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Abstract: The XXZ model on the three-dimensional frustrated pyrochlore lattice describes a family of rare-earth materials showing signatures of
fractionalization and no sign of ordering in the neutron-scattering experiments. The phase diagram of such XXZ model is believed to host several
spin-liquid states with fascinating properties, such as emergent U(1) electrodynamics with emergent photon and possible
confinement-deconfinement transition. Unfortunately, numerical studies of such lattice are hindered by three-dimensional geometry and absence of
obvious small parameters.

In this talk, | will present my work [Phys. Rev. X 11, 041021] on the variational study of the pyrochlore XXZ model using the RVB-inspired and
Neural-Network-inspired ansdtze. They yield energies better than known results of DMRG at finite bond dimension. With these wave functions, we
study the properties of frustrated phase at the Heisenberg point, and observe signatures of long-range dimer correlations.

Lastly, I will sketch the prospects of using the Programmable Rydberg Simulator platform for the study of these spin-liquid states. | will construct
two possible embeddings of the pyrochlore XXZ model onto the Rydberg atoms simulator, employing the notion of spin ice and perturbative
hexagon flip processes.

Zoom link: https://pitp.zoom.us/j/99480889764?pwd=cnY 2RHBjeDZvRkM 2K 3FlY U90OWjgxUT09
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Outline
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Intro: QSL states of the pyrochlore lattice

Classical study: unexpected variational results
[NA et al, Phys. Rev. X 11, 041021]

Rydberg atoms and pyrochlore
[NA et al, ongoing]
a. Rydberg atoms

b. Two mapping
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Quantum spin liquids (QSL)

e No characterization by symmetry breaking

e Frustration “melts” simple orders

?

Square Lattice Triangular Lattice
Unfrustrated Frustrated
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Quantum spin liquids (QSL)

e No characterization by symmetry breaking

e Frustration “melts” simple orders

e Resonating Valence Bond (RVB) ansatz
[PW Anderson 1973]
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QSL in 3D pyrochlore lattice?

e Magnetic susceptibility and neutron scattering

in rare-earth pyrochlores Tb2Hf207, Ce28n207,

... [Sibille Nat. Comm. 2017, Sibille PRL 2015]

Hermele et al., PRB (2004), Savary PRB (2012)
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QSL in 3D pyrochlore lattice?

e Magnetic susceptibility and neutron scattering
in rare-earth pyrochlores Tb,Hf,O., Ce,Sn,O.,

277
... [Sibille Nat. Comm. 2017, Sibille PRL 2015]
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Hermele et al., PRB (2004), Savary PRB (2012)
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Pyrochlore system

e Cubic arrangement of tetrahedra

Corner sharing — frustration

\Symmetrles include:

) rotation ("easy-axis’’)

/ 2) inversion (up < down)
1
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Pyrochlore system

e Cubic arrangement of tetrahedra

Corner sharing — frustration

\Symmetrles include:

) rotation ("easy-axis’’)

/ ) inversion (up < down)
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/
U2

spin anisotropy [SU{2) <»U (1)] due to “easy axis”
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A = 0: spinice rule

e Spin-ice: two up, two downrule, gap 2 j

ﬁO :]zz Z

tetr.

Hermele et al., PRB (2004), Savary PRB (2012)
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A = 0: spin ice rule

e Spin-ice: two up, two down rule, gap 2],

ﬁO :]zz Z

tetr.

e At A =0 residual entropy

Hermele et al., PRB (2004), Savary PRB (2012)
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Low-A: mapping to EM
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Hermele et al., PRB (2004), Savary PRB (2012)
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Low-A: mapping to EM

2
tetr. 1€tetr. \/-/ <’L,j>ENN
J+

Hopinice = K S (Sjﬁ;é; 5, ST Sy + h.c.)

|
ni \
\ §J.

o
* N hex.
K= MXj..
- -
-4 A
T ~ )‘szz
NIRRT
Hermele et al., PRB (2004), Savary PRB (2012) 21
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Compact U(1) gauge theory

e Gauge fields:

Hermele et al., PRB (2004), Savary PRB (2012)
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U(1) QSL

e Deconfined phase: textbook Hamiltonian

Hen ~ U Y (B2, —1/4)+ K/2)  (curlA)?

(a,b) hex. B:’2

e Quasiparticles:
o Gapped fractionalized spinon

Hermele et al., PRB (2004), Savary PRB (2012)
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U(1) QSL

e Deconfined phase: textbook Hamiltonian
Hen ~ U Y (B2, —1/4)+ K/2)  (curlA)?

(a,b) hex. B2

e Quasiparticles:
o Gapped fractionalized spinon
o Massless photon, Qng = 0.1 -1.0.

L3

NN~

Hermele et al., PRB (2004), Savary PRB (2012)
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U(1) QSL

e Deconfined phase: textbook Hamiltonian
Hen ~ U Y (B2, —1/4)+ K/2)  (curlA)?

(a,b) hex. P
e Quasiparticles:
o Gapped fractionalized spinon
o Massless photon, Qng = 0.1 -1.0.
e Electric flux = topological order W
Hermele et al., PRB (2004), Savary PRB (2012) 29

Pirsa: 22120051 Page 19/52




Expected experimental signatures

e Photon in inelastic neutron scattering (prediction)

(Se57k) o [K|o(w — cqsLIk)

e |k| weight, small velocity cQSL X )\3/2

Owen Benton et al., PRB (2012), K. Ross et al., 2011, Y. Takiwa et. al 2018
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Rich phase diagram

(j2/71) NNN/NN ratio

0 A = j+/j.. Ising anisotropy
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Expected experimental signatures

e Photon in inelastic neutron scattering (prediction)

(5557 1) o< |K|6(w — cqsLlkl)
e |k| weight, small velocity cosL o< A3/?

e Specific heat
Cphoton X (T/CQSL)3

Owen Benton et al., PRB (2012), K. Ross et al., 2011, Y. Takiwa et. al 2018
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Rich phase diagram
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Large j,/ j, — ordered submattice FM
[lgbal PRX 2019]

A < 1:U(1) QSL and spin ice

[Hermele PRB 2004, Savary 2012]

A=1,j,/j,=0 — spin liquid?
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Rich phase diagram
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Large j,/ j, — ordered submattice FM
[lgbal PRX 2019]

A < 1:U(1) QSL and spinice

[Hermele PRB 2004, Savary 2012]

A=1,j,/j,=0 — spin liquid?
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sublattice FM
£ width of
a non-magnetic phase
2. Classical study: unexpected variational results %
[NA et al, Phys. Rev. X 11, 041021] =
Z
Z
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spin ice s
/ U(1) QSL A
0 A = ji/j.. Ising anisotropy

1
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Giuseppe Carleo (EPFL) Mark H. Fischer (UZH)

Tom Westerhout (Radboud) Kenny Choo (UZH — Apoorv Tiwari (UZH
Hudson River Trading) — KTH Stockholm)

40
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Numerics of frustrated magnets

e 1D: ED (up to ~50 spins) or DMRG
- Al 42 ABl Al gl AZx ly= A

Virdzidsiduds & 7Y Y Y ) T

e 2D: DMRG on tube geometries

e L
¥
L 2 21

Jiang et al., Nat. Phys. (2012), M. Fannes et al., 1992, Schuch et al., 2008

Pirsa: 22120051 Page 27/52

42




Variational Monte Carlo
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RVB-inspired Ansatz

e Choice of amplitudes — different QSLs!

e Compress the wave function
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RVB-inspired Ansatz

e Choice of amplitudes — different QSLs! |\I!> _

e Compress the wave function

A
BT AvAY VaVava' Vavaulait
| | T) = 3 chick,l0)
e Occupy FS of a non-interacting band —keFS kt Skl
“parton” model
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Variational ansatze (bias control)

RVB
[Misawa, Com. Phys. Comm. 2019]

]

‘¢pair> = P& exp (Z fi,j}'(ézﬁéh,) 10),

e L

Channels:

Neural quantum states
[Carleo, Science 2017]

W(o) — neural network [o0— W(0)]

[Ynn) = 2 (o)lo)
{o}

spatial mean

D —— Y(0)

Spin, momentum, point group symmetry quantum number § projection:  [1¢) = Z Sné"|¢>,
n
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Competitive energies!

J2/51 =0, A=1(SU(2))

—0.47 = IR P
’ (DMRG) Hagymasi et al, arXiv 2010.03563
4x43 (energy at maximum bond dimension x)
/ and thermodynamic limit
—0.484° . .
X 4x33 ® this work: equilateral clusters:
Nx 4x2% 4x3%and 4 x 4°
4 and thermodynamic limit
—0.49 By : ;
S @ @ this work: non-equilateral clusters
—0.50 1 k ~
°
—0.511
4x2° >
—0.52 1

0000 0005 0010 0015 0020 0025 0030  0.035
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Competitive energies!
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—0.47
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(DMRG) Hagymaési et al, arXiv 2010.03563
(energy at maximum bond dimension Y)
and thermodynamic limit

B this work: equilateral clusters:
4x 2% 4x3%and 4 x 4°
and thermodynamic limit

@ this work: non-equilateral clusters

e RVB outperforms DMRG at finite
bond dimension on 4x3% and novel
point 4x43

e First successful variational study of
3D frustrated magnets!
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Magnetic order

e k-dependent magnetic wave operator

2 1 b il
A.[(k) — QZSflﬁlk Ve

e Magnetic susceptibility
X = (MT(k)M (k)

BZ for j2 /51 = 0.0 BZ for j2/j1 = 0.2
ks ks

J2/51 >0
>
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Thermodynamic Limit

non-zero in magnetic
phase
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Non-magnetic phase width is finite!
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Dimer-dimer correlations
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Dimer order parameter

e Dimer operators

e Quantum numbers
&= {'1 ’ +1}
w={1,exp(-2mi/3), exp(+2 i/ 3)}

o 1=0(=-1, w=1)— inversion
R=0€=+1, w = exp(2 m i/ 3)) — rotation

Pirsa: 22120051
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Dimer order

4
HAmVMC, jy/j, = 0.0
a 34 B mVMC, ja/j; = 0.2
- 8{ NQS, j2/j1 = 0.
Rotation ., = (R'R): sl . :V U y
.. 2 LN
e k=0:finite &t ———t—|
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Classical study yields surprising results!

e Phase boundary shrinks to j,/j, = 0.0295(30)!

e Symmetry-breaking at j,/j, =0 — not a QSL?

e Variational Monte Carlo applied first time to a
frustrated 3D magnet — competitive energies

[NA et al, PRX 2021]
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Rydberg atoms

e Large principal number n

e Coherencetimes 7 ~ n’

[N

nll

e VanderWaals V,qw(r) o —
T

4
e Dipole-dipole Vgai(r) o 7;_3

Jaksch et al., PRL (2000), M. Lukin et al., PRL (2001)
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Programmable Rydberg Atom Simulator

e Sengupta-Sachdev (2 — Rabi frequency,
A — laser detuning) N

H= % Z (|giX{ri] + h.c.) — A Z i + % Z Vijning,

i<N i<N i,j<N

ni|rs) = |ri), Milgs) =0
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Programmable Rydberg Atom Simulator

e Sengupta-Sachdev (2 — Rabi frequency, ®
A — laser detuning) Vij <

H— 9 Z (lgi){r;| + h.c.) — A Z n; + - Z Vijning, <O

2 i<N i<N 2 i,j<N ®

fi|rs) = |rs), Nilgs) =0

e Rydberg blockade — e 2 atoms
no simultaneous excitement
|rr) — _
_______ IL vdw > hf
lgr), |rg)
0
l99)——
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Recent highlights
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Z, Kitaev QSL on the kagome lattice
[Semeghini et al., Science (2021)]

Critical exponent of the quantum Ising

universality class in (2+1)
[Ebadi et al., Nature (2021)]

Quantum Approximate Optimization Algorithm
[Ebadi et al., Science (2022)]

/\V‘Y//\\

\Y \7
V/O 9
O\ /A Y

XK/,

(Z) = -1
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U(1) QSL and Rydberg Atoms

e V(i,j) = {U for NN, O otherwise},
A =3 U — spinice rule

H(Q =0) :*UZ ( > m—2>

tetr. \2€tetr.

NA et al., in progress
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Quantum Monte Carlo

e “Time” dimension to decompose 2 o,

e (3+1)-dim. classical partition function

[N
e Finite temperature — experimentally-relevant

Kalinowski et al., PRB (2022)
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Quantum Monte Carlo

e “Time” dimension to decompose 2 o,

Z = Z (ac1|e_ﬁf{“- Qe), with
{aa}
e (3+1)-dim. classicsal partition function | Ni=1
ﬁcl. — F Z (Z ‘/;jni,(znj,(z - Azni,a_
- a=0 1<J {

e Finite temperature — experimentally-relevant

NI 59 2 2
_ 7 log coth <m> Zai_aal-‘wrl.)

7

e NNN ordering requires large 2 — but
higher-order flips?

Kalinowski et al., PRB (2022) 74
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Full A axis accessible!

e Admixing Rydbergs with S and P parities
[Jong Yeon Lee et al., arXiv:2207.08829]

i C6 C
xr _x y_y
Heft = —¢ ZU t3 (0705 +afo])
(4,5) (1,9)
AT In'S) => [1)
_______ o Somw ITTL Pk\
Szkl\\
AN 0@ |7”LS> = |‘L>
MW
Ql QLv ------- t(SMW I’ITLP>
Y
= lg) = |g)

NA et al., in progress
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Full A axis accessible!

e Admixing Rydbergs with S and P parities
[Jong Yeon Lee et al., arXiv:2207.08829]

i 06 C
Her =75 Z" + 5 ) (ofo] +0i0j)
’~7> <Za3>
At [n'S) = |1)
e [sing anisotropy in a wide range /
3/, /YN | emm—ee- 35MW |TIL P>
=T (03/06) /S(U'
MW
i Art0N @ InS) = |¢)
e Whole A-axis accessed! (e
QL 0, — téuw |mP)
— lg) = |g)

NA et al., in progress
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Full A axis accessible!

NA et al,,

Pirsa: 22120051

Admixing Rydbergs with S and P parities
[Jong Yeon Lee et al., arXiv:2207.08829]

Aeff— CGZU

(,7)

Ising anisotropy in a wide range

A= 7“3(03/06)

Whole A-axis accessed!

Creating admixture having right anisotropy?

in progress

nS) = [{)

= [g)
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Rydberg atoms can simulate pyrochlore physics!

sublattice FM

o
e Two complementary embeddings to solve =
the A-axis =
=
e Finite-T QMC study for the experiment 2 phase
. = transition?
e Test on a real Rydberg device? <
a 4
| classical '
/Sp?fféii &
,U() QsL I
0 A = ji/j.. Ising anisotropy
hard experimentally phase

debated

NA et al., in progress
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