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Exploring twoimensionatcherentspectroscopy
a r X i v : 2 4 0 1 . 17266 & a r X i v : 2 4 0 5 . 1 4 9 5 4 Yo s h i t o & C i a r a n

Mo t i v a t i o n : Probe t h e n o n - l i n e a r response o f
quantum magnets (using T H E spectroscopy)
t o a c c e s s t h e i r i n t r i n s i c e x c i t a t i o n s .

b r o a d , featureless →
. f r a c t i o n a l exc i ta t ions

c o n t i n u u m i n l ine. Spec.

(spinons, Majorana fermions,...)
"h idden" excitations" • multipolar exc i ta t ions
i n l i n e a r spectroscopy ( n o r e s t r i c t i o n t o dipolar se lec t i on rules)

• interplay o f exc i ta t ions
( S : ( E ) SP(O))) . n o n - l i n e a r susceptibilities

i & h igher - o r d e r dynamica l cor re la t ion fat .{ s ? ( t a )5pct,)S:(o))

Quadruplarexcitations ( a s a pr inc ipa l example) :

L e t ' s g o beyond convent iona l d ipo la r excitations
s u c h a s magnons, acknowledging t h a t m o s t

experimental probes obey dipolar selection r u l e s .

S p i n - 1 systems e x h i b i t multipolar exc i ta t ions
w i t h 1 m ² = 2 o n - s i t e . Fo r a s p i n - ½ system
t h i s i s I t p o s s i b l e , b u t Δ m ᵗ = 2 c a n a r i s e only
f o r t w o e x c i t a t i o n s (magnons) a t d i f fe r e n t s i t e s .
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Experimentally, multipolar e xc i t a t i o n s a r e therefore

a l m o s t i n v i s i b l e . B u t s o m e r e c e n t p ro g r e s s

• hybridize quadrupolar + d ipo la r excitations
• higher - o rd e r p ro c e s s e s ( R I X S experiments)
• 2 D c o h e r e n t spectroscopy.

I c o h e r e n tspectroscopy. ( D C S )

I I m#t .t l 2 0 1 7 2 0 1 9pulse 1 pulse 2 T H E pulse ( K . Nelson, P . Armitage):

! ! !

,

⇒ proper energy s c a l e f o r

(quantum) magnets

T - O T - T T - I t t

m a c t . e s - m i n e , _

"""""""!

N L

1 - 2 n d o r d e r n o n - l i n e a r susceptibility
= BeBe ½? ( t , t )

o n l y ( B o } B e ×:{½ (t.TO)) objects o fc r o s s - t e r m s
-

+ Bo ( B e ) ² × : & ' ( t , O , e)) i n te res t
+

#

✗ (311 )
→ quadrupolar excitations

✗ (312)
→ fractional excitations
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Models s p i n - 1 F M Heisenberg m o d e l w / single-ion anisotropy

H =
- ] Eg 5.5; - D ? (SE ) - 011×22

( ( symmetry

3 > 0 F M D S O single-ion anisotropy
⇒ ground s t a t e i s a fully polarized ferromagnet

↑↑ . ↑↑ ↑ • ↑ . ↑ ↑ ↑ ↓ ↑↑
1 - magnon 2 - magnon single-ion bound s t a t e

S I B S

✗ 2 - magnon

Sg- 2 D 1 -magn o n
E - I✓£2,1.gg a c a n n o n

numbero f lattice

l i n e a r response
s e e s g l y z e exc i ta t ion

sp i n -½ X X Z m o d e l w i t h longitudinal f i e l d

71 = - ] ,&, 8 ( s :S ; + S is ; ) + Sis? - h z 2 . s i
I
8/0=1.1

(42/J-5

⇒ ground s t a t e i s a l s o a fu l l y polarized ferromagnet
w i t h 1-magnon ( w i n = h z ) a n d 2 - magnon excitations.



✗ (3 .1 )
- 4 -

Ke s i g n a t u r e s
x x x x
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2 0 1 m -

2 -magnon
jff •

• ( 1 ) - W S I B S

o . • p p - o

§
,

• p p

pumb
+ 2 quadrants probe i t -WSBS-12,
by complex
conjugation

¼y↓ÉÉ
T . w s . i n t

o o

⇒ 3 a d d i t i o n a l pe a ks !

microscopic origin o f peak ( 1 )

T O 2 x f i e ld M "

( O ) M "
( O ) → S I B S exc i ta t i on

↘WE = WSIBS
T = I I x f i e l d M " ( t ) → S I B S t o 1 -magno n↘We = Wim

T - I t t measurement MX(c-+ t ) → b a c k t o ground s t a t e

( G S ) M " ( E t t ) M " ( t ) M " (O) M " (O) /GS)
← I m a g n o u t s

WE-Wim WE = WSIBS

peak ( 2 )

{ G S / MCO ) M " (O) MX ( E t t ) M X ( E ) I G S )
£ 3 s -

1 - m a g n o n
W E = -WS I BS WE = WIM-WSIBS
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peak ( 3 )

( G S / M " (O) M " ( t ) M " ( E t t ) M " (O) /GS
-I ¼ t É 1 -m a g n o n

WE = Wim -WS IBS W e = W i m -W i m = 0

pumb-probe pe a k (dipolar)

test"F+tMÉI:c:*:/as,
Imagton Tmagneon
W t -W i m W E = 0

2 Q peak (dipolar)

( G S / M X ( E t t ) M " ( E ) M " ( O ) M " (O ) /GS )

" "

Fagnoncindependent)

WE = Wim W E ≈ 201m

A s w e v a r y t h e single-ion anisotropy t h e s e peaks

w i l l s t a r t t o sh i f t

" "

""

↑
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WSBS/•
( 2 )

T . w s . i n t
0
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W h a t a b o u t t h e o t h e r 3 r d o r d e r susceptibility?

x13121-saccesstoquadrupolarweight.tw
d i d y o u

d o t h e s e ca l cu l a t i o n s?

• n u m e r i c a l e x a c t diagonalization f o r L = 1 0 0

o f i n i t e - s i z e ef fec ts , comparison t o MPS/DMRG
a r X i v : 2401.17266

• analytical genera l i zed s p i n -wa ve theory
• semi-analytical 2 - k i n k a n d 4 - k i n k calculat ions

◦ spinons i n A D T F I M ( → Johannes ' work)

W h a t a b o u t mate r i a l s & exper iment?

NiNbzOG s p i n - I c h a i n

D / J - 0 . 3 S I B S = 2 - magnon
h a rd t o d i s c e r n

F e t z easy-axis triangular magnet
n e u t r o n scattering (hybridized S I B S )
S I B S i s w e l l separated f r o m 2-magnon continuum
→ identify quadrupolar nature v i a Z D C S

1 - 2 - 2 0

compounds
n o n - Kramers doub le ts i n P r (Ti , V, Ir)(A1, Z n ) ,

intermetallics quadrupo la r & octupolar d o u b l e t s
→ n o dipolar excitat ions → Z D C S
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Ou t l o o k & afternoon d i s c u s s i o n s
-

• general ized s p i n -wa ve theory Cristian, D a v i d & Yoshito

& 4 - k i n k c a l c u l a t i o n s Johannes

• computational approaches

E D v s . D M R G v s . SUNNY

finite-temperature ex tens ions

• f r a c t i o n a l i z e d e x c i t a t i o n s
Peter & Johannes

sp inous ① Majoramas Nand in i & Wolfram

✗ ( 3 , 2 )
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• ma t e r i a l s
Pe t e r & C i a r a n

+ theory-experiment
c o l l a b o r a t i o n


