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Quantum spin liquid

® Quantum spin liquid is an insulator with
an odd number of electrons per unit cell
which does not order magnetically down to
zero temperature due to quantum
fluctuations.



Quantum spin liquids as an
emergent phenomena

® Emergent phenomena

® New particles and fields emerge at low-energy
scales but they are totally absent in the
Hamiltonian that describes the initial system.

® Different physics law emerge at different scales.
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Emergent particles and fields

® Spinons: S=1/2, charge neutral, mobile
objects;

® The spinons may obey Fermi or Bose statistics
and there may or may not be an energy gap;

® Gauge field: These spinons are generally
accomFanied by gauge fields, U(1) or Z,.

constraints to impose single
occupation in a Mott insulator

nonsense ?



A dream of condensed matter theorist

® A clean example and platform
for strongly correlated electrons
at D>1

® A promising door to the _
emergent world Decades of searching

\4

Realistic material where quantum spin liquid is
hosted



Existing spin liquid candidates at D>1

® 2D examples:
® x-(ET),Cu,(CN);
S=1/2, triangular lattice, organic best studied
® Pd-(dmit),(EtMe,Sh) —
S=1/2, triangular lattice, organic
® ZnCu,(OH).CI,
S=1/2, kagome lattice

® 3D spin liquids: Na,lr;04
S=1/2, hyperkagome lattice, a spinel related oxide
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integrals, the face-to-face pair of ET molecules connected
with fy; can be regarded as a dimer unit consisting of the FIG. 2. Temperature dependence of the magnetic susceptibil-
. ? . . ‘ . . ity of the randomly orientated polycrystalline samples of
triangular lattice. (b) Schematic representation ofthe electronic K-(ET),Cus (CN); and x-(ET)>Cu[N(CN),]CI [9]. The core dia-
structure of K—(ET)EX, where the dots represent the ET dimer magnetic susceptibility is already subtracted. The solid and

dotted lines represent the result of the series expansion of the
triangular-lattice Heisenberg model using [6/6] and [7/7]
/I — 5

(lrpl + |Tq|)/2 and 1 = Tl)2/2- Padé approximants, respectively, with J = 250 K. The low-
temperature data of x-(ET),Cu,(CN); below 30 K are ex-
panded in the inset.

units. They form the anisotropic triangular lattice with ¢t =
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Quantum spin liquid in the spin-1/2 triangular antiferromagnet EtMe;Sb[Pd(dmit),],
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FIG. 1. (a) Pd(dmit), molecule with selective substitution of e
isotope. The carbon atoms at both ends of the molecule are en-
riched. (b) Crystal structure of a Pd(dmit), layer viewed along the
long axis of the Pd(dmit), molecule. Arrows (g, 7,, and t,) indicate
the transfer integral network between the [Pd(dmit),], dimers. For
EtMe;Sb[Pd(dmit),],, tg, f,, and ¢, are calculated using the ex-
tended Hiickel method as 28.3, 27.7, and 25.8 meV, respectively,
while the intradimer transfer integral, 74, is calculated as
453.5 meV. (c) Schematic of the spin system of X[Pd(dmit),],,
where circles represent [Pd(dmit),], dimers on which localized 1/2
spins exist. Three exchange interactions (Jg, J,, and J,) are non-
equivalent but close to each other, reflecting the values of 7, #,, and
-

T
al 4Ty
''''''

Triangular Lattice,

©

=

g

o

Bl

= ‘

= 4L

2 I J=250K

S f

a

8 2F

(¥ ] -

:j L

78 r

%0:"'I""lll'llll||l||||||||
0 100 200 300

Temperature (K)

FIG. 2. Temperature dependence of the spin susceptibility of
randomly oriented samples of EtMe;Sb[Pd(dmit),],. Solid curves
show the result of the [7/7] Padé approximants for the high-
temperature expansion of the regular-triangular antiferromagnetic
spin-1/2 system with /=220 and 250 K.
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FIG. 1 (color online). (a) The chemical transformation from
the pyrochlorelike lattice of Cu,(OH):Cl to the kagomé layers of
ZnCus(OH);Cl,. (b) Magnetic diffraction scans of the two
systems at T =14 K (open) and 20 K (filled). The
Cu, (OH),ClI data show magnetic Bragg peaks at Q = 0.70 and
Q = 0.92, which are absent for the ZnCu4(OH),Cl, data (which
Cu |On have been shifted by 2300 counts/ min for clarity). (¢) Magnetic

susceptibility of ZnCuy(OH)sCl, measured using a SQUID
magnetometer plotted as 1/ y, where mole refers to a formula
unit. The line denotes a Curie-Weiss fit. Inset: ac susceptibility
(at 654 Hz) at low temperatures measured at the NHMFL in
Tallahassee, FL.
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FIG. 1 (color online). (a) Crystal structure of Na,Ir;Og with
the space group P4,32. Among the three Na sites, only Nal site
is shown for clarity. Black and gray octahedra represent ItOg and
NaOg, respectively. The spheres inside the octahedra represent Ir
and Na atoms and oxygens occupy all the corners. (b) The x-ray
diffraction pattern of Na,Ir;Og at room temperature. The crosses
indicate the raw data and the solid line indicates the spectrum
calculated based on the refinement using P4,32. (c) and
(d) Hyperkagome Ir and Na sublattice derived from the structure
of NayIr;Og with the space group P4,32 (c) and P4332 (d).
These two structures with different chirality are indistinguish-

able by conventional x-ray diffraction, giving the identical result
in refinement.
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FIG. 2 (color online). Temperature dependence of the inverse
magnetic susceptibility y ~! under 1 T (a), magnetic specific heat
C,, divided by temperature 7" (b) and magnetic entropy §,, (¢) of
polycrystalline Naylr;Og. To estimate C,,, data for NaySny Oy is
used as a reference of the lattice contribution. Inset:
(a) Temperature dependence of magnetic susceptibility y of
NaylIr;Og in various fields up to 5 T. For clarity, the curves are
shifted by 3, 2, and 1 X 10™* emu/mol Ir for 0.01, 0.1, and 1 T
data, respectively. (b) C,, /T vs T of NayIr;Og in various fields up
to 12 T. Broken lines indicate C,, proportional to 72 and 72,
respectively.
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We shall focus on organic compounds
since they are best studied, but the theory
IS generic indeed.



Experimental Evidences for
Mobile fermionic spinons

No magnetic order down to 30mK despite J=250K

Linear T dependence of specific heat, Pauli-like spin susceptibility

S. Yamashita et al., Nature Physics 4, 459 (2008); Nature Comms., 2:275,
1274 (2011).

Wilson ratio is close to one

Thermal conductivity
® ET: alarge contribution but x /T is reduced below 0.3K

M. Yamashita et al., Nature Phys. 5, 44 (2009).
® dmit: approach a constant down to the lowest temperature

M. Yamashita et al., Science 328, 1246 (2010).

Spinons form a Fermi surface and are
coupled to U(1) gauge fields



Instability of spinon Fermi surface

FIG. 2 (color

online). In-plane
k-(BEDT-TTF),Cu,(CN); on expanded scales with @, taken
in B = 0 [dark gray (red) circles] and 8 T [light gray (green)
circles]. Inset: 2D triangular-lattice dimer model with hopping
amplitudes ¢ and 1.

expansivities of

R. Manna et al, PRL 104, 016403 (2010).
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Figure 2 | Temperature dependence of the *C nuclear spin-lattice
relaxation rate of EtMe3Sb[Pd(dmit)2]2. The main graph shows the

13C nuclear spin-lattice relaxation rate '1"1_1 of EtMe3Sb[Pd(dmit); ], and
the inset graph shows (T;T)~', where T is temperature. The circles indicate
the values determined from the stretched-exponential analysis (see text),
and the squares denote the values determined from the initial decay slopes
of the relaxation curves. The dark blue circles and dark red squares are
obtained from the present measurements below 1.75 K in a dilution
refrigerator. For clarity, we did the same analysis for previously reported?
higher-temperature data above 1.37 K, and show them here as light blue
circles and light red squares. Inset: Pd(dmit); molecule with selective
substitution of the '3C isotope for the present *C-NMR measurement.

T. Itou et al., Nature Phys. 6, 673 (2010).



Issues

® Ve are not going to examine the stability or
reality of such emergent particles and fields.

® Could we probe spinon and gauge field
experimentally?
® How to measure spinon mass and lifetime?

® |s there any sharp way to reveal the existence of gauge
field experimentally?

® \What is the ground state of such a spin liquid?
® |[nstability of spinon Fermi surface?

® |s there a way to unambiguously identify the pairing
transition of spinons?

Ultrasonic attenuation is a promising way to address these issues.



Process of sound attenuation due to

spinons

Sound attenuation coefficient in
metals is much larger than that in
insulators due to mobile electrons!

sound wave

energy transfer

spinon phonon coupling

spinons

dissipation

a method to measure spinon mass and lifetime



Spinon phonon coupling

Assumption: spinon mean field band, quadratic
dispersion

HU — EO(p) + I/11111:)(?0}’)

Hopn= Y M(@fiqpfrolagy +a’ )
k.g .\ o

A{k)\(Q) — (k ' éqk)[q ' v(k)](Qpioan)\)_l/Q

It turns out that in the long wavelength limit, the coupling matrix
elements are exactly the same as electron !



Microscopic model

Phonon Hamiltonian:  H,, = Z qua:;)\aqk
q,\.o

Spinon phonon interaction:

s—ph— Z —A[k)\ fk+qgfk0(a’q>\+aT )\)
k.g,\,o

Spinon kinetic energy:

HOS:Z ! (k_l_a) fk;gfka

2m
k.o \

gauge field, non double occupancy

Impurity scattering:

1111p Z pllllp )LO'( )

elastic scattering, mean free path [ =vpT



Hydrodynamic limit: ¢l < 1

W. P. Mason, Phy. Rev. 97, 557 (1955);

The fermions are treated as a viscous medium R. W. Morse, Phy. Rev. 97, 1716 (1955).

linearized Navier-Stokes equation:

) 4
p% = —Vp+ (?7 +X'> V(V-u)—nV xV xu
ot :

instantaneous density: p = pg (1 + s)

: L 0.
equation of continuity: Vv .y = 95
ot
acoustic pressure: -
op 5
) — | — 205 — PoU,S
dp ) ‘
PO
lossy wave equation: sound wave relaxation time:

0 1 0%p 1 4 . 1
1+ 71— | V2p L A -f
( + E () ) * ()tZ TS f) lon U% (3 r] _|_ )(> 7 TS p 1on {’g r]



monofrequency motion — Helmholtz equation:

Vip+kTp=0 k= (Itiwrs) /2

attenuation coefficient: o = —Imk

8

In the limit w7, < 1 :

Fermion viscosity:

n=x=N(0)m*vpr X € 1N



Go beyond hydrodynamic limit

® Pippard’s theory for gl =1, Boltzmann equation:
® The electrons develop local charge and current fluctuation for the
longitudinal and transverse phonons which contribute significantly to

the sound attenuation:;

A. B. Pippard, Phil. Mag. 41, 1104 (1955); Proc. R. Soc. London, A257, No. 1289,
65 (1960).

® Tsuneto’s theory for superconductor:

® A combination of diagrammatic and Boltzmann approach,;

® Current fluctuations for transverse phonons are ignored,
T. Tsuneto, Phys. Rev. 121, 402 (1961).

® Our method:
® Diagrammatic approach



Sound attenuation in a normal metal

Phonon self energy: H(Q? W’)

k+q X
(0) q , \\
H — oo0o0 000, wcmmmm — -+ L
() k (b)
H(l) — oooooo
()

Impurity averaged fermion Green’s function:

1
Grot(ade) (Kow) =
ret (adv) ( ) ) W — & —+ 3/2’7'
G o= 5 p

2m



Longitudinal sound wave

k+q
H(O) — 020000 oo< = oo< + oo{
|
(a) k

Longitudinal sound attenuation in 3D:

wN(0)kE 1 [¢*Ptant(gl) 1
mpionv? 3ql | gl — tan—! (gl) 3
_ nm { q?1? tan—1! (ql) 1}

PionVUsT

gl —tan~1 (gl) 3
Longitudinal sound attenuation in 2D:

\T . Ss(a) — 1tn (a 2
o _wh <0)’%§Re{f4 (@) — b a) 4 Lo () — 200 = 30 (@) }

MPion V3 4 a+ tg (a)

~nm q>1? 1
PionVsT [ 1 — /1 + q2[2 2]



Transverse sound wave

II( does not vanish 1" =

(c)
ITMA) takes the remarkably simple form:
1 _
Hl(éz =i IIIIHEet) + O(vg/vp)
sg) =g 9= oRelsa(@) — (@] sulw) = o [
2a " 2i | 1 u+ti/a
where a = gl/(1 + iwT) wr <1 —get a=ql
Transverse sound relaxation at 3D:
2 nm 1—
o = ——Im(IL + 1) = .
Ug PionUsT g
Clean limit qI>>1: g — 2X(qgl)~* 1) dominates !

Dirty limit ql<<1: ¢ — 1 — =(ql)?



Onset of superconductivity

ITO) decreases below T, due to the opening of the energy gap

. iwy +
G (k.iw,) = —— o
('i@‘n) - g}i - |:Ak (wn)i|
Ag (w
jE(k l"‘-"n) - - k( Tl) PR
.~ 2 ¢ A
(Zf_u"n) o 512( - |:Ak (w-n)i|
o = ol )
o 27/w2 + AZ”
- 1
Ak (w,) = Ax(1l+ , — ),
k ( ) k( QT\/M)

® The fermion lifetime Tt should be finite to relax
the sound wave.

® v <<V, despite gl =1, the physically relevant
situation is reached by o 7 <<1.

® \We can not take 7 —<c at first even in the
clean limit, because finite 7 is still seen for @ 7
<<1.

® \We shall discuss the Iimit « 7 <<l<< 4 7,

ImHEeE = 2wwN ([))Ro/ dr//
k| 2u \/(E+

12
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Onset of superconductivity

ITM drop to zero rapidly below T,

I =

1
U wo (qw) + w? — c2q?

ens(1)/m

1 _
m'h — gImH(O) + O(vs/vp)

ret ret
g

The fractional size of the drop:

(for gl = 1) in a spin liquid normalized to ay, the value
in the Fermi liquid state. The “rapid fall” over a narrow
temperature range A7 at the transition to the spinon paired

(N % (qZ)Q) fOI q[ << 1 state is due to the Meissner effect of the gauge field.

( 1 ) FIG. 2: Schematic plot of the attenuation of transverse sound

(1 — i—;) in the clean limit of ¢/ > 1



Attenuation of transverse sound by spinons

U(1) spin liquid in 2D:

o 1
ret .~ Y a2
Z'WO-L(QaW) Xq
g, = ,&603 o) = -nf]-/-m X — 1/(247?77’2-) Landau diagmagnetism

2 1 [ cos™ 0
g = Z[tala) —to(a)], tula) == | db —
= ~ltalo) ~tofal. taf) = 5 [ 9
Clean limit: Dirty limit:
[ - i~ = 2 -
g = q% for ql > 1 g=1-— % for gl <1

When X¢~ < wo L,
nm 1—g

PionVsT g

& =



Measure spinon mass and lifetime

nm 1—g

o = =
PionVUsT g

g-dependence

Rapid drop below T, : reveal the existence of U(1) gauge field

A
1 -
- AT v,
N TF ~ ; eI |e
/ ] 2
g = —
| ql .

FlG. 2: Schematic plot of the attenuation of transverse sound
(for g = 1) in a spin liquid normalized to ay, the value
in the Fermi liquid state. The “rapid fall” over a narrow
temperature range Al" at the transition to the spinon paired
state is due to the Meissner effect of the gauge field.
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Summary

® Spinon phonon coupling
® \We show that despite being charge neutral, the spinons couple to

phonons in exactly the same way that electrons do in the long
wavelength limit.

® Use g-dependence of sound attenuation to
measure the spinon mass and lifetime

® Transverse ultrasonic attenuation is a direct

probe of the onset of pairing

® Meissner effect of the gauge field causes a “rapid fall” of the
attenuation coefficient at T, in addition to the reduction due to the
opening of the energy gap.

® Reveal the existence of the U(1) gauge field




Thank you !



	   Probing Emergent Particles and Fields in Quantum Spin Liquids
	Quantum spin liquid
	Quantum spin liquids as an emergent phenomena
	Emergent particles and fields 
	Existing spin liquid candidates at D>1
	Experimental Evidences for Mobile fermionic spinons
	Instability of spinon Fermi surface
	Issues
	Process of sound attenuation due to spinons
	Spinon phonon coupling
	Microscopic model
	Hydrodynamic limit: 
	Go beyond hydrodynamic limit
	Sound attenuation in a normal metal
	Onset of superconductivity
	Onset of superconductivity
	Attenuation of transverse sound by spinons
	Summary
	Thank you !
	Spinon phonon coupling



