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The Shastry-Sutherland model and SrCuy(BO3)»
SrCuz(BO3)2

Spin-gap system (~35K)
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The Shastry-Sutherland model and SrCuy(BO3)»

H=JY S-Sj+J » 85 SrCu2(BOs)2
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The Shastry-Sutherland model and SrCuy(BO3)»
SrCu2(BOs)2
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Magnetization plateaus

SrCuz2(BO3)2 in a magnetic field exhibits several magnetization plateaus
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Magnetization plateaus below the |/4 plateau
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Magnetization plateaus at high fields

Matsuda, Abe, Takeyama, Kageyama, PC, Honecker, Manmana, Foltin, Schmidt & Mila, PRL 111 (2013)

M/M

0-9 T T T T T T
B 7 _kol o 1/4 plateau
o8 J'/J =063 P
T .
0.7_ @) i
foo = port o
06f o y A
A po A
» 0.5F A
0.4 Ay A v—4
ED N=24
03 - - -ED N=36 , A
i - - -ED N=40 I
‘‘‘‘‘ Series expansion v ¢ . ¢ v T
0.2} DMRG 8x6
—— DMRG 10x8
01l DMRG 12x10
' o iPEPS
0 PRl 1! . , , — Experiment 1/3 plateau
0 20 40 60 80 100 120 140 A X A
Magnetic Field (T) A 4 A A4 I
Ay 1 v 4 * A4 ‘I
e Best fit with experiments for AN 1 FENEE SN
v 4

J'1) = 0.63 using iPEPS, DMRG,
ED, series expansion

e Supersolid phases at high fields

1
(R

1/3 supersolid

Poar ]

&
\'Y'v {



SrCuz(BO3)2 under pressure

Ll
] - - '
- -
! - - :
. .
‘~~ “
~ -
~ -
~ -
~ -
-~ -
*"

0 0.675(2) 0.765(15)

pressure

Drive system across the phase transitions!
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Specific heat data (group of H. M. Rgnnow)
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Can we reproduce
this with iPEPS?

Jiménez, Crone, et al., Nature 592, 370 (2021)

critical point
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Inspiration: fully frustrated Heisenberg bilayer model

Stapmanns, PC, Mila, Honecker, Normand, and Wessel, PRL 121 (2018)
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MPS & PEPS

1D 2D PEPS (TPS)

. projected entangled-pair state
Matrix-product state (tensor product state)

Bond dimension D Bond dimension D
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Physical indices (lattices sites)

S. R. White, PRL 69, 2863 (1992)
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Infinite PEPS (iPEPS)

0 iIMPS 20 iIPEPS

infinite matrix-product state infinite projected entangled-pair state
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Jordan, Orus, Vidal, Verstraete, Cirac, PRL (2008)

* Work directly in the thermodynamic limit:
No finite size and boundary effects!



Infinite PEPS (iPEPS)
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* Work directly in the thermodynamic limit:
No finite size and boundary effects!



IPEPS with arbitrary unit cells

ID 2D .
iMPS IPEPS

infinite matrix-product state with arbitrary unit cell of tensors

YT

here: 4x2 unit cell

PC, White, Vidal, Troyer, PRB 84 (2011)

% Run simulations with different unit cell sizes and
compare variational energies



IPEPS ground state simulations

* Many applications to challenging problems, including frustrated spin,

SU(N), and bosonic systems, t-] / Hubbard models, and more, see e.g.:
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Finite temperature simulations with iPEPS

» Methodological developments (2D):

Li et al. PRL 106 (2011); Czarnik et al. PRB 86 (2012); Czarnik & Dziarmaga PRB 90 (2014);
Czarnik & Dziarmaga PRB 92 (2015); Czarnik et al. PRB 94 (2016); Dai et al PRB 95 (2017);
Kshetrimayum, Rizzi, Eisert, Orus, PRL 122 (2019), P. Czarnik, J. Dziarmaga, PC, PRB 99 (2019), ...

» Wave-function: ?_”_
s

A

» Density-operator: ) = e_ﬁﬂ

N
Y

B
» Symmetric form: € ~ P
T .d0,d W

ﬁ(ﬁ) — 15 (5) by construction



Specific heat: experiments vs iPEPS
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Correlation length

IPEPS, D=20
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T/J

Jump in <S-S§8> on dimer
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Clear evidence of a first order line

with a critical point compatible with

the 2D Ising universality class

2D classical Ising model in a field
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Open challenges

too low T to obtain

reliable data with
iPEPS (currently)
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» Inelastic neutron scattering:
full plaquette phase (FPP), not
empty plaquette phase (EPP)
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Competing plaquette phases Boos, Crone, Niesen, PC, Schmidt & Mila, PRB 100 (2019)

» Distorted Shastry-Sutherland model: competition between EPP and FPP phase
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» Small deformation leads to FPP phase! But precise model still unclear. ..



Finite T iPEPS study of the m=1/2 plateau in SCBO

P. Czarnik, M. M. Rams, PC, and J. Dziarmaga, PRB 103, 075113 (2021)

High-field magnetization data
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Part ll: SCBO under extreme conditions of field & pressure

Shi, Dissanayake, PC, William Steinhardt, Graf, Silevitch, Dabkowska, Rosenbaum, Mila, Haravifard, Nat Commun 13, 1 (2022)

— T T 1

4 Experiments: P(dPa)=0§ H, 1H4 §H7
tunnel diode oscillator (TDO) technique N - ' !
dr M :
dH ~  dH?

» Non-zero df/dH < slope change in M

dfildH

» |Identify anomalies — phase boundaries

» Compare with iPEPS phase diagram



SrCuz(BOs3),2 under extreme conditions of field & pressure

Shi, Dissanayake, PC, William Steinhardt, Graf, Silevitch, Dabkowska, Rosenbaum, Mila, Haravifard, Nat Commun 13, 1 (2022)
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Nature of the |/5 plateau

v

Vertical stripes separated by dimer singlets (along red dashed lines)

v

Strong triplets in the center of each stripe, with a weaker pair of triplets in between

4 Neither a crystal of triplets, nor a crystal of bound states!

v

Full-plaquette formation: reminiscent of full plaquette phase (FPP)

4 FPP: triplets on dimers within plaquette and singlets on dimers outside of plaquette,
where the triplets form effective S=1 Haldane chains

» Effective description: S=I| diamond chain with m=2/3

» Also found in a thin SSM tube made of 2 orthogonal dimer chains
Manmana, Picon, Schmidt, and Mila, EPL 94, 67004 (201 1)



Nature of the 10x2 supersolid
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» Descendant of the |/5 plateau state

» Alternating rotation of the spins of successive stripes clockwise or
counterclockwise by 90 degrees

» Finite component in the field direction, also on the boundary between stripes

Full plaquette physics appearing at finite magnetic field!



Part lll: SrCu2(BO3)2 up to the saturation field

Nomura, PC, Miyata, Zherlitsyn, Ishii, Kohama, Matsuda, lkeda, Zhong, Kageyama, Mila, arXiv:2209.07652

» Experiments: ultrahigh fields up to 150T!
» Ultrasound velocity & magnetostriction

» |ldentified new anomalies above
the 1/2 plateau at | 16T, 127T,and 39T

» Saturation field: 39T

» Comparison with iPEPS results

» Strong decrease of the sound velocity of
the ces acoustic in the /2 plateau?
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IPEPS phase diagram
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Results for J'/]=0.63

HC6 HCT HCS HCQ
Ultrasound 116(3) 126(3) 140(2)
Magnetostriction 108(2) 116(2) 128(3) 138(3)
Magnetization |3 108(1) ? A X
/ ? \. \
1 L I I I T I T I I T = I
iPEPS: 1105.5 1121.6 | 128.2 1137
1105.7 | | |
0.9 I . | | ]
I |/3 supersolid | |
172 I | | |
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Anomalies Hc, Hcs, and Hc9 compatible with iPEPS results



Reduction of ultrasound velocity in |/2 plateau?
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» Strong reduction in |/2 plateau

» Tiny reduction in I/3 plateau

» Both E’ and E” of the magnetic energy contribute to the elastic constant

» E’ has large magnitude in 1/2, but vanishing for |/3 plateau

A
A

A
A

Checkerboard structure
with positive (triplet) and
negative (singlet) bonds
— contributions to E’ add
up — large magnitude
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odd periodicity = cancellation



Reduction of ultrasound velocity in |/2 plateau?

e
\,

IS
/f:' .

27NN
R

.
V4

AN
Strain of c66 mode:  {o—e I 3
N,

p ..;;‘-';"\_ //://
L X y \\: :/ g

» Strong reduction in |/2 plateau

» Tiny reduction in I/3 plateau
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» Both E’ and E” of the magnetic energy contribute to the elastic constant

» Fitt M E 4+ ME" ~ Ac/e, c= pv*

Plateau E’ E" Av/vy  Av/vg

iPEPS  Exp. Estimates in good
1/8 -0.014 -0.44 -0.13 -011(4) agreement with
1/4 0051 -031  -016  -0.19(3) e
1/3 0 0.18  -0.04 -0.03(2)

1/2 -0.23 -0.034 -0.49  -0.48(7)




Part IV:SSM with interlayer coupling

» Extent of the plaquette phase is smaller in experiments than in theory

Guo, et al
(2020)

> J'/J
Dimer 0.675 Plaquette 0.765 AF

» Pressure model: Shi, et al. (2022)
po < J' /T =063 p.=18GPa+ J'/J=0675 J=815K

J(p), J(p): linear functions. ['(p) changes by 5% between po and p. (ESR)
Sakurai, et al., J. Phys. Soc. Jpn. 87, 033701 (2018)



SSM with interlayer coupling

» Series expansion results  Koga, J. Phys. Soc. Japan 69 (2000)

17—
/Ha]dane
0.75 4 _
~~«._Antiferromagnetic order
J'/) 0.5

0.25
I Dimer ;ﬁlaqucttc

0 025 05 075
J/]

AF phase becomes favored over plaquette phase with increasing J” )

» Predicted values for | (no consensus yet)
4+ /| =0.09 ... 0.2] from fits to susceptibility [Miyahara & Ueda (2000), Knetter et al (2000)]

4+ J’/] = 0.03 from ab-initio calculations [Radtke et al., PNAS 112 (2015)]



IPEPS for layered systems

Vlaar, PC, arxiv:2208.06423

Ansatz: -
» 3D tensor network ansatz (coupled iPEPS) '.:'.":
» Dy, > D, for weak interlayer coupling ‘
» D,= | — product state of iPEPSs |kla;

Contraction: Z“ 7‘%04

» D, = | :contract individual layers (2D)

7/
» D, > | :perform effective decoupling M

away from center — 2D contraction
» Interlayer correlations beyond mean-

field level are included by the D, > | ./.'/./ /

bonds in the center _)/'//'/./
» Layered corner transfer matrix

(LCTM) method




Benchmarks for 3D anisotropic Heisenberg model

Vlaar, PC, arxiv:2208.06423

i ] @Dz — 1 . (a)
5D, =3
_0.678. + SU+CTM, D, =2 ]
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~ — — QMC ©
= -0.681 s :
-0.682 & o g/ ]
L =%
-0.684 ' ' ' '
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1/Dyy

» Substantial improvement from D, =1 to D, =2
» Values close to the extrapolated QMC result

» In agreement with more expensive full 3D contractions

Vlaar & PC, PRB 103, 205137 (2021)



Phase diagram: SSM with interlayer coupling

(work in progress)

0025 I I I
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J'/J Guo et al (2020)

Estimate for the strength of interlayer coupling: |”/] = 0.03

LCTM: Promising approach also for other layered systems!



Conclusion

SrCu2(BOs3)2 under pressure / in a magnetic field exhibits very rich physics!
Finite temperature Ising critical point, analogous to critical point of water

New type of |/5 plateau and supersolid phases at high pressure & field

S N

Results up to saturation in good agreement with experiments &
understanding of the reduction of ultrasound velocity in the |/2 plateau

v Reduction of plaquette phase due to interlayer coupling

» Progress with iPEPS: versatile tool for ground state and finite temperature
calculations + extensions to layered systems

Thank you for your attention!
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