Magnetization plateau and other
unusual phases of a spatially
anisotropic quantum antiferromagnet
on triangular lattice

Oleg Starykh, University of Utah
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Outline

® motivation: Cs;CuBr4, Csp;CuCss4

® classical antiferromagnet in a field: entropic selection
p spatial anisotropy - high-T stabilization of the plateau
® Quantum model in magnetic field
p DMRG (3-leg ladder)
p Various analytical limits
- large-S analysis of interacting spin waves
- weakly coupled spin chains
- Mmagnetization plateau(s) and selection rules

(@ Summary
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M=1/3 magnetization plateau in Cs2CuBra

% Observed in Cs,CuBr, (Ono 2004, Tsuji 2007) J’/J = 0.75

but not Cs,CuCls [J’1J = 0.34]

S=1/2
J?
Jod i

% first observation of “up-up-down” state
in spin-1/2 triangular lattice antiferromagnet
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% and 8 more phases (instead of 2 expected)!

Both materials are spatially anisotropic triangular antiferromagnets
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2D bosons on the lattice

e connections with interacting boson system
— Superfluids (XY order)
— Mott insulators

— Supersolids

Andreev, Lifshitz 1969
Nikuni, Shiba 1995
Heidarian, Damle 2005
Wang et al 2009
Jiang et al 2009
Tay, Motrunich 2010

Boson density | Bl

n=() n=1
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h/S

Magnetization plateau in one dimensional J1-J2 chain (zig-zag ladder)

Okunishi, Tonegawa JPS] (2003)
Hikihara et al PRB (2010)

M=1/3 plateau

/ agrees with Oshikawa, Yamanaka, Affleck
T argument (PRL 2007):
plcommensurale p S (1 - M) = integer
I
O mn _ . _ .
* S]F:in 3/2 E_,-.E]"' p — PerIOd’ S = SpIn,
[ = Ea. () o~ = 1 M = magnetization:
- §=1.3/2 [P Sy B i M=1/3, p=3
’ ? g .
| P AT possible for all S
M=1/3 plaicau B S _
3 . Double-Haldane 4
h-g-8 .:}-lEi ) B"""D, I, \, &
alaane ety T SR C Ll ey
0 , | ' I | ' I G llfi | ~ f
() 0.2 04 (.6 .8 ]
1,

Heirich-Meisner et al PRB (2007)
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Studies 1in 2D

Fully polarized

Spir(f{ ) :Sp‘in-}iqz;i d? Quasi-ld
0 0.2 04 0.6 0.8 1.0
0=0-1)/1]

We will see many
similarities with this study

Variational Monte Carlo on 2D triangular lattice

Tay, Motrunich (2010)
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Outline

® motivation: Cs;CuBr4, Cs;CuCsgy

® classical antiferromagnet in a field: entropic selection

p spatial anisotropy - high-T stabilization of the plateau

® Quantum model in magnetic field
p DMRG (3-leg ladder)
p Various analytical limits
- large-S analysis of interacting spin waves
- weakly coupled spin chains
- magnetization plateau(s) and selection rules

(@ Summary
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Classical 1sotropic A AFM in magnetic field T=0

« Zero magnetic field: spiral (120 degree) state H , I
« Magnetic field: accidental degeneracy | § \/

H:JZ§--§-—ZE-§,,

o all states Wlth Sit + Sio + Siz = form the lowest-energy manifold

— 6 angles, 3 equations => 2 continuous angles (upto global U(1) rotation

about h)
B k*‘ Umbrella (cone)
Planar A Q \ :,

o=} " ‘. [
e \\| &
W \/ ‘\* -
= ) ~
o

. \ i A‘ l No plateau possible

',. |
(a) H=0, 120—degrees b) 0 < H <HS;3 (c) H >Hg/3 \\'[ /

-
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Phase diagram at finite T

= Fhase Diagram (Hvs T

Paramagnetic

- UubD
v .

Temperature (T
Head, Griset, Alicea, OS 2010

H. Kawamura, S. Miyashita: i e

JPSJ (1985) , r—

Entropic Selection:
* Planar states favored by thermal fluctuations
» UUD state around m=1/3 resulting in
quasi-plateau

magrebization

Finite T: minimize F=E-T S
Planar states have higher entropy! o S T NI

External Fleld (0
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Phase diagram of the classical model: Monte Carlo
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Effect of spatial anisotropy J’ < J: energy vs entropy
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Outline

® motivation: Cs;CuBrs, Cs;CuCs4
® classical antiferromagnet in a field: entropic selection
p spatial anisotropy - high-T stabilization of the plateau

® Quantum model in magnetic field

p DMRG (3-leg ladder)

p Various analytical limits
- large-S analysis of interacting spin waves
- weakly coupled spin chains
- Mmagnetization plateau(s) and selection rules

(@ Summary
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Periodic boundary conditions along y
in numerical studies

J

+ Hamiltonian

H=2% JSuySet1y+J (Say-Soys1+ Say - So—1y+1)

T,y
—h Z Sy CsCuCly: ] /] =0.34
Y CsoCuBra: J' /] = 0.5-0.7
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Magnetic field h

Phase diagram (5 leg ladder)

Fully polarized

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R=1-J'/J




Isotropic case: quantum tluctuations select co-
planar states

isotropic case:

Chubukov+Golosov,
1991;
h A /7 Alicea, Chubukov,
distorted Starykh, 2008
y'd planar \ umbrella (2) Y
h

c2 UUD preserves
ﬁ UUD plateau >— U(1) symmetry.
h., l Gapped spin waves
Y distorted
planar umbrella (1)

U Ay
\4\ | ] | ] | ] | ]
5 % 10

Interacting magnons perturbed by spatial anisotropy

Magnetic field<h o
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Isotropic case

R=1-J'/J

9 . . , '
| S Fully Polarized
7+ ' - -9, S - .
e Incommensurate |
= ! by Planar
| 5}
; : A —
= a4l .
RS
e 3
CICJ 3 B H g * * 4
@)} JubD
© 2' e ——— a [ - )
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AT
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| 1-]'/
0 —
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Slightly different take:
Monte Carlo on
generalized classical
model

Modeling quantum
spins by classical with
biquadratic interaction
Griset, Head, Alicea,
Starykh (2011)

1.0
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Plateau phase
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Magnetic field h

High field: condensation of spin

flips

T~ \ Fully polarized

4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R=1-J'/J




Spin-tlip bosons

AKY
Ist BZ

:
kx
é W;47T/3

* Magnons at k=Q and k=-Q are degeneracy by inversion symmetry, but Q
varies smoothly with R=1-]"/]

* Two “Bose condensates” < S—I—> = )y ot o o 1QT

* Free energy

= —u(lr? + al®) + STa (el + [a]*) + TanPlal?

o

[y >To: Y| = [he 'y <To:p19p2 =0
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Spin-tlip bosons

* Quadratic parameters can be computed from single magnon spectra and

quartic ones from exact solution of Bethe-Saltpeter equation
E+p

k

k/

+* Results:

I’

k+q

K —q

S L

r

* In 2d, I''>I"; tor all R: incommensurate planar state near saturation for
S=1/2 [planar-cone transition does appear for S > 1/2]

* For 3-leg ladder, I'1 = I'2for R = 0.57: transition between cone and planar

states (5=1/2)
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High field: spin flip bosons

¥
s

Fully polarized

S <

Magnetic field h
N

00 01 02 03 04 05 06 07 oo

R=1-J'/J 1.80

]
Two boson (c=2)

theory

-

z

 (a) M/Ms=5/6, N=120x3
. R=0.40, c=2.016
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High field: spin flip bosons

Fully polarized

————

i -

O

2 - »
i — 1 = |[Y]e’

S o =

= c=1 phase:

Incommensurate
cone

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R=1-J'/J
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High field: spin flip bosons

'

Fully polarized Commensurate-
Incommensurate
Transition

Magnetic field h
N

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R=1-J'/J
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Weakly coupled chains

L
O
Q
R
5
-
& weakly
=
coupled
chains

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R=1-J'/J
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S=1/2 AFM Chain in a Field

H=JY S(z)-S(z+1)—-hrd S*=)
L T

T T
« Field-split Fermi momenta: kI"T — 5 P~ 8 s krl — 5 ‘|’ 8
v Uniform magnetization krp+ — kg
M = L8 =1M
v Half-filled condition 2T
1 kpr+kr
n=—= T i—>kpr+kp =T
« SZ component (AS=0) peaked at 2 2T ’ 1
scaling dimension Tt+20 : S e
increases 5 s RG ieading
1/47R 2 s gl
7T:i:2(5 27‘(}{ | o= _
06 b -\\"“\ ol
« Sx¥ components (AS=1) remain at JT 1/2 sl cps o po s g g o N
02 04 06 04 | 1.2 14 1.6 15 i
scaling dimension -1
decreases S 7_.‘._ h/ hsat
¢ Derived for free el¢7T R 21t correct always - Luttinger Theorem 1 / 2 os h ]
] M 0.4 ///-
mo3 - _,_/
02+ L :
hsat=2‘J ol -
2kr spin density fluctuations S — 1
h/hg

* XY AF correlations grow with h and remain commensurate
* Ising “SDW” correlations decrease with h and shift from
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Ideal J-J° model in magnetic field 0S. Balents 2007

. TWO Important Coupllngs for h>0 Jlgx,y ) (gx,y+1 + §x+1,y+1)
* Quantum phase transition between SDW and Cone states ’ ’ ;

Magnetic field relieves frustration!

Hetr ~ D |J'Sin(8)SZ_o5(1)SE 405w+ 1)+ J' (ST ()57 (y+ 1) + h.c.)

ye2Z , ).
dim 1/2nR*: 1 -> 2 dim 1+27R2; 2 -> 3/2
b, — kpr = 26 = 20 M “collinear” SDW spiral “cone” state
e “Critical point”: 1+27R2 = 1/27R2 gives 27R? = (V5 —1)/2 =~ 0.62
atM=0.3
O.4TC 1 — CoolBgee -
[ R(;’.ri?(m;—
2 R2! e
1/2“0 041: ~T:J als nl,s ; 112 1; 15 14

H/J

also: Kolezhuk, Vekua 2005 h/hgat
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“SDW7” and “cone” states

* In 1d, there is no long-range SDW or cone order
* Both these states are Luttinger liguids, with one gapless mode (c=1)

* But SDW has very distinct correlations

[z —2’]
* Gap for 5=1, 2 T Q- ~ T feduw
ap for (Sz.ySar ) A36 §sd
. . , e cosq(x — ')
Multipolar correlations <H (Sx’y Sx,’y» ~ p—TTVE
y=1
* Slow SDW correlations
cosQ(x —z' +y—1v
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Magnetic field h
N

0.0 0.1 0.2

L=120
M=1/2Ms,R=0.5 |
central charge=0.95~1 }

0.3 0.4 0.5 0.6 0.7 0.8
R=1-J'/J

SDW seems
remarkably
robust
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SDW in LiCuVOs4: J1=-18K, J»,=49 K, J.=-4.3K

Buttgen et al, PRB 81, 052403 (2010);

Svistov et al, arxiv 1005.5668 (2010) —

(llB";C u- )

IM/d(uH) (s, /Cu’ T)

M

0.01 4

0.00 —— et

on -
o
il
i~
o

0 2 -
wH (T) uH (T)

nl|c n||H

0 H ) H 2 c3 sat
11”3 Planar spiral Collincar spin-modulated = Spin-nematic  Spin-saturated

In conclusion, the magnetic structure of the high-field
magnetic phase of the quasi-1D antiferromagnet LiCuVO,
I|b was studied by NMR experiments. We determined that the
' spin-modulated magnetic structure (1;//H) with long-range
) magnetic order within the ab plane and a random phase re-
lation between the spins of neighboring ab planes is realized
Il in LiCuVO, at H>H_ and low temperatures 7<<Ty. The
! observed NMR spectra can be satisfactorily described by the
following structure:

9.95 10 p(x,y,2) = pey - 1 - coslk;. -y + &(2)], (2)

where 1 is the unit vector parallel to the applied magnetic
field H and the nhase &#(7) between adiacent snins in ¢ di-

’Li NMR spin-echo
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Plateau from SDW

« “Collinear” SDW state locks to the lattice

-“irrelevant” (1d) umklapp terms become relevant once SDW order is present (when
commensurate). multiparticle umklapp scattering

-strongest locking is at M=1/3 Mg

Tt
ClliTeET Sl “cone” Cs>CuBr4 Fortune et al 2009
polarized 1/3
5= ML A ]
uud 0.9° 1 h/Rq C [ 1Buud
N 1.2 !
Paramagnetic
(\I!E\I/L> (7= 28)n = 2mm —|2M =1 — Qm@ 2 10
5 0.8
n 3 (4 |5 |5 |6 £ o
m 11t o2 |1 naively - 0 '
Hs
< < O2b -
2M 1/3 1/2 13/5 |1/5 thlllklng 0.0baama SO . | ,
™10 15 20 25 30
Field(Tesla)
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Platﬁau morec Cargfully OS, Katsura, Balents PRB 2010

Ag(nm) _ 1(1 _ 2_’")

 Umklapp must respect triangular lattice symmetries 2 n
— translation along chain direction Oy(x) — Oy(x+1) —R(Tt—20)
— translation along diagonal Oy(x) = Oyr1(x+1/2) —R(w—20)/2
— spatial inversion 0y(x) — TR — Oy (—x)
(n) E L ( ) same parity
H == = Zy: / dx t, cos[R(])y] and n=m (mod 2 condition

n’/(4(4nR>*—1))
e n-th plateau width (in field) width ~ (] ! / J )

large n leads to exponential
suppression

2M /3 |1/2 |3/5 |1/5

e Ladder: Kosterlitz-Thouless transition to the plateau state @ R=0.7+£0.1 (J’/J = 0.3)
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Plateau endpoint (ladder)

Magnetic field h

Fully polarized

0.4 0.5
R=1-J'/J

0.6

0.7

0.8

0.9

1.0




Z.ero held

Fully polarized

Magnetic field h

dimerized
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

R=1-J'/J
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non-collinear short range
spin correlations

Z e I‘O ﬁ e 1 d induced by periodic boundary conditions

Entropy

1.8 1.9
| (a) M/Ms=0, R=0.0 = N=120x3 L (b) M/Ms=0, R=0.2 = N=120x3 > (c) MIMs=0, R=0.7 —=— N=120x3
1.8 - [
1.6 [ i 28 |-
M7 F &
S £
S hel w26 |
14 L
1.5 | 04 , , , ,
- 36 3.8 X' 40 4.2 4.4
1.2 - : : : : : : 1.4 : : : : : :
* Numerics shows dimerization for 0<]'<J (and larger!) c.f. Fouet et al, 2005

* Theory: persists for ] << ]
Schulz 1996, Kawano and Takahashi 1997

* Possible physical picture: effective spin-orbital model for any odd L,

Heg o< (J)? Zgy . Syro = ¢ st -Sp+1[l+ 7 7,4 + hc]

,Y T eff.spin1/2 chirality

RG flow to strong coupling » eff.Hamiltonian in 4-dim. ground state manifold

Tuesday, May 29, 12



b

/.ero held

1.8 1.9
I (a) M/Ms=0, R=0.0 = N=120x3 L - (b) M/Ms=0, R=0.2 N=120x3
16 |- N i
S| 1.7
Q K
o
=l 1.6 |
14 g ' |
1.5 |
1.2 . . . 14 - : ! ! : !

* Numerics shows dimerization for 0<]’'<J (and larger!)

* Theory: persists for ]’ <<]

SINDIND

+ Cartoon

SININD

Entropy

3.0

(c) M/Ms=0, R=0.7 —&— N=120x3
28 |
26 |
2.4 L ! !
3.6 3.8 ' 4.0 4.2 4.4
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Soliton liquids above dimerized state

A A A A A A A A A A A A A.
| Sz =1/2 solitons Sz =3 /2 solitons .
| - -
:_—t:QZGWM/MS Q =2 M /M, —s—t——
gapless “soliton pair” gapless “soliton pair”
excitations carry excitations carry
57=0,+1,12,... 5?=0,%3,16,...

v

(SF,S5 ) ~ Aflw = 2'|" (S

L,y -~ x

v

S8, )~ Ae €

x,y~x’,y’
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Soliton liquids above dimerized state

SDW phase!

Sz =1/2 solitons

QQ = 6w M /M,

gapless “soliton pair”
excitations carry
52=0,£1,%+2,...

v

(S5,80 ) ~ Az — |

L,y -~ x

e e .

A A A

Sz =3 /2 solitons

Q = 2nM /M,

gapless “soliton pair”
excitations carry
52=0,£3,16,...
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Summary

ladder 2d DMRG

Fully polarized

Width of Ms/3 plateau

Magnetic field h
Magnetic field

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R=1-J'/J

o plateau and co-planar phases are surprisingly stable
v 7 out of 8 phases are of quantum origin
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Bird’s eye view
polarized
1y -

- ' incomm. S &
T~ < _ ! planar ' cone = umbrella (for S>1/2) =
R )
h A /7 comm. = o
langir distorted o
i yd P : umbrella (2) 35
c2 TT .
l uUuuD platc?,au 3
hCl ; N . .
distorted i longitudinal sdw
planar umbrella (1) <4
d": |
B CAF
Fi= @, Cs.CuBry Fia=0
plateau - yes
Cs2CuCly
O no plateau
inter-layer
exchange J”’/J

large J”/J favors classical cone order !

Tuesday, May 29, 12

“Cone”

“collinear” SDW



