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Probing fractionalized excitations and their interactions

No broken symmetries.
Quantum entangled state:
- PN 4+ eER L, ZERS . fractionalized excitations = spinons
+ emergent gauge fields

Figure 1. A ‘resonating valence bond’ (RVB) state. Ellipsoids indicate spin-zero singlet states of two § = 1/2 spins.

Savary, Balents 2017
How to detect/observe it?

Neutrons, RIXS, NMR, thermal transport, terahertz optics, ESR, quantum spintronics

Dynamics in magnetic field!
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Probing fractionalized excitations and their collective modes.

Spinon Fermi surface spin liquid in magnetic field. Spinon spin wave.
New take on the magnetized Heisenberg spin chain.

Interacting Dirac fermions in magnetic field.
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Spin liquid (?) in magnetic field
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Fractionalized excitations in the partially
. magnetized spin liquid candidate
What is S(k,w) YbMgGa0,

® ? Yao Shen, Yao-Dong Li, H. C. Walker, P. Steffens, M. Boehm, Xiaowen Zhang, Shoudong Shen,
o r a S p I n o n ° Hongliang Wo, Gang Chen B & Jun Zhao ™
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Evidence for a spinon Fermi surface in a
triangular-lattice quantum-spin-liquid
candidate Small momentum
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Sketch of U(1) gauge theory

1
1) Sg’ = §¢I’a035¢r,5 provided Zlﬁi,albr,a = 1 enforced by Ag

«

2) Sy S = [ A€ Gl o e A (r =17y A(TEE)
3) S, = / deQ@[ar —u— (Vr 0o — .
External Splnon

Gauge field

Gauge theory of high-temperature superconductors and strongly correlated Fermi systems

magnetic field

G. Baskaran and P. W. Anderson Gauge theory of the normal state of high-T,. superconductors

H H H H H Patrick A. L dN N
Gapless fermions and gauge fields in dielectrics Paty;Rev_ ;32?56;‘?‘;u§|?:h°esj1Semembemggz

L. B. loffe and A. I. Larkin
Phys. Rev. B 39, 8988 — Published 1 May 1989
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Interactions

e | ongitudinal ® Transverse
Aty = upleyply, A (¥TVY = Vyly)
coupling to dynamical
photons
Source of non-analytical
behaviors w?/3 , etc

@ O

screened Coulomb
Interaction
Short-ranged



Spinon particle-hole continuum

+ Zeeman field  x@w =i [ dsie.s 70

Transverse spin susceptibility

E

q=0 costs Zeeman energy

/ E

E~/vE q

zero energy when veg
= Zeeman




Short-range interaction +
/eeman magnetic field

wplip, g, - =

=—SuM (Y11 — Yj9)
Self-energy = mean field shift

2

PH continuum shifts
up in energy by uMi




Silin spin wave

Larmor theorem: =0

excitation must be at E-

dS; .
d; ' = —iBS;,

RPA: \adder senes

o>

X (qaiwn) O EZ/VF q
1 4+ ux®(q,iw,)

“Silin spin wave” \ .
pole: collective mode

x(q,iw,) =

Theory: V.P. Silin, JETP 6, 945 (1958); _ Y 5 o
Platzman. Wolf, PRL 18, 280 (1967); W = Liz + UM — 1/ u*m= + vpq
Exp: Schultz, Dunifer, PRL 18, 283 (1967).




Collective spinon spin wave in a magnetized U(1) spin liquid

Leon Balents and Oleg A. Starykh
Phys. Rev. B 101, 020401(R)

Distinct signature of spinons, interactions, and
gauge fields

Transverse collective
spin wave Is =
dressed by gauge

luctuations, acquires
finite lifetime.

2-spinon

£ L continuum
Z i

—

spinon spin wave k \ —
Z/VF  Q

gauge
excitations




Check the best-known spin liquid: spin-1/2 chain in a

magnetic field

Non-interacting limit (g=0) - field splits spin up/down bands H = H,~- de Je(x) + J7(x)

Magnetization
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Extended Quantum Critical Phase in a Magnetized Spin-% Antiferromagnetic Chain

M. B. Stone,* D. H. Reich,' C. Broholm,"? K. Lefmann,’ C. Rischel,* C. P Landee,’ and M. M. Turnbull®

a) CuPzN!




Spin-1/2 antiferromagnetic chaln

H:ZJlgn-§n+1+J2§n°§n+2_BS§J T l T l T l

J2
gapless dimerized
I I >
I ‘ I -
OG0« o201 05 LMY

g(0)=0

backscattering is half-filled band

marginally irrelevant \ o spinens T

Left \ / Right
H = /dw(wR( 1WE O, )¢R+¢L zvpf?x)w,;) gJR JL T
. b = —
HO Hlnt \/F 2
i} 1
Free fermions Spin current Jg/r = §¢2/L5¢R/L

S(xi) = Jr + Jr + (_;)xi (?ﬁ};ﬁh — ¢25¢R)

: g>0: marginally irrelevant interaction of
B#0 - . . —
 spin currents (spin backscattering ~ gcos[v8mp,] )

o) = 1Oy n/E) — g(E - 0) - 1/In(J/E)’
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Spin-1/2 Heisenberg chain in magnetic field

PHYSICAL REVIEW B, VOLUME 65. 134410

Electron spin resonance in S =} antiferromagnetic chains

) ) ; ) 2 Dynamically Dominant Excitations of String Solutions in the Spin-
Masaki Oshikawa’ and Ian Affleck™™* 1/2 Antiferromagnetic Heisenberg Chain in a Magnetic Field
lDepurnm'm of ‘Ph_\'sirs. Tokyo Institute of Technology, Oh-okayama, Meguro-ku, Tokyo 152-8551, Japan Vasonor Kohno
“Department of Physics, Boston University, Boston, Massachusetts 02215 Phys. Rev. Lett. 102, 037203 — Published 22 January 2009
(Received 13 August 2001: published 19 March 2002)
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Non-interacting
spinon
continuum

Numerical
simulations
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Splitting
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FIG. 2. The zero temperature transverse spin structure factor .t
S, (w,q)=5, (w,q) of the §=1/2 Heisenberg antiferromagnetic WO

chain under an applied field H, near ¢ =0. It is approximately pro-

portional 0 @[ Sw—|g—H|)+ 8 w—|qg+ H|)]. giving the reso- b h .
nance at ¢ =0, w= H. This consists of two branches coming from ra n C es /
S¢ - and §, , which are marked by + = and =+ in the graph. In

fact, there is a small spreading of the spectrum and the structure

factor is generally not a perfect delta function. However, it is ex- I n Crea SeS

actly the delta function 8(w— H) at ¢ =0, as explained in the text.
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Spin backscattering is finite at energy E = B

| -5 [dx [J00) + J(0)

5 = gl(4nv) g — g(E — B)

Transverse interaction 014
Self energy must restore Larmor Th ZE |
g |dx [(57) i+ J5 () i
(; S— é — éll : — é ! é B (Field in Tesla)
(5 ) = M2 . B
L N w2 J
(magnetization) g - ( \/ﬁeu)
B
shifts the mode at k=0: B — B+ gM/2 k. %}%

Low energy effective Hamiltonian for
the XXZ spin chain
Sergei Lukyanov'

Depariment of Physics and Astronomy, Ruigers University, Piscataway, NJ 08855-0849, USA
L.D. Landau Institute for Theoretical Physics, Kosygina 2, Moscow, Russia

| Theoretical problem: need to calculate dynamical spin susceptibility ;‘
‘ with the finite backscattering interaction between spinons




(approximate) hydrodynamics: Dynamical susceptibility of interacting
spinon liquid

_ T

= - 6 0,0(x — a') + i€ Jg  (2)6(z — a)

Spin currents obey (level 1) Kac-Moody algebra: [jIC:Lg/L(x)a j?z/L(fv/)]

Equations of motion for right/left spin currents lead to the hydrodynamic description of the small-k response: M =Jgp +J;, L =Jgp — J,

oM = —v(1+6)0,L — B x M s
OL=—-v1-860,M-BxL—-gMxL| ---» M- (M) = 1X_05B—> oL = —v(1~8)0,M ~ -— B xL

A, (k) A_(k) 6B \/ 6B \2
: + _ K\=B4+ — 4+ — 2(1 — 62)k?
The result: [;( (ks ) M<w_w+(k)+w_w_(k))} we(k) = B+ - £/ (=) +v2(1 - &%)

_ 9 __9 Spectral weight Dispersion
Ary  2w2J — W
(1 — 62)k? — 5 B2 AR N Jitagd spin current1 + 4 |
AL(k)=1+ - 1k~ (L-mode) 1 _ 4
B\/(%) + v2(1 — 62)k2 > S~ A_ Larmor—— 57
O T \\\I O
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Dynamical Signatures of Quasiparticle Interactions in Quantum f)k/B @]{;/B
Spin Chains
A T A Dashed lines: free spinon gas (g=0) i=vy/1-0?

Hydrodynamics of interacting spinons in the magnetized spin—%
chain with a uniform Dzyaloshinskii-Moriya interaction

Ren-Bo Wang, Anna Keselman, and Oleg A. Starykh
Phys. Rev. B 105, 184429 — Published 27 May 2022



STk, w) = [ dteiwf[d7e—i%°7<o| STy (0)|0) — (0| e1SFe ST |0) = e’

It works!

Explains ESR experiment

in KoCuSO4Bro

Numerical confirmation
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Dirac fermions -> Graphene
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Non-interacting fermions —
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Q:w—QwB

H = HO + Hzeeman

Intra-band
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Megha Agarwal, D. Pesin, E. Mishchenko, OS (to appear)



Interacting (short-ranged) Dirac fermions
H = HO + Hzeeman + Hint

1) Collisionless kinetic equation for the single-particle density matrix

O [ (p,x, 1) + %{Vif”(p,x, t),0p, H} —i[f1(p,x,t), H + 7] — %{ViGHF, Op, [T (P, %, 1)} =0
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Conclusions

Probing fractionalized excitations and their collective modes.

Spinon Fermi surface spin liquid in magnetic field. Spinon spin wave.

New take on the magnetized Heisenberg spin chain.

Interacting Dirac fermions in magnetic field.

Dynamical response of the quantum spin liquid in magnetic field is very informativel!



ESR: Spin chain with uniform Dzyaloshinskii - Moriya (DM) interaction

PHYSICAL REVIEW LETTERS 128, 187202 (2022) B I I D

Electron Spin Resonance of the Interacting Spinon Liquid

Kirill Yu. Povarov ,1’* Timofei A. Soldatov 2 Ren-Bo Wang ©, Andrey Zheludev,1

Alexander I. Smirmnov®,>’ and Oleg A. Starykh pet
Laboratory for Solid State Physics, ETH Ziirich, 8093 Ziirich, Switzerland
’P. L. Kapitza Institute for Physical Problems RAS, 119334 Moscow, Russia 15+
3Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA

0.1

0.3

® (Received 17 January 2022; accepted 25 March 2022; published 6 May 2022)

We report experimental verification of the recently predicted collective modes of spinons, stabilized by 10

backscattering interaction, in a model quantum spin chain material. We exploit the unique geometry of
uniform Dzyaloshinskii-Moriya interactions in K,CuSO,Br, to measure the interaction-induced splitting
between the two components of the electron spin resonance (ESR) response doublet. From that we directly
determine the magnitude of the “marginally irrelevant” backscattering interaction between spinons for the
first time. ESR

!

|

. 1 X

° ° . [ ) () I . '.-
Helsenberg chain with uniform DM 0  0.005 0.01 Ioon 0.02  0.025

H:ZJ§n§n+1—5§nX§n+1—BSZ

P e ettt

DM-enabled

spinon liquid_ _ _

ot

=Y VJ2+D2(SESE, +SYSY )+ JS;SE, - BS:~ ) JSiSh,, — BS:
Momentum boost k — k + D/J
Structure factor S(k = 0,w)|pm = S(D/J, w)|no DM

DM allows ESR to probe upper (forbidden) branch at Q = D/J.

» Similar materials: NaxCuSQO4Cl2 [Ohta et al. PRB 105, 144410 (2022)] and CasReOsCl2 [Nawa et al. PR Research
2, 043121 (2020)]




Electron Spin Resonance in KoCuSO4Bro

PHYSICAL REVIEW B 90, 174413 (2014)
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Quantum spin chains with frustration due to Dzyaloshinskii-Moriya interactions

M. Hiilg, W. E. A. Lorenz,' K. Yu. Povarov,'> M. Mansson,'* Y. Skourski," and A. Zheludev'
! Neutron Scattering and Magnetism, Laboratory for Solid State Physics, ETH Ziirich, CH-8093 Ziirich, Switzerland
P, L. Kapitza Institute for Physical Problems, RAS, 119334 Moscow, Russia
3 Laboratory for Neutron Scattering and Imaging, Paul Scherrer Insitut, CH-5232 Villigen, Switzerland
*Hochfeld-Magnetlabor Dresden, Helmholtz-Zentrum Dresden-Rossendorf, D-01314 Dresden, Germany
(Received 25 August 2014; revised manuscript received 22 October 2014; published 12 November 2014)
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FIG. 7. (Color online) Neutron scattering intensity map of the
two-spinon continuum along the a* axis [q = (h,0,0)] for
K,CuSO4Br; in zero magnetic field. Raw data are shown in Fig. 8. The
white line indicates the lower and upper boundary of the continuum
following Eqgs. (4) and (5) with Jg,, = 20.7 K.

PHYSICAL REVIEW B 92, 134417 (2015)

Electron spin resonance in a model S = % chain antiferromagnet with a uniform

Dzyaloshinskii-Moriya interaction

A. L Smirnov,' T. A. Soldatov,"? K. Yu. Povarov,”" M. Hiilg,3 W. E. A. Lorenz,” and A. Zheludev®
'P. L. Kapitza Institute for Physical Problems, RAS, 119334 Moscow, Russia'
2Moscow Institute for Physics and Technology, 141700 Dolgoprudny, Russia
*Neutron Scattering and Magnetism, Laboratory for Solid State Physics, ETH Ziirich, Switzerland'
(Received 27 July 2015; revised manuscript received 6 October 2015; published 22 October 2015)
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FIG. 9. (Color online) The antisymmetric contribution D to J,

points along the b axis, is uniform along the chain, and antiparallel
in adjacent chains.

Cs,CuCl, K,CuSO,Br,

) & 1< Dt@ &*

FIG. 2. (Color online) Comparison of the Dzyaloshinskii-
Moriya vectors in Cs;CuCly; and K,CuSO,Br;. Perspective view
along the spin chains.
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Comparison with the Renormalization Group approach
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First ever spectroscopic measurement
of the backscattering spinon interaction u (=g)



Angular dependence of the ESR response
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Quantum spintronics

nature

physics

The essence: spin current across the tunneling barrier between different

magnetic materials due to the finite temperature gradient 6T

One-dimensional spinon spin currents

Daichi Hirobe'*, Masahiro Sato?3", Takayuki Kawamata®, Yuki Shiomi"2, Ken-ichi Uchida'?,
Ryo Iguchi'?, Yoji Koike*, Sadamichi Maekawa®? and Eiji Saitoh"%*%*

¢ Cu

o)

,”(’
‘ Spin-1/2 /

Quantum spin chain

-

Cross-section

V/B(nVT K™

30

20

10

-20

8
100 'ITO 200 250 300

|

100

200 300
T(K)




2.

Quantum spintronics
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Interface = tunneling contact = open boundary condition for the spin chain
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Experiment
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VOLUME 91, NUMBER 3 PHYSICAL REVIEW LETTERS ,{;’"}%&j“;

Extended Quantum Critical Phase in a Magnetized Spin-% Antiferromagnetic Chain

M. B. Stone,"* D. H. Reich," C. Broholm,"? K. Lefmann,” C. Rischel,” C. P. Landee,” and M. M. Turnbull®
'Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218, USA
*National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
IMaterials Research Department, Ris¢ National Laboratory, DK-4000 Roskilde, Denmark
“@rsted Laboratory, Niels Bohr Institute, University of Copenhagen, DK-2100, Kpbenhavn @, Denmark
SCarlson School of Chemistry and Department of Physics, Clark University, Worcester, Massachusetts 01610, USA
(Received 18 March 2003; published 17 July 2003)

Measurements are reported of the magnetic field dependence of excitations in the quantum critical
state of the spin § = 1/2 linear chain Heisenberg antiferromagnet copper pyrazine dinitrate (CuPzN).
The complete spectrum was measured at kz7'/J = 0.025 for H = 0 and H = 8.7 T, where the system is
~30% magnetized. At H = 0, the results are in agreement with exact calculations of the dynamic spin
correlation function for a two-spinon continuum. At H = 8.7 T, there are multiple overlapping continua
with incommensurate soft modes. The boundaries of these continua confirm long-standing predictions,
and the intensities are consistent with exact diagonalization and Bethe ansatz calculations.

DOI: 10.1103/PhysRevLett.91.037205 PACS numbers: 75.10.Jm, 75.40.Gb, 75.50.Ee

Finally, we note that Fig. 4(a) shows some evidence of
weak scattering intensity for iw > 2 meV. This could be
due to the presence of short chains resulting from impu-
rities, or to higher-order processes not included in the
spinon/psinon picture. However, we note that our error
bars are much larger here than at lower energy due to
shorter counting times (see Fig. 2), and so a definitive
statement on the existence of excitations in this energy
range cannot be made at this time.
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FIG. 4 (color). (a) Inelastic neutron scattering intensity
I,(g w) for CuPzN at T=025K and H=87T. (b)
Calculations of the different components of 5(g w) for N =
26 spins and m = 2/13. The area of each circle is proportional
to S(g, ). (¢) I,(g, w) calculated for ensemble of chains with
N = 24, 26, and 28. The curves in (a)~(c) show the bounds of
the excitation continua £,~&¢. Solid lines: Continua predicted
to predominate as N — oo. In (b), & (upper) = £, (lower).
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Dynamical correlation functions of the §S=1/2 nearest-neighbor - HSM 1
and Haldane-Shastry Heisenberg antiferromagnetic chains in zero and applied fields 4t e ":': e |
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We present a numerical diagonalization study of two one-dimensional S= 1/2 antiferromagnetic Heisenberg 8 L ) : . ° ¢ ? ° 9 §
Q. : ° é
chains, having nearest-neighbor and Haldane-Shastry (1/r%) interactions, respectively. We have obtained the \& . PR (;) . :
T'=0 dynamical correlation function, §“%(g, ), for chains of length N=8 - 28. We have studied §**(¢,w) for 1 \O\ . . 4 Q Q Q 7
the Heisenberg chain in zero field, and from finite-size scaling we have obtained a limiting behavior that for e T e o @ 2 Q)
large @ deviates from the conjecture proposed earlier by Miiller et al. For both chains we describe the behavior ~ o o OO () g’ N
of §%(g,w) and S™(g,w) for selected values of the applied field, and compare with previous work by Muller OF ~ s ¢ -
et al. and Talstra and Haldane. Suggestions for future finite-field neutron scattering experiments are made.
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Clearly, looks more like an interacting Fermi liquid S
than a non-interacting Fermi gas...
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Numerical results
B/Jl — 1

4 —{(j;:(_)) 400

200

s
N
\
\
N
)
N
N
N

0 7rl/2 T
k

interacting spinon liquid

400 A

k=0
' c k=m/40
i «  k=2r/40
i k = 37/40
3 ,',‘..:T'II: k = 47 /40
ik
N i
i
,' :7 ﬁ,’ 1 %o
L o
SR Y
0 T J“nl."'lTLl IR A- P N——

Haldane-Shastry point

g>0 g<0
«— - — — - - -
gapless dimerized
| | | .
| | | "
0 0241 05 LM

4

*(;12/11 =024}

0.5 1

0.0 - . ¥

0 0.1

7'("/2
k

. s
spinon gas

k=0 !

k= m/40 i

k = 2m /40 +

k=3r/40 1

k = 47 /40 ﬂl.:i .
AR AN
IR
s
SRR EEY

O - H.u‘xl.afu- A
0 1 2

0.3



