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frustrated magnets: triangular foundation
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no unique ground state exists exotic state may exist
G. H. Wannier, Phys. Rev. 79, 357 (1950). P. W. Anderson, Mat. Res. Bul. 8, 153 (1973).

P. Fazekas and P. W. Anderson, Phil Mag 30, 23 (1974).
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triangular AFs: deep(er) implications

VOLUME 79, NUMBER 2 JULY 15, 1950
Antiferromagnetism. The Triangular Ising Net

G. H. WANNIER

what it is in the ferromagnetic case.|The entropy at absolute zero is finite} it equals

5(0)=R2 f " 1n(2 cosw)dw=0.3383R.
™ 0

The system is disordered at all temperatures and possesses no Curie point.
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unfrustrated = nondegenerate frustrated = degenerate
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no unique ground state exists

G. H. Wannier, Phys. Rev. 79, 357 (1950). frustration yields degeneracy!
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degeneracy: the Bright side
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e massive degeneracy at the bottom = lots of possibilities
o fluctuations are important - order-by-disorder (Georgii Jackeli’s talk, Wednesday)
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curiosities, |

VOLUME 79, NUMBER 2 JULY 15, 1950
Antiferromagnetism. The Triangular Ising Net

G. H. WANNIER

what it is in the ferromagnetic case. The entropy at absolute zero is finite; it equals

2 pr
S©O)=R= j; " In(2 cosw)dw=0.3383R

The system is disordered at all temperatures and possesses no Curie point.

PHYSICAL REVIEW B VOLUME 7, NUMBER 11 1 JUNE 1973

ERRATA
Antiferromagnetism. The Triangular Ising Net, where Houtappel needs three, The same page con-
G. H. Wannier [Phys. Rev. 79, 357 (1950)]. It tains an incorrect number for the zero-point en-
was kindly pointed out to me recently by Meijer! tropy of the antiferromagnetic net. The number in
that the energy-versus-temperature plots differ by Eq. (37c)is the series given there is
a small amount from similar plots constructed correct, Both corrections do not change the major
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curiosities, |l

Mat. Res. Bull. Vol. 8, pp. 153-160, 1973,
RESONATING VALENCE BONDS: A NEW KIND OF INSULATOR ?*

P. W. Anderson
The possibility of a new kind of electronic state is pointed out,

corresponding roughly to Pauling's idea of ""resonating valence S y
bonds" in metals. As observed by Pauling, a pure state of this / T T // \\/
**This paper was originally intended for the Pauling Festschrift, Volume 7, — / \ — e \ / —
Number 11 (November 1972), / / \ / — / -
b) /)

Rumer (7) |and Pauling (8) have given rules for determining which and how |

many of these configurations are independent: as we see from eqn. (9), in

7. G. Rumer, Nachr. d. Ges. d. Wiss. zu Gottingen, M. P. Klasse, 337
(1932).
8. L. Pauling, J. Chem. Phys. 1, 280 (1933).

who is Mr. Rumer??

P. W. Anderson, Mat. Res. Bul. 8, 153 (1973).
P. Fazekas and P. W. Anderson, Phil Mag 30, 23 (1974).
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curiosities, |l

Zur Theorie der Spinvalenz.

Von
Georg Rumer in Moskau.

Vorgelegt von H. WEYL in der Sitzung am 22. Juli 1932.
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APRIL, 1933 JOURNAL OF CHEMICAL PHYSICS

G. Rumer (Moskau), E. Teller und H. Weyl (Géttingen).

Vorgelegt von H. WEYL in der Sitzaung am 28 Oktober 1932.
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Eine fiir die Valenztheorie geeignete Basis

der binaren Vektorinvarianten.

Von

N
N/

The Calculation of Matrix Elements for Lewis Electronic Structures of Molecules

Linus PAuLING, California Institute of Technology
(Received February 14, 1933)

Starting from the discovery by Rumer that the eigen-
functions corresponding to different distributions of valence
bonds in a molecule can be represented by plane diagrams
which provide information regarding their mutual linear

independence, a very simple graphical method is developed
for calculating the coefficients of the integrals occurring
in the matrix elements involved in Slater's treatment of
the electronic structure of molecules.

. (1932).
KITP, 10-29-19

7. G. Rumer, Nachr. d. Ges. d. Wiss. zu Gottingen, M. P. Klasse, 337

8. L. Pauling, J. Chem. Phys. 1, 280 (1933).
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Physics— Uspek hi 44 (10) 1075 -1081 (2001)

curiosities, I

1953 — found
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YngGaO4

NaYbChs (Ch = O, S, Se) \T/\T/.

CGCd3AS3

most general® n-n anisotropic
model on the triangular lattice

-- no exact (Kitaev-like) solution
-- combination of
(a) bond-dependent (anisotropic) interactions, and
(b) frustrating [triangular-lattice] geometry
= something interesting

KITP, 10-29-19
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(quasi-)classic guy [now Dubna]
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Z. Zhu etal,, PRL 119, 157201 (2017): 120, 207203 (2018): P. A.

Maksimov etal.,, PRX 9, 021017 (2019).
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[. disorder-induced mimicry in YMGO

PHYSICAL REVIEW LETTERS 13 OCTOBER 2017

PRL 119, 157201 (2017)

papers

week ending

Disorder-lnducedl Mimicry |of a Spin Liquid in YbMgGaO,

Zhenyue Zhu, P. A. Maksimov, Steven R. White, and A.L. Chemyshev

II. phase diagram and topography of spin-liquid phase

PHYSICAL REVIEW LETTERS 120, 207203 (2018)

Topography

of Spin Liquids on a Triangular Lattice

Zhenyue Zhu, P. A. Maksimov, Steven R. White, and A. L. Chernyshev

III. accidental degeneracies, duality of spin liquids

PHYSICAL REVIEW X 9, 021017 (2019)

Anisotropic-Exchange Magnets on a Tri ice: Spin Waves,

Accidental Degeneracies, and|Dual Spin Liquids

P. A. Maksimov, Zhenyue Zhu, Steven R. White, and A. L. Chernyshev

KITP, 10-29-1

Z. Zhu etal., PRL 119, 157201 (2017); 120, 207203 (2018); P. A. Maksimov efal., PRX 9, 021017 (2019).
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materials, rare-earth: common model

YbMgGaOy ° NaYbChs (Ch = O, S, Se)
g > - Q\W{Q CeCd3AS3
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lattice symmetry:
. in-plane 2r/3 rotation

o rare-earth, Yb3*, J=7/2 + crystal-field splitting o 7 rotation around the bond
o lowest doublet, effective S=1/2 « Site inversion
o anhisotropic exchanges ... (compare to Heisenberg) I

. rr “OTY 2Tz
o octahedral environment ... Hio = S th J. @ S5
o lattice symmetries = four terms in the exchange matrix vj @ zz

o mostly nearest-neighbor exchanges (felectrons)

Y. Li etal, Sci. Rep. 5, 16419 (2015); M. Baenitz eta/, PRB 98, 220409(R) (2018); Ding etal, arXiv:1901.07810; Ranjith efa/, PRB 99, 180401 (2019).




where do these model(s) come from?

—27mi/3

z Qz + + o= 1, _71'1/3 /
H = ZJZZS S:+ 1y (S8 + 578 Vij € - Mice-like”
ZJZ:l:

‘|'<]:t:t [7235+S+ +7:jS;S;} B [7@35+Sz ’YZJSZ—SJZ + (Z H])]

H=>> Joy(SFST+S7SY) + .57 55
(i)
’ + Jc<e7;j : SZ) (ez’j y S]) + J.+ [Z . (eij X Sz)‘sj Tz (e’ij X SJ)SZZ]

-- [“clock/compass-like”]

H="JoS;-S; + KS] ST +T(5¢5) +575%)

7 -- ["generalized Kitaev”,

/ e B e B natural in cubic axes .
+T7(S) S8 + 5787 + 857+ 5757) ural in cubic axes]

o triangular lattice symmetries = four terms in the exchange matrix
o different parametrizations

4 Li efal, PRL 115, 167203 ('15); Iaconis etal, SPP 4, 3 ("18); Chaloupka eta/, PRB 92, 24413 ('15); Rau etal/, PRB 98, 54408 ('18).
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model(s)?

H == Z JZZS;,ZS; _l_ J:}: (S:_Sj_ —|— S’L_Sj_) A}Z] . ]_’627Ti/3,€—27r1',/3
(27)

-- [Vice-like"]
7:Jzzl:
2

+ Jiy [%‘jSZLS;F + WZFjSz'_Sj_} — [V:jsjsgz' — i S; 57 + (i ¢ ])]

— €T €T Yy Yy z z
"= ; Joy (S7SF + S75]) + J=575; -- [“clock/compass-like”]
1]

—+ Jc<e7;j . Sz) (eij . S]) -+ sz: [Z : (eij X S@)sjz + Z- (e’ij X SJ)Szz]

H="JoS;-S; + KS] ST +T(5¢5) +575%)

(i7)~

-- [“generalized Kitaev”,
"(§YS§ + §7eP 1 9297 4 gP g7 natural in cubic axes] *.\|/.+-.
+17(S] 85 +87S) + 8¢S + 5 5]) AV

o triangular lattice symmetries = four terms in the exchange matrix
o different parametrizations

4 Li efal, PRL 115, 167203 ('15); Iaconis etal, SPP 4, 3 ("18); Chaloupka eta/, PRB 92, 24413 ('15); Rau etal/, PRB 98, 54408 ('18).
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what is your J ?

2777,/‘3 ,—2mi/3

H=> JuS;S; + Js (Sjsj— +5;57) Yij = 1e

(27) iJ. 4 . o . .
[zt + 55 57| - 2 st — 05 + o )

M= [y (S2S7 + SYSY) + J.8785 |
(i7)

+ J (ew . Sz) (eij . Sj) + Jz:l: [Z . (eij X SZ)S; + Z - (ez-j X S])Sf]

H = Z[Josz- : Sj]+ KS}ST + F(S?Sf + SfS?)

(i7)~

+17(S] 8¢ + 5787 + 8787 + 8757)

o in all three, "Heisenberg” or XXZ terms are not the same
o hence, the answer “in what model”?(*)
o ho standards kept for *-* “1/2", etc. for J.-J,-

4 Li efal, PRL 115, 167203 ('15); Iaconis etal, SPP 4, 3 ("18); Chaloupka eta/, PRB 92, 24413 ('15); Rau etal/, PRB 98, 54408 ('18).
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XXZ-J,,-J,, model

- - A A Jeg 0 0
H — Z S’L J@JS] bond-51: Hz_’] = S?Jls] — SZT 0 Jyy ']yz
(i3) O oy e

o parametrization: J,,=A-J, J = (Jux +Jyy)/2, Jitr = (Joz —
Joy=Joy = J ot

X X o ) COS Y, SN, 0
o otherbonds: J,=R;'J R, R, =| —sin®, cos@, 0
0 0 1
H = ZE}[S?S}“ +57SY + Ast;]] oo  (Pa = 10,-2m/3,21/3} 5 XXZpart= (*):0<A<1
(i5) : T — ————— © A > 1, “Ising”-like
bond- 2]+ [ cos Qo (5787 — SYSY) —singa (S7S7 +SYST) | 6 A< 0, less physically
dependent : )
Joi [ €08 P (5757 + S7SY) — sin e (S7S7 + 5757)] motivated:

KITP, 10-29-1¢

Zhu etal, PRL 119, 157201 (2017); 120, 207203 (2018); P. A. Maksimov efal., PRX 9, 021017 (2019). S’C’f;




XXZ-J,,-J,, model

H:ZE][

STSy +SYSY + ASIS ]| v (2o = A0 220/3,2m/3)

(i7)

252 [cos P (STST — SISY) — singa (S7SY + 5757) ]

bond-
d dent
T Tk [oos @ (515 + S78Y) — singa (5785 + 5257)]
Jit-only
stripe
y
|

KITP, 10-29-1¢

Zhu etal, PRL 119, 157201 (2017); 120, 207

o XXZpart= (*):A<1

o four parameters

= 3D phase diagram
J-only
J,+-only J-only
J-only top = Heisenberg |

~bottom = XY




guasiclassics

hints of an intermediate (non-magnetic?) states

1
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what do they want to do?

o what does each term want?
H =J ) (8757 + S]] +AS7S7),
o XXZpart, for 0 < A <1, J,>0, wants a 120° state [ e %;( ’ ’ i) ]
< = T Hbd Z 2J:I::l: (COS @a [CE, y]z] — sin @a {Zl?, y}zj)]
e (ig)
YARVER + J.1 (cos Pa iy, 2}y — sin@q {x,z}ij)
o what do bond-dependent terms want? [a,b];; = 5757 =577

o one bond direction (x-axis) and only J, .-term (>0 0, {a.b},;=S¢50+Sbse

) 0
yL%% | +275s (S7053° - sy sy )] E RN

“hidden” U(1) => “counter-rotating” spins in x-y~plane with &,+&,=m
incompatible for different bond directions (x-y~planes are different)

O

O

o ‘locking” = "bond-oriented” stripes e I —

o one of the bonds is from the “spiral” manifold /V\ /\ \ /\1/\1/\1 Strine-x
o 1+1/2+1/2=2 out of 3 bonds are “happy” W\/ ” '\/W P

KITP, 10-29-19 J.+<0 J..>0 smé;



what do they want to do?

Hxxz = JZ(S;ES;-E —I-SE/S;-/ —|—AS{ZS;>7
(i7)

(i5)

o what do bond-dependent terms want? [+ Jos (COS oy, 2}i; — sin @ {2, Z}Z,j) \

o one bond (x-axis) and only J,.-term (<>0)

. [a,b],;= S¢S —SkSY
y % % [Jzi (Sfo Sy° + S7° 550)] {a,b},; =S50S0 +SbS9
o = “counter-rotating” spins in y-z=plane with &;+¢&,=3m/2

o = stripes tilted out of x-y-plane
o can be compatible with the ones induced by J.. .-term i ' '

stripe-yz

177

KITP, 10-29-19

Z. Zhu, P. A. Maksimoy, S. R. White, and SC, PRL 120, 207203 (2018) &"f&




O

Oth-order phase diagram: classical, single-Q

parametrization of A = const “slice”: J,.. -radial, J. . -polar

AR

-only

stripe—xm

strlpe yz Jk\
y

FM

J -only

7

120° 82525

stripe-X

dual 120° N

5J.:=~N1-r2
2J.=rcosg
J=—-rsing

KITP, 10-29-16

Zhu etal, PRL 119,

+1.0

VN
o/

J-only| L /T
dual 12W

stripe-yz

five single-Q states

some are obvious, some are not ...

J. 4+ —Only

stripe-X

J-only

=

FM

M|

stripe _\
120°

\

dual 120°

J-only

J,+-only

Jo-only




look for a spin liquid?

J-only

A

Jij: -Only Jzﬂ: _Only JZ:|: /J ']ii _Only
1 'y dual 120 —= <] " Zé‘
"""""" L R ) R e SR SRR Y (CCELEE SUSECE e e E e P R R R R ©
by analogy.. .- y stripe-X - 1.0 stripe-yz
- . e . AT 0.4
o Kitaev-like logic: bond-dependent terms dominate "\ .~ 1.0
............................. 02\ Jos/J
o conventional logic: i DA 190" 0.4
intermediate regions between ordered phases 0.2 ‘ 0.2
J-only

XITP, 10-29-19



guasiclassics: strongly-ordered phases ...

S=1/2 g o cut at XXZanisotropy A=0.5 (middle of the cylinder)
< > o large ordered moment:
= 0.5 ] leaves little (almost no) hope for a spin liquid ...

o some intermediate multi-Q states (modulated stripes)
o FMand 120° phases: preserve U(1), order-by-disorder

/\ /\ /\
/\N / N/ N/ \N/ \
\ / \ / \ / \ / \
/ \ / \ \ / \ /
7\ \
/\ /

/ \
&= -
Ty al
7\ /\

/
y /

1078

_
<

stripe-yz

o
o

(sIun "que) AYsusyu]

!

3

C. Liu, R. Yu, and X. Wang, Phys. Rev. B 95, 174424 (2016).

o spectrum instability boundaries match numerical (MC),
and indicate the same extra Q vectors

multi-Q states

KITP, 10-29-19 P. A. Maksimov etal,, PRX 9, 021017 (2019). G E—




J T

guasiclassics:

A=1.0"

stripe-X

stripe-yz

(toward multi-Q, modulated stripes)

recipe for a direct transition
larger A, stability to J,.. shrinks:

another multi-Q state

LTI N U U S L S

120° spectrum: stable well beyond its boundaries
such overlap of stable spectra of the competing phases:

another multi-Q, modulated 120° state [Z, vortex]
may be an opening an SL in $=1/2 case?

B S N

B W e e

spectrum instabillities ...

same cut at XXZ-anisotropy A=0.5, Cartesian coordinates

spectrum instability: &€,2<0 at some K point(s)
stripe spectra: unstable within their nominal boundaries

N s ow -

- s s o -

-—or oy~

A A

[

I. Rousochatzakis etal., PRB 93, 104417 (2016); M. Becker etal, PRB 91, 155135 (2015); M. Li etal, PRR 1, 013002 (2019).




DMRG
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S=1/2, DMRG: 3D phase space, how?

\\\\\\\\\\\\\\\\\\\\\\\

= TR R W S . e T \ oot e R W . ‘\.
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e 7 Oy 7 F F F R J
e 7=
[ | [ | [ [
1 1 1 T >

o 1D long-cylinder scans [“scans”]: vary one parameter, play with BCs/range, read orders

S(q) structure factor

“all-fixed” parameters [“non-scans”], 12x6, 20x6 clusters
1/l ~scaling, fixed aspect-ratio clusters
decay of correlations off boundary, exp vs power-law

()

6x3
12x6 v
== 02f '
2t J=0.0 8
02>—3“” @01-\\
0.02 ~
>_,/” B - n
01 2% P05
¥~ 0.06. 2
(008012 " | | |
0 0.1 0.2 0.3 0.4 0.5
1/L,
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Z. Zhu and S. R. White, Phys. Rev. B 92, 041105 (2015).
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DMRG “scans”, non-scans, |

visual assessment; non-scan verification
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DMRG “scans”, non-scans, |l

o—o long-cylinder
o—e (<20 cluster
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*Q. Luo, S. Hu, B. Xi, J. Zhao, and X. Wang, Phys. Rev. B 95, 165110 (2017).
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DMRG, more scans, hon-scans

1.0

A=

r, but looks ordered

120° region is expanded; weaker 120° orde

O
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Z. Zhu, P. A. Maksimoy, S. R. White, and SC, PRL 120, 207203 (2018)
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6x20 cluster, pinned BCs, 120°
8
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Z. Zhu, P. A. Maksimoy, S. R. White, and SC, PRL 120, 207203 (2018)
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spin liquid #1

o—e 6x20 cylinders
o—o long-cylinder
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Zhu etal, PRL 120, 207203 (2018)
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spln liquid #1: topographic map

Stripe-X s oo

02°

stripe-yz

e

»
»

K-points

J:I::I: = 0075
J+=0.35

1.50
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1.00
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J=0.0
Jzzl: = 0.35

o S(q): “"molten 120", connection to J,-J,

1.50

1.25

1.00

0.75

0.50

0.25

/

Zhu etal, PRL 120, 207203 (2018)

Z. Zhu and S. R. White, PRB 92, 041105 (2015).
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J-J,-XXZ-J, , , DMRG?

J;-J, model has a spin liquid phase [J, =0.06 ... 0.15]

0 T N
T '0;2 C;VO"E { -T '0;2'(}) 0;2 by -T :‘IO 0;2 ]: -T -0"2 (‘) 0:2 T -T '0"2 I9 O":]I' ‘\- O
e / o J;J-XXZJ,. = extended spin liquid phase
r\ 03 =
o (extent in A=[1.0 ... 0.3], J-»=[-0.1...0.1])
o supported by variational MC (Iaconis etal.,'18)
0.5 e
: ’: classical
02 015 01 . 015 Jii‘ 04A‘:‘
——— ; > 1200 % YbMgGaOs
0.3 s
a < & \—DMRG
m m 02 .
stripe-X stripe-yz o1l .-'. “‘ m
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000—"005s 01 015 02 025 03
i

Z. Zhu and S. R. White, PRB 92, 041105 (2015).

Z. Zhu, etal, PRL 119, 157201 (2017); J. Iaconis etal, SciPost Phys. 4, 3 (2018)




connection with the SL in J,-J,-XXZ-J . . ?

Stripe-X fsemn. ! stripe-yz
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is there a connection between SL phases?
classically, connection along the rim of the 120 phase

A
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Z. Zhu and S. R. White, PRB 92, 041105 (2015).

. Zhu, P. A. Maksimoy, S. R. White, and SC, PRL 119, 157201 (2017).
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anisotropic and J,-J, spin liquids are isomorphic
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no valence bond order or chirality
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Z. Zhu etal., PRL 120, 207203 (2018).




duality
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J-K-I-I -model correspondence

for A=1.0 and J,.=2v27, . line
the model becomes J-K model
(r=r=0)

dualities

K-only, <0

%-Only JZ:E/‘}I' /
\- :

" K-only.> 0| } =~

-4.0 y’\) ‘I'. *(/_JO_OHIY 4.0

*elsewhere (not on that line):
=> equivalent to J-K-I-r"model

stripe-X stripe-yz

H=—J,) Si-S;—K > S]s]
)

(i7) vl (ig
H=> J[S;Sy+SYSY+AS;S7]
; H=> JoS;iS;+KS]S] +T (505 + 552
+2Jx4[cos Ga (S7S] — SISY) —singa (SPSY +S/S) ]| = 7 J J
Tt [c08 B (SVS7 + SESY) — sin @ (STSF + SE5T)] +T7(S] S5 + 8757 + 5787 + 5757)

XITP, 10-29-19 | Chaloupka and Khaliullin, PRB 92, 24413 ('15); J. G. Rau and M. J. P. Gingras, PRB 98, 54408 ('18). s’cf&




J-K-I-I'-model correspondence

o J-K model: emergent continuous
symmetries (in the classical limit)

dualities

o =»> pseudo-Goldstone modes

K-only, <0

o = in-Wagner, “scars” in Ty Jo-only| [ ;
\- -.
-00 00, 00)
K-onl : : =
40 on Y7_>\O) ‘l‘l JO—Only 4.0

. M, | =020 1 =02,
r K A=1.0

H=-Jy) Si-S;—K Z 7S]

KK r MM)  K(K)

XITP, 10-29-19 | Chaloupka and Khaliullin, PRB 92, 24413 ('15); J. G. Rau and M. J. P. Gingras, PRB 98, 54408 ('18). &"f&




Klein dualities

o four-sublattice transformation: S(r), Ry(m)S(r+4,), Ry(7)S(r+4,), R,()S(r+45)
o that leaves the model invariant (e.q., stripe-yz = FM)

~

Jo=—Jo, K=2Jy+K,

{”HJOZSZ--SJ-K > S]S}} — {H%ZSZ--S:,I? > S]S]}

(i7) Y1 {i3) (i7) v11{i3)

J Khaliullin, Prog. Th. Phys. 160, 155 (‘05); Chaloupka eta/, PRL 105, 27204 ("10); Kimchi and Vishwanath, PRB 89, 014414 ('14). |




o dualities of different sectors
o Yyz-stripe sector = duality to FM

Klein dualities: stripe-yz to FM

dualities

K-only, <0

K-only, > 0] }
\) ‘|| [

KITP, 10-29-19

I. Rousochatzakis eta/, PRB 93, 104417 (2016); M. Becker eta/, PRB 91, 155135 (2015)




o dualities of different sectors
o there should exist a dual SL phase

Klein dualities: spin liquid #2

Jo—OIlly K—Only, < 0
AN
~NT -
(,/J()—Only
1]
K-only,> 0

dualities

K-only, > 0

<Lt

JI.‘/
4

K-only, <0

KITP, 10-29-19




spin liquid #2

o DMRG “scans”, “non-scans”, 5(q)

o SL = molten dual 120-phase

o mesmerizing, all-anisotropic model (only J.. .-J,,) has an SL, exact solution?

Y
K

£
s

AVAVQ;QVAV
5

|\

' IJ:I::I:

KITP, 10-29-19

P. A. Maksimov etal.,, PRX 9, 021017 (2019).




by-product: better phase diagram for K-J model

o phase diagram of the triangular-lattice J-K model [updated]:
no Kitaev-like solution, two (dual) SL phases (!)
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{’H =—J,» Si'S;—-K Y SZS]} FM

(i7) YI{ig)

o 'mesmerizing point”, not integrable (ED)

e
e
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i
~a
-

KITP, 10-29-19

P. A. Maksimov etal.,, PRX 9, 021017 (2019).




some unpublished scans ...
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some unpublished scans ...

o self-dual point (Georgii Jackeli’s talk, Wednesday) ; A=1.0
e message to the referee on "-
“mass production of spin liguids in an assembly line fashion” dualitics B
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mimicry

YbMgGaOy

KITP, 10-29-19

Z. Zhu, P. A. Maksimov, S. R. White, and SC, PRL 119, 157201 (2017).
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experiments, |
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oo YbMgGaOy
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o Nno order

o broad features in S(q, @)

——|—— = == —— — = —— 4 — — — — | —]|
5] e P
. Intensity (a.u.)

—

o spin-liquid?

[S)
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|
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(1/2 - K/2, K, 0) (r.l.u.) (1,K, 0) (rlu.) (H,H,0)(rlLu.)
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Y. Shen etal, Nature 540, 559 (2016); J. A. M. Paddison eta/, Nat. Phys. 13, 117 (2017). %
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experiments, |
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Mg2+/Ga* @ Mg

FONx[3g2+1]

@ > 9T ) & o features remain broad above saturation

gosp o 5T @’ s
v 4T v . . . . .

r a 3T REALEEW o nho thermal conductivity by spin excitations

| o 27 By o
; 0.10 s 0T I:a\-bZnoROA _
£ " o low-T freezing
5 0.05 -

o disorder? [mixing of interplane Ga3* and Mg?*]
000 1 " 1
00 0.1 T (K) 0.2 03
X711 1. A. M. Paddison eta/, Nat. Phys. 13, 117 (2017); Y. Xu etal, PRL 117, 267202 (2016); Z. Ma etal, PRL 120, 087201 (2018).




(early) parameters simpler model!

o hneutrons, ESR: J,= 0.218(8)meV,

A=0.58(2), J,= 0.22(2)J,,
J,.=0.06J,, J,.~ 0.0

| aa—
o o
FONX[3a3+1]

o mostly J,-J, XXZ
+ subleading J. ..
+ negligible J,..

H=H,>+Hpd

Hiler? = Z Tn (SEST + SYSY + ASES?)
(i7)n

Hopa = Jox » (7928 F ST +e7925757)

KITP, 10-29-19 J. A. M. Paddison eta/, Nat. Phys. 13, 117 (2017); Y. Li eta/, PRL 115, 167203 (2015). S’C%




J-d,-XXZ-J ..., DMRG?
0 —— A > o J;2J, model has a spin liquid phase [J, =0.06 ... 0.15]
VR VARV | V : o JiJL-XXZJ. . = extended spin liquid phase
v 5_3 | ? \ | | (extent in A=[1.0 ... 0.3], J,..=[-0.1 ... 0.1])
o supported by variational MC (Iaconis etal.,'18)
F W o YMGO?: well outside an SL, in a stripe phase
(I with a large ordered moment (S) ® 0.42 [DMRG]
0.2 0.15 0.1 76.95 : 0.95\‘\: 0.11““ : o*i I Jii

stripe-X

Z. Zhu and S. R. White, PRB 92, 041105 (2015)

Z. Zhu, etal, PRL 119, 157201 (2017); J. Iaconis etal, SciPost Phys. 4, 3 (2018)




how can stripe look like an “SL"? a scenario:

o pure J;=J,-XXZ limit: stripes are selected by an order-by-disorder effect
[from a classically degenerate manifold of (spiral) states]

o =» tunneling barrier between stripe different phases: about 0.03.J; per spin
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XITP, 10-29-19 Z. Zhu, P. A. Maksimov, S. R. White, and SC, PRL 119, 157201 (2017). Sjcﬁ




+ disorder ... = SL mimicry

o subleading J. . terms are a (small) difference of the
diagonal terms in the exchange matrix
o disorder in the latter (20%, consistent with experiments)

= random pinning fields for stripes

JAVAVAVAVAVAY
\ANNNN/
JAVAVAVAVAVAY
\ANNNNN/

NANANNNN
\ANNNNN/

Y. Li efa/, PRL 118, 107202 (2017). % m
A G y @ M)

§> o DMRG = stripe clusters, or stripe-superposed states,
? 1 yielding S(q) similar to experiments

L1

e ('/f,;

broad intensity at M-points;
short-range stripe order

see also E. Parker and L. Balents, PRB 97, 184413 (2018);
Z. Ma etal, PRL 120, 087201 (2018).

KITP, 10-29-19

Z. Zhu, P. A. Maksimov, S. R. White, and SC, PRL 119, 157201 (2017). CEpe—




YMGO is in a stripe phase with large ordered moment;
disorder makes it look like a spin-liquid

KITP, 10-29-19



“where is disorder-free YMGQO?”

“J o YMGO?: well outside SL#1, in a stripe phase
S“ipe"‘:- 7 SHpeTy2 o also: "wrong SL"! [S(q) different]
, \7\—f theory SL observations

120° foo N

A LN ¢
\\ |.° 2
-o.zz 015 01  -0.05 005 0.1 ;ﬁ : .‘,Jﬁ

tripe-X :stripe-yz :

. ) : K-points } M-points

Z. Zhu, etal, PRL 119, 157201 (2017); J. Iaconis etal, SciPost Phys. 4, 3 (2018) X. Zhang etal, Phys. Rev. X 8, 031001 (2018).




new materials?

— %= NaYbOQ n10
% J-only
= 2] 18
E-') 1.5¢ Jo-only |
qg;) J.. -only Joi -only ° =
g z
St stripe-X 14 =
0.5
) a 12
2 0
~
sy  ——— C— ,|,..|40
L.5 2.5 J-only 0 05 10 15 20
QI (A™ T ()
K-point — : :
o possibly smaller XXZ anisotropy (A=1), small other terms
o no ordering (disordered 120° ? or SL#17?); max intensity at the K-point
o consistent with being in 120° phase (and disordered)
o orders in small fields
o NaYbSs,: A=0.3, also not ordered
XTI Ding etal, arXiv:1901.07810; Ranjith etal, PRB 99, 180401 (2019); Bordelon etal, arXiv:1901.??; Baenitz eta/, PRB 98, 220409(R) (2018). g




M phase diagram of the nearest-neighbor anisotropic-exchange

conclusions

triangular lattice model: two spin liquids [hon-Kitaev]

M framework for many triangular-lattice based systems

J 4t -Only

KITP, 10-29-19
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