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General motivation: Exotic but ordered phases

ordered spin nematic quantum
phases hidden order spin liquids

spin nematic

composite order parameter

Spin nematics
A.F. Andreev and |. A. Grishchuk

Institute of Physics Problems, USSR Academy of Sciences
(Submitted 6 March 1984)
Zh. Eksp. Teor. Fiz. 87, 467-475 (August 1984)

We investigate possible properties of exchange magnets in which the onset of magnetic order leads
to spontancous violation of the isotropy of the spin space, but invariance to time reversal is
preserved. These magnets do not differ from antiferromagnets in their macroscopic magnetic
properties and can be identified only by neutron scattering or NMR investigations. The possibil-
ity of similar ordering in the nuclear system of solid *He is discussed.



Quantum magnetism vs Spintronics

Spin is almost conserved

. No dipolar coupling
(small magnetic moments)
Notable exception —> spin ice

. No coupling to phonons
(basically isolated system of spins)
Notable exception -> hybridization of magnons
and phonons in non-collinear spin structures

. Spin transport —> mostly thermal
1) heat transport in chains/ladders
2) thermal transport in organic

spin liguid candidate materials
(spinon Fermi surface?)
3) magnon Hall effect (due to DM interactions)

Science 2009

arxiv:1609.03262
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Magnon BEC and supertluidity

frustration shows up via presence of two or more
degenerate minima where condensation is possible
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Magnon BEC and supertluidity

frustration shows up via presence of two or more
degenerate minima where condensation is possible

R T

4J5

Single magnon condensation at both minima —> U|(1)

Enir fan
(supersolid) ] (ax) = VN1 Qdk.q + VNY_Qik,—q
S'=-1 (5™ (@) = [0l cos[Q 1+ ¢7]
\I/ HI (S*(x)) =S — |[¥[*cos’[Q -1+ ¢

Nsat h

A Single-Q vs double-Q condensation
I\/IagnoEn BEC is decided by interaction between magnons
which is strongly renormalized by
quantum fluctuations.



The difference is not small —
the entire magnetization M(h) of the triangular lattice
antiferromagnet is determined by quantum fluctuations

a5 W

: Mess I—I—> Slngle_Q
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magnon superconductor
Today: condensation of magnon pairs

------

Emin
S*=-1  “molecular” bound state
MIH{QQ} — 2€q (Q) — Abound

hsat Thsat,z h E:>h8at,2 — hsat -+ Abound/z

Formation of molecular fluid: for d>1 at T=0 this is a molecular
BEC = true spin nematic (magnon superconductor)



Hidden order

0
No dipolar order (87) =0 chp- -
S?=1 gap (SFS7) ~e /s
Nematic order (S-S7. ) =®#0
(S-S—) = (8¥8* — SYSY —i(STSY + SYST)) ~ sin® O(cos 2p — isin 2¢)

Magnetic quadrupole moment

nematic N
T

think of a fluctuating fan state:

p is constant, while 0 fluctuates (in time)
O in the interval (B9, - B0)
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New system: Frustrateo

ferromagnet
1d S=1/2 chain

J1<OFM
o b o o ¢ ¢

Q

Compound Ji, Jo Z Cu-O-Cu Tn Hs
(K) (deg) (K) (T)
Li,ZrCuOa4[12, 13] —151, 35  94.1 6.4 -
RbsCusMosO12[14, 15] —138, 51 89.9, 101.8 < 2 14
91.9, 101.1
PbCuSO4(OH),[16-18] —100, 36 91.2, 94.3 2.8 5.4
LiCuSbO4[19] —75,34 89.8,95.0 <0.1 12
92.0, 96.8
LiCuy02[20-22]  —69, 43 92.2,92.5 22.3 110
| LiCuVO4[23-31] —19, 44 95.0 2.1 44.4 |
NaCuMoO4(OH) —51, 36 92.0, 103.6 0.59 26
5 — TeVOy K. Nawa et al, arXiv:1409.1310

Pregel| et al., Nat. Comm.2015

H=J,2,S; S+ 8:-Sppa—h >, S



PRL 2016

multi-polar states with 9 > p > 2

/\

= J2,eff/|<]1,eff‘



L1CuVOQ; : spin nematic?

H = JIE S-S, |+ ]22 S-S H— > S estimates:
i i i J1=-1.6 meV
J2 = 3.0 meV

+ weak interchain coupling Js... Js = -0.4 meV



LiCuVO, experiment: collinear SDW along B

Hagiwara, Svistov et al, 2011 Buttgen et al 2012, 2014



10ngiluiig1hly@\4

-

No spin-flip
scattering above
~ g Tesla:
longitudinal
SDW state

SF = spin flip, AS =1
NSF = no spin flip, AS =0



Cold reality

“Our results suggest that the theoretically predicted spin-nematic phase, if it exists in
LiCuVO4, can be established only within the narrow field range 40.5<H<41.4 T.”

e so far, extensive experimental evidence for
longitudinal SDW

e Spin Nematic phase is constrained to field
interval < 1 T right below the saturation field
(of the order 40 T)



Huge 1/3 magnetization plateau !



Phase diagram

| | | | small plateau’s onset field of 27 Tesla,

BT =30 M relative to J ~ 100 K,
1/3 n T suggest the presence of ferromagnetic

~
jub]
F—

plateau exchange interactions

N
SDW

[ntensity (arb. units)

. 1
Co
Vo
b) — 0.4 :C\- :
P Pttty 38
0; AT % 1/3
102 "o !
i 1K SDW  {iplateau
—IE 004 I1I (Ferrimagnetic) 1% J .
i 1T 26T g
%O'OO_|_|__|_|_I_| T
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B (T)

may be a spin nematic??
H. Ishikawa et al, PRL 2015
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Frustrated terromagnet

1d S=1/2 chain

J1<O FM
<P o ¢ o o b 4 o o

H=J,2,S; S+ 8:-Sppa—h >, S

M :
ttttter —1— M l "M

0 1/5 1 Jz/(\J1\+J2)




Frustrated terromagnet

1d S=1/2 chain Hz]lESi'SHl'l'JZESi'Si+2_hES§

J>o>0 AF J1<0 FM
ﬁ}/ e 1} Q e a7 {F e e
M .
ttttttt — M | "V
O 1/5 1 Jz/(U1‘+J2)
(spin-wave) = = =
dispersion

W~ k2 w e~ kA W~ (4Jy — |J1])* %k — K|



Approaching from fully polarized
state — Multipolar phases

Q 1 Q
H/(U1‘+J2)
phases with bound

M _» complexes made out of
P p magnons

W~ (k2 — Q2)2 — (hsat — h)

3
¥/4 VC (p=1)

0 1/5 1
Lifshitz point J2/(1J11+J2)
Jo = |.J;| /4

Hikihara et al, 2008
Sudan et al, 2009



Spin chain numerics

s=1/2



s=1/2



Numerics: nematicity and
St
1" order seem connected?

-(%.25 -0.275 -0.3 -0.35 -0.4 -0.5 -0.75 -1

0.8

quadrupolar

. . 0.6
1d frustrated chain N Sudan et al, 2009

E 0.4

0.2

Vector Chiral Order
%1 B85 8 25 2 a5 4
J A,

1st order ond order

2d frustrated
square lattice

Shannon, Momoi, Sindzingre PRL 2006
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| ifshitz Point

Balents, Starykh PRL 2016
® Unusual QCP: order-to-order transition

® [ffective action - NLOM for unit vector m

S — /dde{@'SAB ] + 0]0um|? + K022 + uldyi|* — hin, )

Berry tunes two symmetry
A — m10,Mo — MoO0,M1 . .
=115,  Phase QOCP allowed interactions

term  § oc || — 4Js at O(q*)

All properties near Lifshitz point obey “one parameter
universality” dependent upon u/K ratio



| ifshitz Point

S — /dxdT{isAB ] + 0]8u1|? + K022 + uldgrn|* — hai, )

® |ntuition: behavior near the Lifshitz

point should be semi-classical, since
“close” to FM state which is classical

— K n
XL |5‘ T — 6—27'
=4/ — /dade{zsAB ] + sgn(9)|0,1m|* + |97m]* + v]0p|* — hin, )
Large parameter: S

. K 52
saddl|e point!



Litfshitz point

=1/ = /dwdT{zsAB m| + sgn(d)|0, m[2 + \82 ‘2 + 0|0y m|4 Emz}

v derives from quantum fluctuations

Need it be positive?
=1 5 > i 01 = —in - 92 < |00

Theory is stable for v>-1
In fact, v<O

e Semiclassical large s limit: v=-=
¢ s=1/2 estimate:

9
Vg—1/9 = — R
1/2 2+ V72



Saddle point

=1/ = /dwdT{zsAB m| + sgn(d)|0, m,z + \82 ‘2 + 0|0y m\4 Eﬁzz}

Solution:
|U| cos(qz + @) e P © o R
m = ( + || sin(qx + ¢) ) vaw
V1= PP cone state
Obtain

g,V versus h,v,0

,:> many physical
quantities




Saddle point

=1/ = /dwdT{zsAB m| + sgn(d)|0, m,z + \82 ‘2 + 0|0y m\4 Eﬁzz}

Solution:
U| cos(gz + ¢) AR A\
m = ( + || sin(qx + ¢) ) wvy/w
V=P cone state

Obtain N /J
q, ¥ versus h,uv,d 2 YA,

metamagnetism

,:> many physical
quantities

h/ho 1.5



Saddle point

=1/ = /dwdT{zsAB | + sgn(6)|0, m,z =+ \82 ‘2 + v|0; m|4 Emz}

h
— first order —
K 52 K
B/ 0](1 —A/Tv]) FM  second order
FM .
. | ST
,,,,,,, 1C cone |C cone
0 spiral ~ —¢ 0 spiral  —¢
-1l<v<—-1/4 v>—1/4

Note: at saddle point level there is no scale for ©



Saddle point predicts 1st

order transition for S < 6 |
h gFM :: gcone

FM /  ea=0

V = —i E{> flﬂd Scr:6
28




..........
L d ~n

Missing?

- ~
.
. Sa
~

h EFM = Econe
H/(1J41+J2) — . 4
\\\\ FM ) 61 p— O
O .' dimerized 1 | | T . 5

Jz/(|J1|+J2)
Ji-J2 saddle point

misses metamagnetic endpoint
and multipolar phases



Metamagnetic endpoint?

h ErMm = Econe
K

2
EFM — gcone ~ a0
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Quantum corrections
, ~EX\O/K

ASCOHG p— _|_f(v)65/2



Quantum corrections

S — /dxdT{isAB ] + 0]8u1|? + K022 + uldgrn|* — hai, )

transformation to rotating frame & x e =é = e poim

nn 77+77A =1,
=2 D)1 - T

2[“’[ p

effective Bogoliubov Hamiltonian

5= Sy + / dzdr {70+ H@,n)} +0()

diagonalization gives correction to GS energy



Metamagnetic endpoint?

EFM — gcpne

h
K
FM S
. EFM — gcone ™~ CL52

—f(v)6°/

>
L
T
-
" g
T 3
Lt 4
L 2
s’
* -
.
. -
. -
-
L g
L
-
L
s’
L

Corrected first order curve bends slightly
downward to intersect second order line



Instabilities

e Choose Erpy=0

n
K

€1 —

single magnon
"~ condensate

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

What about multi-particle instabilities?



Instabilities

e Choose Ery=0
~FM
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Numerics suggests multipolar condensates

beyond 0



2-magnon check of the proposed scenario

eCompute exact 2-magnon energy in QFT

- FM

Z2-magnon

n
K

. @ single magnon

sondensate condensate

2
8.0 ~ .2KkS%€> 0

R
4
‘A

Separation of metamagnetism and multipole formation



Summary

Litshitz point is a

"parent” of many
phases

S — / dzdr{isAg ] + 6|0.m|? + K|02h




ad>1

S:/da:dd 1yd¢{zsAB im| + 6|0, m\2—|—c]5’ m\2+K\62 \Q—I—u][)’ m\"‘ hmz}
® Rescaling:
K K Vek
xr — ’5‘ T — 5—27' y 7 5 y
g VEIT [ et g AT 1|2 + |22 + |8, 1|2 + v|8,m|t — Trd
= 512 xd* ydr{isAg[m] + sgn(0)|0,m|” + |07m|* + |9ym|® + v|0xm|* — hin. |

- Similar theory applies in d>1, and very
similar conclusions apply
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Question

* |s magnon pairing possible in a system with
purely repulsive (antiferromagnetic) interactions?

Nematic — superconductor analogy suggests positive answer:
Magnon analogue of Kohn-Luttinger mechanism (e.g. pairing
due to repulsive interactions)



J

40

THIS TALK:

2-magnon condensate near the end-point of the 1/3
magnetization plateau

S(J—J’)2

Ocr
4 o
OAS, Reports on Progress in Physics 78, 052502 (2015), deformation
OAS, Wen Jin, Chubukov, Phys. Rev. Lett. 113, 087204 (2014) parameter

0 1 3



Spatially anisotropic model: classical vs guantum

e R e e e e e e e e e e -

Meas
: ; J
£ .
¥
)

; H=2Jl.jsl.-sj -hy'S;

S W v m Umbrella state:

|—|_> favored classically;

energy gain (J-J7)?/J

Planar states: favored by
quantum fluctuations;
energy gain J/S

1
2 0 h, h
1/3-plateau

The competition 1s controlled by -
dimensionless parameter 0=5S(J—J)"/)J



Emergent Ising orders in quantum two-dimensional
triangular antiferromagnet at T=0

H = Z nggz : gj
(4,4)

U(l)*Z3

cone



UUD-to-cone phase transition

Zg — U(l) X /9 Or Zg — smth else — U(l) X Zg?

H = Z JZ]S_{L y gj
(4,3)




Low-energy excitation spectra

9.J k>

4 Magnetization plateau is
for6 <3 collinear phase: preserves
O(2) rotations about magnetic field --
no gapless spin waves.

€d2:hc2_h+

QUSOIES Breaks only discrete Zs.
he, Hence, very stable.
Tlt UUD plateau
h. J— 0.6 0.6
: Reo — hel = —hgat = —(9J S5
distorted ° L7 99 ™ 9g ( )
lanar umbrella
N
o : } . — 405 ) )2
\1 2 3 T 00=520 7))
t Bose-Einstein condensation
d, 3.J k2 of d; (d-) mode at k =0 leads to
€ar = h —her + 1 lower (upper) co-planar phase
foro <1
>

Alicea, Chubukov, OS PRL 2009



Low-energy excitation spectra
near the plateau’s end-point

40 S
0 = T(l —J'/J )2 parameterizes anisotropy J’/J

extended symmetry:
4 gapless modes at the

distorted plateau’s end-point
umbrella - K e,
d2 E E

A
h /7 planar

_
h 9

CL

ﬁ UUD plateau

l 0=4 5
hCl' d k1=k2=k0 i i 3
distorted ' -k . ko =1/ g
\ﬁanar u:nll;)rlgﬁa beemm g S +k0 ° 105
VA : : ' ‘7 S>>1
1 2 3 4
5 = 40—8(1 —J'JJ)?
3 'k1 +k1

Magnetization plateau is
collinear phase: preserves
O(2) rotations about magnetic field --
no gapless spin waves.

Breaks only discrete Zs. Alicea, Chubukov, OS PRL 2009



Bosonization of 2d interacting magnons

(4 _ 3 f f f i f i
Hi = 7 D0 00, @) (] sy ph ey pt o radzin—a = U sy 1y ph 1t qBhicy—q) +BoC
p,q

! —— ——
a2 T T
( SJ)ko \:p"]’_’ \Ij27q \Ijl,p\PQ,q

O(p,q) ~
P2~ 1ig

singular magnon interaction

magnon pair \Ijl,p — dl,k‘o+pd2,—ko—p

operators L
P Vo p = di,—kotpd2,ko—p

Obey canonical Bose commutation relations in the UUD ground state
[\Ijl,pa ‘112,q] — 51,251),01(1 + d]i,ko—l—pdlakO‘l‘P + d;,ko—l—de,ko—l-P) — 51,25p,q

In the UUD ground state <did1>uud = {d;dﬁuud =0

% Interacting magnon Hamiltonian in terms of d;» bosons =
non-interacting Hamiltonian in terms of W, magnon pairs

Chubukov, OS PRL 2013



Two-magnon instability

Magnon pairs lP1,2 condense single mMagnons d1,2
. . . 6Jf2
Equations of motion for ¥ - Hamiltonian (] - ¥y, Z FAUS o — o)
6J 2
(U] — W) = KOSV
"Superconducting’ solution with _ N E
imaginary order parameter (W1p) = (P2,p) ~i p2
Instability = softening of two- 1 — 11 Z ko
magno de @ 8cr = 4 - O(1/S2 - _ 2
gnon mode @ 4 - 0(1/5%) SN & \/IpP2+ (1 - 5/4)k
no single particle condensate (d1) = (d2) =0

Chubukov, OS PRL 2013



Two-magnon condensate = Spin-current nematic state

A mbrola Y >0 ; T <o
h02 \ '9‘_>—',0“:',0 . _) _) Q‘ — /'.\ .
ct{rrent / N, / ,\ a _. Q' _> y _L.
_ NN |
hC1 dlstorted """ o J_> N l/—'\> /—;\ / \ / \
umbrella [ o
% 4 5 domain wall

cr

no transverse magnetic order <S;f’y> — () <S,,,. S, > is not affected

Finite scalar (and vector) chiralities. Sign of Y determines sense of spin-current circulation
(5S4 xSc)=(5-Sc xSp)=(2-SpxS4)x Y

Spontaneously broken Z. -- spatial inversion
[in addition to broken Zs inherited from the UUD state]

Leads to spontaneous generation of Dzyaloshisnkii-Moriya interaction

Chubukov, OS PRL 2013



Continuous transition: plateau —> spin-current —> cone !

Zg%ZgXZQ%U(]_)XZQ

H = Z JZ]S_{L y gj
(4,3)

----------

L3y U(1)+Z2 (cone)

>
6cr 4 6



PHYSICAL REVIEW B 87, 174501 (2013) S p i n _C u rre r]'t p h ase —

Chiral Mott insulator with staggered loop currents in the fully frustrated Bose-Hubbard model

Arya Dhar,' Tapan Mishra,”> Maheswar Maji,’ R. V. Pai,* Subroto Mukerjee,** and Arun Paramekanti>*% C h I ra | I\/l Ott | n S u | ato r

gapped single particles;
but
spontaneously broken time-reversal
= spontaneous circulating
currents



Conclusions

Magnon pairing is a fascinating problem

Route to multipolar orders of frustrated terromagnets
extention to d=2 problems?

Spin-current/Chiral Mott insulators



s=1.,3/2,2



