Several time-spaced light pulses irradiate the system

» Followed by a measurement of an observable, e.g., polarization P or magnetization M

« Nonlinear susceptibility R™ (¢, t,, ..., t, )

o3 Linear 55 Second-order
M,(t) = /(ls]?nb s)By(t — s —}-/(lsl /(]SZR(II)(‘ S1,82)Bp(t — s1)Be(t — s2)+
0 0 0
C b a . . .
tl tg S. Mukamel, Principles of Nonlinear Optical Spectroscopy (1999).

P. Hamm and M. Zanni, Concepts and Methods of 2D
Infrared Spectroscopy (2011).
J. Lu, X. Li, Y. Zhang, H. Y. Hwang, B. K. Ofori-Okai, K. A. Nelson, Top

o

1 , > Curr Chem () 376, 6 (2018).
0 / time . M, Woerner, W. Kuehn, P. Bowlan, K. Reimann and T. Elsaesser, New
measurement J. PhyS. 15, 025039 (2013)
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Two-dimensional coherent spectroscopy Faion

» Several time-spaced light pulses irradiate the system

» Followed by a measurement of an observable, e.g., polarization P or magnetization M

« Nonlinear susceptibility R™ (¢, t,, ..., t, )

o3 Linear » 55 Second-order
M,(t) = /(Z,s'Rfli))(s)Bb(f —8) + /dsl /dsﬂ?ﬁl(sl. $9)By(t — s1)Bc(t — s2)+
0 0 0

e Kubo formula

» Linear response R&) (t1) = %Q(tl) <[Ma(t), Mb(O)- >0

-2

« 2nd-order response R((j)l(tz, t1 +t2) = ZN@(h)@(b) < [Ma<t1 + t2), Mb(tl)] 7Mc(0)] >0
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Correlation functions as quantum pathways

» Pathways provide useful intuition about nonlinear response
Ladder diagram for pathway A

« Requires knowledge of all Hamiltonian eigenstates
» Lehmann representation of correlation function a ___0_>__<_(2__
Example: Linear response oo tl Z > <0
b I i3 h e
Kubo formula o 7 tme
measurement
Ry (1) = <0(h) [or (Ma(t)M3(0)]0) (0]) = tx (M (0) 1L, (11) [0) (0] )|

—— —_——

Quantum pathway A Quantum pathway B
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Quantum pathway A in linear response: step 1

A =tr (6th1 M, e~ g, 0) (O]) — ¢tr (Mae—thl M, 10) (0] 6th1>

Y

Step 1

Created quantum coherence

A | N 0) (o
13,10 {01 = 3 (i8] 0) 1 (0] = 3 Mo i 0 W
N [ 1

, _ . , Transition matrix element
Insert resolution of identity using

Step 1: M, acts on the left of p,

. . between energy eigenstates
a basis of eigenstates of H
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Quantum pathway A in linear response: step 2

A =tr (6th1 M, e~ g, 0) (O]) — ¢tr (Mae—thl M, 10) (0] 6th1>

Y

N 5@1 Y
Step 2
Step 2: Time-evolution of the density matrix over time t; 0) (0
ad e----—-—-—-4
. N . L . : —1w;ot
e "M, 0) (0] e = Z My g0e™ "™ |4) (0] tlb .__Z_>__<_9__ e
7

/ "

Oscillates with energy difference of states i and 0: wio = E; — Ey
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Quantum pathway A in linear response: step 3

A =tr (6th1 M, e~ g, 0) (O]) — ¢tr (Mae—thl M, 10) (0] 6th1>

Y

W Step 1 .
'
W Step 2 Y,
Y
Step 3

Step 3: M, acts on the time-evolved density matrix. Perform trace -» measurement

Ma,Oz’

tr (M G(t,) M, |0) (0 ) Z My oM, g0t ~ 10) (o]
tr [ ]4) (0

SLAC
Summation over all energy eigenstates i 0> <0
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Quantum pathways A and B in linear response

A =tr (6th1 Mae—thl Mb 0) (O]) iy (Mae—thl Mb 10) (0] 6th1)
B =tr (MbethlMae—thl ]O) <0’) — tr (Mae—z‘Htl \O> <O\ Mbethl)

Linear response

tl Z> <0 - tl U> <?, — jo) (tl) = %H(tl) [Z Mb,ioMa,OiG_iwwtl — C.C.]

> R (w1)

Quantum pathway A Quantum pathway B Fourier transform
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Second-order response /}\
/K

tlme
measurement
-2
1 ~ ~ X
R (ta, ti+ta) = 0(t0)0(t2) (|| Malty +12), Mo(t) |, N1(0)| ) = _9 (t1)6
P1(2b (tl t2) P2(,2a)bc(t17t2) =
tr (M G(tg)]\/[bG(tl)Mcpo) —tr [ MoG(t2) ( (G(t)Mepo ) My ) |
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Z[ j,abe tl tg + c.c

J=1 )
: J
TotaI of four diagrams!




Third-order response dn t CA t, DA 4, (@
(I) | | /'._‘;ime
; 2'3 ) measurement A ) ) A
RE) ((banty + oty 4ty 4 1) = 0()0E)0(s) (||| Malts + 2+ ), Mt + 1) | M), 21a(0)| )
0) (0 2 (i J) (g J)
ae--—-------- a @----------- Q Q e
t3 k 0 t3 k 1 t3 k)‘ ] t3 k i
LA A LAY AT
ta | 15) (0 ta | |j) (i ta 110)(J ta | [2) (4
-------------------------------- C ceeeeeeee- @ C
t1 |15 (0 tr | 10) | |0) G b i) (0
____________________________________ d
10) {0] 0 (0] 0) O~ ~110)(0
2Q-pathway Non-rephasing pathway Echo (rephasing) pathways
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2D spectrum in frequency space i

+o00
* Fourier transformation / dto (t) et it =Tt = gr (W — wij)

» The g-function contains delta function and principal value
1 1

gr (z) = o ziP(E> + 76 ()

« Terms in the 2D spectrum contain products of g functions

* Mixing of delta function and PV contributions occur

» Characteristic slowly decaying PV streaks coming out of localized delta function peaks in
2D spectrum

gr (z) gr(y) = [W25(w)5(y) - P (i) p G)] +i [7T5 (x) P G) + 76 (y) P (%)]
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2D coherent THz spectroscopy: Experiments

Peter P. Orth (Saarland University)
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PRL 118, 207204 (2017) PHYSICAL REVIEW LETTERS 19 VAT 2017
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Coherent Two-Dimensional Terahertz Magnetic Resonance Spectroscopy )
of Collective Spin Waves * Noncentrosymmetric canted

AFM material YFeOs.

Jian Lu,' Xian Li," Harold Y. Hwang,' Benjamin K. Ofori-Okai,' Takayuki Kurihara,’ )
¢ Two THz-active zone-center

Tohru Suemoto,” and Keith A. Nelson'

'Deparmment of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA m agnon mOdeS
“Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan
(Received 7 October 2016; published 18 May 2017)

(a) CI S, M S, Magnetic order
To EOS 5 b in YFO

AF mode F mode

(a) Nonlinear
signal emission B,

B Transmitted

Al ods THz fields _
Incident Sample £ 110 !
THz fields c 3 T F mode AF mode ;
b‘\l/’a € 7 f.=0.299 THz fie = 0.527 THz .
g | I
= = - & % 06 B 12
BNL (t’ T) - BAB(I, T) BA (t’ T) BB (t) Frequen'cy (THz) '
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Real-time nonlinear signal for fixed pulse delay

©®
[zl
111

 Different modes can be selectively excited by choice of B-field polarization

(@)

Nonlinear
signal emission B,

AF mode

Incident
THz fields

Sample

0.5

Transmitted
THz fields

BnL(7,7) = Byp(t,7) — Ba(r,7) — Bg(1)
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Signal field amplitude (a.u.)

FT amplitude (a.u.)
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40

o

10 20 30
Time (ps)
AF mode (d
% signal AF mode % signal
=0.527 THz (SHG)

2f,- = 1.054 THz

0.6
Frequency (THz)




2D THz spectrum: AF mode

Experiment 05 |0) <0|
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THz rectification
wo(THz) (TR) pathway

Peter P. Orth (Saarland University)
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Both second-order signals detected
Purely magnetic origin

Reproduced by semiclassical LLG
simulations using Hamiltonian

a

H=-JS;-8,+D- (8 x8;) - > (K52 +K.S%)

i=1.2

[BTHZ(t ’L' g BTHZ ZS
i—=1.2
AF mode

S1 t M SZ
! |\ /|
i -x




3 order peaks in 2D THz spectrum of AF mode

o g: \=penment g5 2Q pathway PP/NR pathway R pathway R pathway
Ly ILVAY | S DAY o L4l o o4l
/] 7| .
7 t3 k) (0 t3 k) (¢ t3 k) (7 ts3 k) (J
i p o O ey IRt 1R G 5 LR Ul
06p a0t [ 19 ta |10) (4 . b [2) ] .
N R ®NR SHGY | . 0 L P Y AR (e
o [, s | tr |1 0])  tr | ]0) tr | 10) (i b ) O]
\P_‘/ 3 / é [ d """""""""""" d """""" d """"""
5 ol Zpp ;- 10) (O] 10) (O] 10) (0] 10) (0]
[NT == T 0 AAB , ABB T
A | .
(TR e R | o
_o_GFT_. kY I t+7 T
0 0.6 12 time time
WQ(THZ) t;,=0,t, =Tt =t ty=17,t,=0,t3=t

13 April 2023 Peter P. Orth (Saarland University)




3 order peaks in 2D THz spectrum of AF mode

g: \=penment g5 2Q pathway PP/NR pathway R pathway R pathway
1.2 . ,
@ _ g v 10) (0] ) (il 17) (Ul 17) {71
{ S t ’ k:O t ’ 1) (] t ’ k ________ t ’ 18 Gl
RS TG IS L v P U hil) I G- 1) B KA )
o6k . K- 3 t2 | 7) (0] ta | |7) (il t2 |0} (J] ta | i) (/]
< |TR NR SHG A C @ e N c
s, ] R T R T T R N RO PR A ()
\P_‘/ 3 / £ [ d """""""""""" d """""" d d """"""
= |7 Zpp 10) (0] 10) (O] 0) (0| 10) (0]
R O e~ = PR
ey : - « All third-order signals detected
f |
< 3
TR \£ R | « 2Q signal can reveal correlations of zone center magnons
-06 R Ay N
0 0.6 11 . . . o .
* Rephasing (R) signal yields intrinsic broadenin
ws(TH?z) P g (R) signal'y g
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3 order peaks in 2D THz spectrum of AF mode
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g: \=penment g5 2Q pathway PP/NR pathway R pathway R pathway

B (o 1 X (1 15 61
co 0 ] s RO s R s [RG s R G

i s s S BN /10| IO LT UL R L LI
SO w [l w (o] w0l Bl
S b L Yoal Jeel? Toelt Yo
1) '_3- i o

b f : | ¢ Future directions

TR \\\1 R | 1 * Look for mode-mode couplings (off-diagonal peaks)
_065"7'_ d; " ”.T{z * Look for anharmonic magnetic potentials (shifts of diagonal

peaks)
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Other recent THz 2DCS experiments

nature

ARTICLES

p YSICS https://doi.org/10.1038/541567-020-01149-0

M) Check for updates

Observation of a marginal Fermi glass

Fahad Mahmood©"23%¢, Dipanjan Chaudhuri®’, Sarang Gopalakrishnan*®, Rahul Nandkishore® and
N. P. Armitage ®'*¢

PHYSICAL REVIEW LETTERS 122, 073901 (2019)

Distinguishing Nonlinear Terahertz Excitation Pathways
with Two-Dimensional Spectroscopy

Courtney L. Johnson, Brittany E. Knighton, and Jeremy A. Johnson'

Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah 84602, USA
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2DCS allows to measure

intrinsic lifetimes

lm\““
Inhomogeneous
broadening

A
/
/Homogeneous

broadening

Distinguish excitation

pathways

Combine THz and Raman

pulses
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2D spectroscopy of Kitaev honeycomb spin liquid

Peter P. Orth (Saarland University)
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Kitaev spin model on the honeycomb lattice ﬂ/ﬂ”

= —J, Z"X"X ZA\AV_JZAZZ

()2 . .,JJ
 Exactly solvable in terms of static Z, fluxes and Majorana fermions (Fzrg;;(a”g etal.

* Quantum spin liquid ground state with fractionalized excitations

» How to uniquely identify this state experimentally?

a4 — kLG, . . . - N

g; = ’LbJCJ Spins in terms of Majorana fermions B — 2 :lu(,xkc'ck

A 'baba . . ) = 1L abond

Ujk = t0;0p Static bond fermions {ng = }

W, = ofoloio%0?0Z 7,1l d =H, = ¢, (aa =
p — 1020304,050¢g > TIUXES are conservea | u — p pYp
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Kitaev spin model on the honeycomb lattice ﬂ/ﬂ/’
= —J, ZAXAx ZAVAV_J ZAZ z ﬂ/]

 Exactly solvable in terms of static Z, fluxes and Majorana fermions

From Yang et al.

(2007)

* Quantum spin liquid ground state with fractionalized excitations

« How to uniquely identify this state experimentally

Jx J =0 »
Phase diagram and matter fermion gap
o « B phase = gapless spin liquid.
From Knolle 5 * Spin correlations only on n.n. bonds

thesis (2016) 0s S « Z2 flux gap nonzero

= « Gapless Majorana matter excitations
* A phases = gapped spin liquid
et h=hee « Gapped Majorana matter excitations
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Linear response: dynamic structure factor

13 April 2023

Zero temperature spin correlation function S“’g(t) (()|6?(t)6f(0)|0),

Application of spin g/ creates flux pair across bond a and Majorana
fermion c at site i S () = —i > (MEéi1n) ) 8[w — (Ex — EB)]84ijyap

A
Evaluate dynamic structure factor in the Lehmann representation

Sites i,j must be nearest-neighbors to allow for flux removal 0)

0) (0]| < Intermediate state contains additional
@ Y flux pair
b ,___>__<_(_)__ « States |1) are eigenstates of Hamiltonian

0) (0 with sign of bond variable u;; flipped
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Dynamic structure factoratq =0 1

SAARLANDES

« Dynamic structure factor shows broad peak at low energies
* Vanishes below the two-flux gap energy

« Dip at van Hove singularity in the density of states
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From Zschocke, Vojta (2015) From Knolle et al., PRL (2014)
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Nonlinear response at g = 0 O =

« 3 order y?## studied by Choi, Lee, Y.-B. Kim (PRL, 2020)

Contains fingerprints of fractionalization

Vertical signals at two and four-flux gaps

- Diagonal signal range equals matter bandwidth, axes intercepts yield 4-flux gap

~-E5  AAB

13 April 2023 Peter P. Orth (Saarland University)



Nonlinear response at g = 0 11 [

« 3 order y?#?* studied by Choi, Lee, Y.-B. Kim (PRL, 2020)

« Contains fingerprints of fractionalization
 Vertical signals at two and four-flux gaps
- Diagonal signal range equals matter bandwidth, axes intercepts yield 4-flux gap

Here: Off-diagonal 2"d order response y?** is also finite! 3) (]

* Lower order response should be experimentally easier accessible |&) {j|

 Fewer pathways = Results can be interpreted more easily ) (/]
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Second-order 2DCS response at g = 0

« 2" order response for component: (a,b,c) = (y, z, X)

X" (11, m2) = Z.ﬁ9(71)9(72)<[[1\4‘”(ﬁ +72), M°(71)], M°(0)])

Me@t) =3, 00(t) - Two pathways o
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Expressions for the two pathways: R, and R, o =

o R(l) R(®
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Full second-order 2D spectrum Il
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» Time-reversal symmetry requires Rex?*¢(wi,ws2) = Rex®*°(—w1, —w2)

Imy ¢ (w1, w2) = —Imx“bc(—wl, —ws)

» Pathways clearly separated
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@,

Dominant response at lower energies g

Rexf(wiws)  ImxET(wnw)  RexE(wnw)  ImxEi(wn,w)
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« Real and imaginary parts contain the same information

* Response largestinregion 0 < w < J
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Interpretation of R, pathway i -

(b) _ I %7 (wn, w2) -
iy : 600 « 2-Flux gap visible
L0
M~ - o . .
= R « Continuum of Majorana
- IS 400 o o
S 7 g matter excitations similarly to
| - i ' - 200 linear response
oo ; | .
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Interpretation of R, pathway -

(d)_ Im X, (Wi, w2) « 2-Flux gap visible as well
= - I600 « Can distinguish smooth PV
S 400 from delta-function peaks
S [ « Peaks in w, at energy
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Off-diagonal peaks in R,

(d) . logyg [X %" (w1, w2)|
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Nonlinear response measures wavefunction properties
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Grey dots are energies of high IPR
D lil?
Response dominated by high IPR states

wavefunctions IPR =

Off-diagonal peaks = overlap of localized

matter states trapped around Z, fluxes
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Conclusions & Outlook i [

* Nonlinear responses are powerful probes of quantum materials Lo I X (@iw2)
(a) ‘

» Detect symmetries, reveal hidden orders, symmetry breaking
» Map out quantum geometry: Berry curvature and quantum metric |

 Access properties of quasiparticles such as lifetimes, couplings & § 00—
wavefunction overlaps
 Direct probe of fractionalization in quantum magnets LB g ia e
« Open questions and theory challenges S e 5 NE 19
measurement w
* Nonlinear response in correlated and disordered materials
« 2D spectroscopy of multiferroic and superconducting systems References
- Explore theory of combined nonlinear THz and Raman spectroscopy * (Szigze;')PPO et al, Nat. Mater.
. * Qiang, Quito, Trevisan, PPO,
Thank you for your attention! arXiv:2301.11243.
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