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Infinite projected entangled-pair states: 
ground states, finite temperature, 
excitations and extensions to 3D

Philippe Corboz, Institute for Theoretical Physics, University of Amsterdam



SrCu2(BO3)2

‣ Introduction to iPEPS & corner transfer matrix (CTM) method & 

imaginary time evolution (simple & full update)

‣ Ground state simulations with iPEPS: 

the Shastry-Sutherland model (SrCu2(BO3)2) 

‣ iPEPS at finite temperature  
P. Czarnik & PC, PRB 99, 245107 (2019) 
Wietek, PC, Wessel, Normand, Mila, and Honecker, PRR 1 (2019) 
J. L. Jiménez, S. P. G. Crone, E. Fogh, M. E. Zayed, R. Lortz,  
E. Pomjakushina, K. Conder, A. M. Läuchli, L. Weber, S. Wessel, A. Honecker,  
B. Normand, C. Rüegg, PC, H. M. Rønnow & F. Mila, Nature 592, 370 (2021) 

‣ iPEPS for 3D & layered systems 

P. Vlaar & PC, PRB 103, 205137 (2021); arxiv:2208.06423; arxiv:2302.07894  

‣ Excitations with iPEPS 

B. Ponsioen and PC, PRB 101, 195109 (2020) 
B. Ponsioen, F. F. Assaad, PC, SciPost Physics, 12, 006 (2022)
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MPS & PEPS

1 2 3 4 5 6 7 8

MPS
Matrix-product state 

1D

S. R. White, PRL 69, 2863 (1992)

Östlund, Rommer, PRL 75, 3537 (1995) 

Physical indices (lattices sites)

Fannes et al., CMP 144, 443 (1992)

Bond dimension D

2D
Snake MPS 
(2D DMRG)

L

 Computational cost:

/ exp(L)



MPS & PEPS
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MPS
Matrix-product state 

1D

S. R. White, PRL 69, 2863 (1992)

Östlund, Rommer, PRL 75, 3537 (1995) 

Physical indices (lattices sites)

Fannes et al., CMP 144, 443 (1992)

Bond dimension D D

2D

F. Verstraete, J. I. Cirac, cond-mat/0407066
Nishio, Maeshima, Gendiar, Nishino, cond-mat/0401115 

 

Bond dimension 

PEPS (TPS)
projected entangled-pair state

(tensor product state)

 Computational cost:
/ poly(L,D)
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1D 2D

iPEPS
infinite projected entangled-pair state

Jordan, Orus, Vidal, Verstraete, Cirac, PRL (2008)

Infinite PEPS (iPEPS)

infinite matrix-product state 
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★ Work directly in the thermodynamic limit: 
No finite size and boundary effects!
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with arbitrary unit cell of tensors
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here: 4x2 unit cell

iPEPS with arbitrary unit cells
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infinite matrix-product state 
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★ Run simulations with different unit cell sizes 
and compare variational energies 



Contracting the iPEPS using the corner transfer matrix method

‣ Environment tensors account for infinite system around a bulk site

‣ CTM: Compute environment in an iterative way

‣ Accuracy can be systematically controlled with �

CTM
a

C1

T3

T4

T1

C3

T2

C4

C2

�

Nishino, Okunishi, JPSJ65 (1996) 



figure taken from Orus, Vidal, PRB 80 (2009) 

Nishino, Okunishi, JPSJ65 (1996) 
Orus, Vidal, PRB 80 (2009) 

 
 dimension �

Contracting the iPEPS using the corner transfer matrix method

★ Let the system grow in all 
directions.  

★ Repeat until convergence 
is reached

★ The boundary tensors 
form the environment

★ Can be generalized to 
arbitrary unit cell sizes
PC, et al., PRB 84 (2011) 
PC, et al., PRL 113 (2014)



Optimization via imaginary time evolution

• Idea: exp(��Ĥ)| ii
� ! 1

| GSi

exp(�⌧Ĥb)
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• 1D: 
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• At each step: apply a two-site operator to a bond and truncate bond back to D 

infinite Time Evolving Block Decimation (iTEBD)

SVD�A �BsA sBsB sBsB�̃A �̃B

extract  
weights �0

B
�0
A

truncate

s0A s0A



Optimization via imaginary time evolution

Cluster update
Wang, Verstraete, arXiv:1110.4362 (2011)

• 2D: same idea: apply  
to a bond and truncate bond back to D

exp(�⌧Ĥb)

• However, SVD update is not optimal (because of loops in PEPS)! 

simple update (SU) 

★ “local” update like in TEBD

★ Cheap, but not optimal 
(e.g. overestimates magnetization 
in S=1/2 Heisenberg model)

Jiang et al, PRL 101 (2008)
full update (FU)

★ Take the full wave function into 
account for truncation

★ optimal, but more expensive

★ Fast-full update [Phien et al, PRB 92 (2015)]

Jordan et al, PRL 101 (2008)



iPEPS ground state simulations
• Many applications to challenging problems, including frustrated spin, 

SU(N), bosonic systems, t-J / Hubbard models, and more, see e.g.:
S. Dusuel, M. Kamfor, R. Orús, K. P. Schmidt, and J. Vidal, PRL 106, 107203 (2011)
P. Corboz, A. M. Läuchli, K. Penc, M. Troyer and F. Mila, PRL 107 (2011) 
H. H. Zhao, C. Xu, Q. N. Chen, Z. C. Wei, M. P. Qin, G. M. Zhang and T. Xiang, PRB 85 (2012)
P. Corboz, M. Lajkó, A. M. Läuchli, K. Penc and F. Mila, PRX 2 (2012)
P. Corboz and F. Mila, PRB 87 (2013);  PRL 112 (2014)
Z.-C. Gu, H.-C. Jiang, D. N. Sheng, H. Yao, L. Balents and X.-G. Wen, PRB 88 (2013)
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T. Picot and D. Poilblanc, PRB 91 (2015)
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P. Nataf, M. Lajkó, P. Corboz, A. M. Läuchli, K. Penc and F. Mila, PRB 93 (2016)
H. Liao, Z. Xie, J. Chen, Z. Liu, H. Xie, R. Huang, B. Normand and T. Xiang, PRL 118 (2017)
B.-X. Zheng, et al., Science 358, 1155 (2017)
I. Niesen and P. Corboz, PRB 95 (2017); SciPost Physics 3, 030 (2017); Rev. B 97, 245146 (2018)
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H.-Y. Lee, R. Kaneko, L. E. Chern, T. Okubo, Y. Yamaji, N. Kawashima, and Y. B. Kim, Nature Communications 11 (2020)
W.-Y. Liu, S.-S. Gong, Y.-B. Li, D. Poilblanc, W.-Q. Chen, and Z.-C. Gu, ArXiv:2009.01821 (2020)
J.-Y. Chen, S. Capponi, A. Wietek, M. Mambrini, N. Schuch, and D. Poilblanc, PRL 125, 017201 (2020)
J. Hasik, D. Poilblanc, and F. Becca, SciPost Physics 10, 012 (2021)
… and many more …



Spin-gap system (~35K)

Kageyama et al. PRL 82 (1999)
 

Cu2+

carries  
S=1/2

SrCu2(BO3)2

The Shastry-Sutherland model and SrCu2(BO3)2

Shastry & Sutherland, Physica B+C 108 (1981).
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previously found in:

Deconfined QCP?
 
 
Intermediate QSL phase?
Yang, Sandvik & Wang,  
PRB 105 (2022)

Lee, You, Sachdev &  
Vishwanath, PRX 9 (2019)



Magnetization plateaus
SrCu2(BO3)2 in a magnetic field exhibits several magnetization plateaus

Oninzuka, et al.  

1/8 plateau

1/4 plateau

1/3 plateau

Onizuka, et al.,  
JPSJ 69 (2000)

The SSM has almost localized triplet  
excitations [Miyahara&Ueda’99, Kageyama et al. ’00]

Common assumption: 
magnetization plateaus correspond to 
crystals of localized triplets!

Triplets repel each other  
(on the mean-field level)

S=0S=0S=0

Onizuka, et al., JPSJ 69 (2000)

1/8

1/4 1/3

1/8

Crystals of localized triplets
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Many experimental / theoretical studies
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FIG. 1. (color online) A part of the 11B-NMR spectra covering
the most negative range of internal field obtained at T =
0.43 K in various magnetic fields. The values of magnetic
fields correspond to the position of the spectral base line on
the vertical axis. The purple, red, blue, and green spectra
belong to the 1/8, 2/15, 1/6 and 1/4 plateaus, respectively.

1), and therefore they directly give the distribution of
Hint with typical accuracy of 2 mT.
The spectrum at 27.9 T (purple) belongs to the 1/8

plateau and exhibits sharp peaks that do not move in the
entire field range of the plateau, features that are char-
acteristic of a commensurate superstructure. The peak
positions agree with previous reports [8–10]. Among the
spectra displayed in Fig. 1, we clearly identify two other
ranges of field, 28.7 - 29.2 T (red) and 31.5 - 32.2 T
(blue), in which the spectra present the same features,
suggesting the existence of two additional plateau phases
between the 1/8 and 1/4 plateaus. Outside these field
ranges, the peaks are rather broad and their positions
change continuously with the external field.
The existence of new plateaus is also supported by

the magnetization curve shown in Fig. 2 obtained by
torque measurement using a cantilever technique. The
non-coplanar structure of the CuBO3 layers allows an in-
tradimer Dzyaloshinski-Moriya (DM) interaction, which
has been shown to produce a transverse magnetization
perpendicular to the magnetic field [16]. The torque
(τ) acting on the cantilever then consists of two terms:
τ = aM × H + bM · ∇H , the first one proportional to
the transverse magnetization and the second one to the
longitudinal magnetization. Their relative size depends
on the precise location and orientation of the sample and
of the field profile inside the magnet, which are difficult
to know. In the gapped phase of SrCu2(BO3)2 below
15 T, where the longitudinal magnetization is strictly

τ/
H

 (a
.u

.)

3530252015105
H (T)

0

z = 10 mm

z = -10 mm

0.12

0.10

0.08

0.06

0.04

0.02

0.00
3530252015

H (T)

M
ag

ne
tiz

at
io

n 
 <
S c
>

1/8

2/15

1/6

1/4

FIG. 2. (color online) Inset: The magnetic-field dependence
of the torque divided by field at T = 60 mK for the sam-
ple positioned at ±10 mm off the nominal field center. Main
panel: The thick black line represents the longitudinal mag-
netization(see the text) with the vertical scale appropriately
adjusted. The magnetization values at 1/8, 2/15, 1/6, and
1/4 of the saturation are shown by the dashed lines. The
horizontal bars indicate the field range of the plateaus de-
termined by NMR. The open circles show the magnetization
determined from the Cu-NMR shift data from Ref. [8].

zero, τ/H shown in the inset of Fig. 2 varies linearly
with H due to the transverse magnetization. To elimi-
nate this contribution and isolate that of the longitudi-
nal magnetization, we took a linear combination of two
measurements of τ/H taken at different sample positions
shown in the inset of Fig. 2, choosing their relative coef-
ficients so that the resulting curve stays zero below 15 T.
The result is shown as a black line in the main panel of
Fig. 2. It agrees very well with the magnetization deter-
mined from the Cu-NMR shift data below 26 T reported
in Ref. [8] (open circles).

The magnetization curve shows a series of plateaus. In
addition to the 1/8 plateau and the approach to the 1/4
plateau just outside the available field range, two other
plateaus can be clearly recognized: one is adjacent to the
1/8 plateau and the other is approximately half way up
to the 1/4 plateau. These field ranges agree perfectly
with what we proposed from the field variation of the
NMR spectra (the horizontal bars in Fig. 2). The mag-
netizations of the first three plateaus scale as 1/8 : 2/15
: 1/6, which is partially consistent with the theoretical
predictions in Refs. [13] and [14] but does not agree with
the values reported in Ref. [12].

Having established the sequence of plateaus, we now
discuss the spin structure. The distribution of Hint

was obtained by an iterative method to deconvolute the
quadrupole structure from the NMR spectra [17]. The re-
sulting spectra are displayed in Fig. 3(A) for all plateaus
and two intermediate phases above and below the 1/6
plateau. Let us recall that the spin density of one triplet
is expected to be distributed primarily over three dimers

Magnetization plateaus below the 1/4 plateau

Takigawa, et al., PRL 110 (2013)

★Crystals of triplet-bound states
PC, F. Mila, PRL 112 (2014)



SrCu2(BO3)2  under pressure 

Waki, et al. J. Phys. Soc. Jpn. 76, 073710 (2007)
Haravifard, et al. Nat. Commun. 7, 11956 (2016)
Zayed, et al., Nat. Phys. 13, 962 (2017)
Sakurai, et al., J. Phys. Soc. Jpn. 87, 033701 (2018)
Guo, et al., PRL 124, 206602 (2020)
Bettler, et al,. Phys. Rev. Research 2, 012010 (2020)
…

pressure

Drive system across the phase transitions!
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equivalent plaquette patterns, PS order can appear at T > 0
already in an isolated layer.
Following indications from nuclear magnetic resonance

(NMR) of an intermediate phase with broken spatial
symmetry [22,23], inelastic neutron scattering revealed
an excitation attributed to a PS state [11]. The mode was
only detected at P ¼ 2.15 GPa, and recently an alternative
scenario with no PS phase was proposed [12]. Here we
argue that the PS phase exists adjacent to a previously not
observed AF phase below 4 K and P ¼ 3–4 GPa.
Experiments.—We have performed high-pressure heat

capacity (C) measurements on SrCu2ðBO3Þ2 single crys-
tals. With support of simulations of quantum spin models,
we have for the first time extracted a ðP; TÞ phase diagram,
Fig. 2(a), in the range of P and T where the SS model
should be relevant. Six different samples were studied, and
CðTÞ was measured from room temperature down to 1.5 or
0.4 K at several pressures (using two different types
of cryostats and pressure cells; see the Supplemental
Material [24]). Consistent results were obtained among
all these measurements. In Figs. 2(b)–2(e) we show typical
results for CðTÞ=T in the different pressure regions. In the
Supplemental Material [24] we discuss data for P > 4 GPa,
where the SS description is no longer valid.
We identify two main low-T features in CðTÞ=T: there is

always a broad maximum that we will refer to as the hump.
Starting at P ≈ 1.7 GPa, a smaller peak emerges at lower T
and prevails up to 2.4 GPa. We will argue that this peak
signals the PS transition. Upon further increasing P, the
small peak is no longer detected at temperatures accessible
in the experiments. A broader hump appears between 3 and
4 GPa, below which there is a peak at T ≈ 2–3.5 K that we
interpret as an AF transition. AF order was previously
detected only at P > 4 GPa up to T ≈ 120 K [11]. This
high-T phase is different from the new low-T AF phase—
see the Supplemental Material [24], where we also discuss
a new transition at T ≈ 8 K for P > 4 GPa.
The C=T hump is known from studies at ambient

pressure [37], where it arises from the correlations leading
to the dimer singlets as T → 0. As shown in Fig. 2(a),
the hump temperature ThðPÞ, including the minimum at
P ≈ 2.5 GPa, agrees remarkably well with exact diago-
nalization (ED) results for the SS Hamiltonian on a
20-site lattice (see the Supplemental Material [24]) with
P converted to α by linear forms JðPÞ, J0ðPÞ [11].
The hump width also agrees well with the SS model
[see Fig. S5].
In the 2D Heisenberg model the hump appears at T ≈

J=2 [38] where strong AF correlations build up. In general,
the hump indicates a temperature scale where correlations
set in that remove significant entropy from the system. The
ThðPÞ minimum can be regarded as the point of highest
frustration, with the energy scale being lowered due to
the two competing couplings (see also Refs. [39,40]).
The peak that we associate with PS ordering appears in

this pressure region, suggesting singlet formation driven
by strong frustration.
If the putative AF ordering below T ¼ 4 K for P ≈

3–4 GPa is the result of weak inter-layer couplings J⊥, the
observed hump-peak separation is expected, as the hump

FIG. 2. (a) Phase diagram of SrCu2ðBO3Þ2 (crystal structure in
the inset) from high pressure CðTÞ measurements. Examples of
CðTÞ=T curves are given in (b)–(e), where the orange arrows
indicate the hump locationTh. The green symbols in (a)markTh in
several samples and the purple curve shows results for the 20-spin
SS model with couplings close to those of Ref. [11]; J0ðPÞ¼
½75−8.3P=GPa%K and JðPÞ ¼ ½46.7 − 3.7 P=GPa%K. For P ≈
1.7–2.4 GPa a second peak at lower T, marked with a red arrow in
(c); it indicates the transition into the PS phase. Upon further
compression, the system first enters a regime where the experi-
ments cannot reach sufficiently low T to observe the second peak.
The peak is again detectable around 3 GPa and is marked with blue
arrows in (d),(e). It becomes more prominent with increasing P,
suggesting [38] AF order due to weak interlayer couplings. The
phase boundaries extracted from the second peak are indicated by
half-filled red squares and diamonds (PS phase) and blue filled
squares and half-filled circles (AF phase). The low-T data in (b),(c)
are fitted (black curves) tothe form C=T ¼ a0 þ a1T2 þ
ða2=T3Þe−Δ=T [37], giving gaps Δ shown in Fig. 3(a). In (d),(e)
fits are shown (red curves) without gap term; C=T ¼ a0 þ a1T2.
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equivalent plaquette patterns, PS order can appear at T > 0
already in an isolated layer.
Following indications from nuclear magnetic resonance

(NMR) of an intermediate phase with broken spatial
symmetry [22,23], inelastic neutron scattering revealed
an excitation attributed to a PS state [11]. The mode was
only detected at P ¼ 2.15 GPa, and recently an alternative
scenario with no PS phase was proposed [12]. Here we
argue that the PS phase exists adjacent to a previously not
observed AF phase below 4 K and P ¼ 3–4 GPa.
Experiments.—We have performed high-pressure heat

capacity (C) measurements on SrCu2ðBO3Þ2 single crys-
tals. With support of simulations of quantum spin models,
we have for the first time extracted a ðP; TÞ phase diagram,
Fig. 2(a), in the range of P and T where the SS model
should be relevant. Six different samples were studied, and
CðTÞ was measured from room temperature down to 1.5 or
0.4 K at several pressures (using two different types
of cryostats and pressure cells; see the Supplemental
Material [24]). Consistent results were obtained among
all these measurements. In Figs. 2(b)–2(e) we show typical
results for CðTÞ=T in the different pressure regions. In the
Supplemental Material [24] we discuss data for P > 4 GPa,
where the SS description is no longer valid.
We identify two main low-T features in CðTÞ=T: there is

always a broad maximum that we will refer to as the hump.
Starting at P ≈ 1.7 GPa, a smaller peak emerges at lower T
and prevails up to 2.4 GPa. We will argue that this peak
signals the PS transition. Upon further increasing P, the
small peak is no longer detected at temperatures accessible
in the experiments. A broader hump appears between 3 and
4 GPa, below which there is a peak at T ≈ 2–3.5 K that we
interpret as an AF transition. AF order was previously
detected only at P > 4 GPa up to T ≈ 120 K [11]. This
high-T phase is different from the new low-T AF phase—
see the Supplemental Material [24], where we also discuss
a new transition at T ≈ 8 K for P > 4 GPa.
The C=T hump is known from studies at ambient

pressure [37], where it arises from the correlations leading
to the dimer singlets as T → 0. As shown in Fig. 2(a),
the hump temperature ThðPÞ, including the minimum at
P ≈ 2.5 GPa, agrees remarkably well with exact diago-
nalization (ED) results for the SS Hamiltonian on a
20-site lattice (see the Supplemental Material [24]) with
P converted to α by linear forms JðPÞ, J0ðPÞ [11].
The hump width also agrees well with the SS model
[see Fig. S5].
In the 2D Heisenberg model the hump appears at T ≈

J=2 [38] where strong AF correlations build up. In general,
the hump indicates a temperature scale where correlations
set in that remove significant entropy from the system. The
ThðPÞ minimum can be regarded as the point of highest
frustration, with the energy scale being lowered due to
the two competing couplings (see also Refs. [39,40]).
The peak that we associate with PS ordering appears in

this pressure region, suggesting singlet formation driven
by strong frustration.
If the putative AF ordering below T ¼ 4 K for P ≈

3–4 GPa is the result of weak inter-layer couplings J⊥, the
observed hump-peak separation is expected, as the hump

FIG. 2. (a) Phase diagram of SrCu2ðBO3Þ2 (crystal structure in
the inset) from high pressure CðTÞ measurements. Examples of
CðTÞ=T curves are given in (b)–(e), where the orange arrows
indicate the hump locationTh. The green symbols in (a)markTh in
several samples and the purple curve shows results for the 20-spin
SS model with couplings close to those of Ref. [11]; J0ðPÞ¼
½75−8.3P=GPa%K and JðPÞ ¼ ½46.7 − 3.7 P=GPa%K. For P ≈
1.7–2.4 GPa a second peak at lower T, marked with a red arrow in
(c); it indicates the transition into the PS phase. Upon further
compression, the system first enters a regime where the experi-
ments cannot reach sufficiently low T to observe the second peak.
The peak is again detectable around 3 GPa and is marked with blue
arrows in (d),(e). It becomes more prominent with increasing P,
suggesting [38] AF order due to weak interlayer couplings. The
phase boundaries extracted from the second peak are indicated by
half-filled red squares and diamonds (PS phase) and blue filled
squares and half-filled circles (AF phase). The low-T data in (b),(c)
are fitted (black curves) tothe form C=T ¼ a0 þ a1T2 þ
ða2=T3Þe−Δ=T [37], giving gaps Δ shown in Fig. 3(a). In (d),(e)
fits are shown (red curves) without gap term; C=T ¼ a0 þ a1T2.
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Finite temperature simulations with iPEPS
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‣ Wave-function:

‣ Density-operator: ⇢̂ = e��Ĥ ⇡
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‣ 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), …

‣ Symmetric form: e��Ĥ/2 ⇡
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⇢̂(�) = ⇢̂†(�)
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by construction



Finite temperature simulations with iPEPS

⇢̂(�) ⇡
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trace

same structure as 
for wave functions
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(CTM + imaginary time evolution)

join legs
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⇢̂(�) = Tra| ̃ih ̃|
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Other (equivalent) formulation using purification:



Imaginary time evolution
• Start at infinite temperature:  

exp(�⌧Ĥb)
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Trotter-Suzuki 
decomposition: 

• Initial state: exact!

⇢̂(� = 0) = I
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• Evolve in imaginary time: ⇢̂(�) = e��Ĥ/2⇢̂(0)e��Ĥ/2
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• Evolve up to target       �/2
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• Truncate after each step (using simple update (SU) or full update (FU))



‣ Benchmarks in the dimer phase of the Shastry-Sutherland model

‣ Comparison between ED, TPQ, QMC, iPEPS  

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
QMC, N=200
iPEPS D=16

agreement 
with QMC

0 0.5 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 QMC, N=64
iPEPS D=16

strong sign  
problem

Miyahara and Ueda, arxiv:cond-mat/0004260

agreement 
at low T

high T:  
model not 
accurate!

J 0/J = 0.62
<latexit sha1_base64="DKEMP+mreY/WvJcij6i/oVvelXA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvoKSZV1ItQ9CI9VbAf0oay2W7apbubsLsRSuiv8OJBEa/+HG/+G7dtDtr6YODx3gwz84KYUaVd99vKLS2vrK7l1wsbm1vbO8XdvYaKEolJHUcskq0AKcKoIHVNNSOtWBLEA0aawfB24jefiFQ0Eg96FBOfo76gIcVIG+mxenxavXadi3K3WHIddwp7kXgZKUGGWrf41elFOOFEaMyQUm3PjbWfIqkpZmRc6CSKxAgPUZ+0DRWIE+Wn04PH9pFRenYYSVNC21P190SKuFIjHphOjvRAzXsT8T+vnejwyk+piBNNBJ4tChNm68iefG/3qCRYs5EhCEtqbrXxAEmEtcmoYELw5l9eJI2y45057v15qXKTxZGHAziEE/DgEipwBzWoAwYOz/AKb5a0Xqx362PWmrOymX34A+vzB0vOjsM=</latexit>

J = 77K
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Finite temperature simulations with iPEPS
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Correlation length

iPEPS, D=20

Diverging correlation length 
compatible with a critical point
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Jump in <S· S> on dimer
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2D classical Ising model in a field
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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)

1/2

1/3
1/4

Matsuda et al. PRL  111 (2013)

High-field magnetization data

T=2.1K
0 20 40 60 80 100 120 140

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Magnetic Field (T)

M
/M

S

 

 

ED N=24
ED N=36
ED N=40
Series expansion
DMRG 8x6
DMRG 10x8
DMRG 12x10
iPEPS
Experiment

0 0.5 1 1.5 2 2.5 3

0

0.5

1

1.5

2

2.5

3

2x2, D=8, h=1.8, m=0.5

spin pattern:

Systematic scaling analysis

<latexit sha1_base64="3YzgmIsrLNzcH/XEHqsh5low99Q=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5D0gW6EohvRTYW+oA1hMp20QyeZMDMRS+nWjb/ixoUibv0Dd/6N0zYLbT1w4XDOvdx7jx8zKpVtfxuZldW19Y3sZm5re2d3z9w/aEqeCEwamDMu2j6ShNGINBRVjLRjQVDoM9Lyh1dTv3VPhKQ8qqtRTNwQ9SMaUIyUljwT1j0ML6Bt2eVSoXgKb2AXxbHgD7BkVbRw65l5bc4Al4mTkjxIUfPMr26P4yQkkcIMSdlx7Fi5YyQUxYxMct1EkhjhIeqTjqYRCol0x7NPJvBEKz0YcKErUnCm/p4Yo1DKUejrzhCpgVz0puJ/XidRwbk7plGcKBLh+aIgYVBxOI0F9qggWLGRJggLqm+FeIAEwkqHl9MhOIsvL5Nm0XIqln1Xzlcv0ziy4AgcgwJwwBmogmtQAw2AwSN4Bq/gzXgyXox342PemjHSmUPwB8bnD9lclf4=</latexit>

Tc = 0.043(2)J ⇡ 3.5(2)KCritical exponents compatible  
with 2D Ising universality class



SrCu2(BO3)2  under pressure in a magnetic field

new 1/5 
plateau

new 
supersolid

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



Limitations of the Shastry-Sutherland model

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

equivalent plaquette patterns, PS order can appear at T > 0
already in an isolated layer.
Following indications from nuclear magnetic resonance

(NMR) of an intermediate phase with broken spatial
symmetry [22,23], inelastic neutron scattering revealed
an excitation attributed to a PS state [11]. The mode was
only detected at P ¼ 2.15 GPa, and recently an alternative
scenario with no PS phase was proposed [12]. Here we
argue that the PS phase exists adjacent to a previously not
observed AF phase below 4 K and P ¼ 3–4 GPa.
Experiments.—We have performed high-pressure heat

capacity (C) measurements on SrCu2ðBO3Þ2 single crys-
tals. With support of simulations of quantum spin models,
we have for the first time extracted a ðP; TÞ phase diagram,
Fig. 2(a), in the range of P and T where the SS model
should be relevant. Six different samples were studied, and
CðTÞ was measured from room temperature down to 1.5 or
0.4 K at several pressures (using two different types
of cryostats and pressure cells; see the Supplemental
Material [24]). Consistent results were obtained among
all these measurements. In Figs. 2(b)–2(e) we show typical
results for CðTÞ=T in the different pressure regions. In the
Supplemental Material [24] we discuss data for P > 4 GPa,
where the SS description is no longer valid.
We identify two main low-T features in CðTÞ=T: there is

always a broad maximum that we will refer to as the hump.
Starting at P ≈ 1.7 GPa, a smaller peak emerges at lower T
and prevails up to 2.4 GPa. We will argue that this peak
signals the PS transition. Upon further increasing P, the
small peak is no longer detected at temperatures accessible
in the experiments. A broader hump appears between 3 and
4 GPa, below which there is a peak at T ≈ 2–3.5 K that we
interpret as an AF transition. AF order was previously
detected only at P > 4 GPa up to T ≈ 120 K [11]. This
high-T phase is different from the new low-T AF phase—
see the Supplemental Material [24], where we also discuss
a new transition at T ≈ 8 K for P > 4 GPa.
The C=T hump is known from studies at ambient

pressure [37], where it arises from the correlations leading
to the dimer singlets as T → 0. As shown in Fig. 2(a),
the hump temperature ThðPÞ, including the minimum at
P ≈ 2.5 GPa, agrees remarkably well with exact diago-
nalization (ED) results for the SS Hamiltonian on a
20-site lattice (see the Supplemental Material [24]) with
P converted to α by linear forms JðPÞ, J0ðPÞ [11].
The hump width also agrees well with the SS model
[see Fig. S5].
In the 2D Heisenberg model the hump appears at T ≈

J=2 [38] where strong AF correlations build up. In general,
the hump indicates a temperature scale where correlations
set in that remove significant entropy from the system. The
ThðPÞ minimum can be regarded as the point of highest
frustration, with the energy scale being lowered due to
the two competing couplings (see also Refs. [39,40]).
The peak that we associate with PS ordering appears in

this pressure region, suggesting singlet formation driven
by strong frustration.
If the putative AF ordering below T ¼ 4 K for P ≈

3–4 GPa is the result of weak inter-layer couplings J⊥, the
observed hump-peak separation is expected, as the hump

FIG. 2. (a) Phase diagram of SrCu2ðBO3Þ2 (crystal structure in
the inset) from high pressure CðTÞ measurements. Examples of
CðTÞ=T curves are given in (b)–(e), where the orange arrows
indicate the hump locationTh. The green symbols in (a)markTh in
several samples and the purple curve shows results for the 20-spin
SS model with couplings close to those of Ref. [11]; J0ðPÞ¼
½75−8.3P=GPa%K and JðPÞ ¼ ½46.7 − 3.7 P=GPa%K. For P ≈
1.7–2.4 GPa a second peak at lower T, marked with a red arrow in
(c); it indicates the transition into the PS phase. Upon further
compression, the system first enters a regime where the experi-
ments cannot reach sufficiently low T to observe the second peak.
The peak is again detectable around 3 GPa and is marked with blue
arrows in (d),(e). It becomes more prominent with increasing P,
suggesting [38] AF order due to weak interlayer couplings. The
phase boundaries extracted from the second peak are indicated by
half-filled red squares and diamonds (PS phase) and blue filled
squares and half-filled circles (AF phase). The low-T data in (b),(c)
are fitted (black curves) tothe form C=T ¼ a0 þ a1T2 þ
ða2=T3Þe−Δ=T [37], giving gaps Δ shown in Fig. 3(a). In (d),(e)
fits are shown (red curves) without gap term; C=T ¼ a0 þ a1T2.

PHYSICAL REVIEW LETTERS 124, 206602 (2020)

206602-2

Guo, et al (2020)

Dimer AFPlaquette0.675 0.765
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J 0/J

≈ 0.7

‣ Series expansion results Koga, JPSJ 69 (2000)

✦ A interlayer coupling reduces the extent  
of the plaquette phase

How about 
iPEPS in 3D?



‣ Main challenge: how to contract it??
‣ Several works in the context of 3D classical or 2+1D: 

✦ 3D HOTRG:  
Xie, Chen, Qin, Zhu, Yang, Xiang, PRB 86, 045139 (2012) 

✦ Corner-transfer matrix (CTM) in 3D: 
Nishino and Okunishi, J. Phys. Soc. Jpn. 67, 3066 (1998) 
Orús, Phys. Rev. B 85, 205117 (2012) 

✦ Approaches based on a boundary iPEPS: 
Nishino, Okunishi, Hieida, Maeshima, and Akutsu, Nucl. Phys. B 575, 504 (2000) 
Nishino, Hieida, Okunishi, Maeshima, Akutsu, Gendiar, Prog. Theor. Phys. 105 (2001) 
Gendiar, Nishino, Phys. Rev. E 65, 046702 (2002) 
Gendiar, Maeshima, and Nishino, Prog. Theor. Phys. 110, 691 (2003) 
Gendiar and Nishino, Phys. Rev. B 71, 024404 (2005) 
Vanderstraeten, Vanhecke, and Verstraete, Phys. Rev. E 98, 042145 (2018) 

✦ Other approaches: 
Ran, Piga, Peng, Su, and Lewenstein, Phys. Rev. B 96, 155120 (2017)  
Jahromi and Orús, Phys. Rev. B 99, 195105 (2019); Sci. Rep. 10, 19051 (2020) 
Tepaske and Luitz, arXiv:2005.13592  
Magnifico, Felser, Silvi, and Montangero, arXiv:2011.10658  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Tensor networks for 3D quantum systems



‣ Cluster contractions:
✦ Contract finite clusters instead of full network

✦ cheap & simple

✦ Not very accurate, but useful for quick results

Overview

(d)

(c)

�c

�b

D

‣ Full 3D contraction: the SU + CTM approach
✦ Boundary iPEPS approach 

✦ Combination of simple update (SU) truncation 

+ CTM method

✦ Good accuracy & convergence & tractable cost 

‣ Contraction of layered systems: LCTM
✦ Decouple layers away from the center  

→ use CTM to contract 2D layers 

✦ Good accuracy for anisotropic systems

✦ Lower cost than full 3D algorithm

(a) (b)

(c)

�

(d)

(e) (f)

Vlaar & PC, PRB 103, 205137 (2021); arxiv:2208.06423

Patrick Vlaar



Full 3D contraction: SU + CTM approach
(a)

(b)

Repeat until  
convergence 

(a)

(b)
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Split with SVDs
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use CTM to contract resulting 3-layer network
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Apply and use SU to truncate



Convergence in χc (3D Heisenberg model)
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★ Systematic convergence in χc 



Convergence in χb (3D Heisenberg model)
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★ Systematic convergence in χb

★ Small clusters inaccurate
★ Good accuracy for 3x3x4
★ Rough estimate for 2x2x2



Comparison with HOTRG 
Xie, Chen, Qin, Zhu, Yang, Xiang, PRB 86, 045139 (2012) 

★ Very irregular convergence with HOTRG,  
in contrast to SU+CTM
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3D Heisenberg model: finite correlation length scaling

‣ Idea: extrapolate in effective correlation length 
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⇠D
Tagliacozzo, et al (2008); Pollmann et al (2009); Pirvu et al (2012)  
PC, Czarnik, Kapteijns & Tagliacozzo, PRX 8 (2018); Rader & Läuchli, PRX 8 (2018) 
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★ Energy in agreement
★ Magnetization 2% off (→ SU optimization)



3D Bose-Hubbard model

★ D=2: improvement 
over MF result
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superfluid

★ D=3: close to QMC 
result, better than 
B-DMFT

★ 2x2x2 close to 
SU+CTM → useful 
to get quick results



iPEPS for layered systems (anisotropic 3D)

Barišić, et al., PNAS 110, 12235 (2013)

Herbertsmithite SrCu2(BO3)2

Cuprates

Radtke et al., PNAS 112 (2015)Khuntia et al., Nature Physics 16, 469 (2020)



iPEPS for layered systems (anisotropic 3D)
(a)

Dxy

Dz

(b)

D2
xy

D2
z

(c)

Vlaar, PC, arxiv:2208.06423

‣ 3D tensor network ansatz (coupled iPEPS)

‣ Dxy > Dz for weak interlayer coupling

‣ Dz = 1 → product state of iPEPSs

(a) (b)

(c)

�

(d)

(e) (f)

‣ Dz = 1 : contract individual layers (2D)

‣ Dz > 1 : perform effective decoupling 
away from center → 2D contraction

‣ Interlayer correlations beyond mean-
field level are included by the Dz > 1 
bonds in the center

‣ Layered corner transfer matrix 
(LCTM) method

Contraction:

Ansatz:



Benchmarks for 3D anisotropic Heisenberg model
Vlaar, PC, arxiv:2208.06423

�D�

�E� �F�‣ Substantial improvement from Dz =1 to Dz = 2

‣ Values close to the extrapolated QMC result

‣ In agreement with more expensive full 3D contraction 
Vlaar & PC, PRB 103, 205137 (2021)
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Jz/Jxy = 0.1



Shastry-Sutherland model with interlayer coupling

Dimer Plaquette
AF
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Dz = 2

 (b)   (a)  

Estimate for the strength of interlayer coupling: J’’/J 

≈ 0.03

Guo et al (2020)

LCTM: Powerful approach also for other layered systems

Vlaar, PC, arxiv:2302.07894

Dimer NéelPlaquette
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Dz = 3



Excitations with iPEPS



iPEPS excitation ansatz

| i ⇡
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‣ Ground state:

‣ Excitation on top  
of ground state  
with momentum k
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Haegeman, Pirvu, Weir, Cirac, Osborne, Verschelde, and Verstraete, PRB 85, 100408(R) (2012).
Haegeman, Michalakis, Nachtergaele, Osborne, Schuch, and Verstraete, PRL 111, 080401 (2013).
Haegeman, Osborne, and Verstraete, PRB 88, 075133 (2013).
Zauner, Draxler, Vanderstraeten, Degroote, Haegeman, Rams, Stojevic, Schuch, and Verstraete, 
New J. Phys. 17, 053002 (2015).
Vanderstraeten, Marien, Verstraete, and Haegeman, PRB 92, 201111 (2015)
Vanderstraeten, Haegeman, and Verstraete, PRB 99, 165121 (2019)

X

~x

ei
~k~x
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iPEPS excitation ansatz: the challenge

‣ Excitation on top  
of ground state  
with momentum k

Ansatz consists of an infinite sum!

X

~x

ei
~k~x
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‣ Minimizing: Triple infinite sum!

Translational invariance  
→ Double infinite sum

h�~k(B)|Ĥ|�~k(B)i
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‣ Use systematic summation:

Channel environments Vanderstraeten, Marien, Verstraete, and Haegeman, PRB 92 (2015)
Vanderstraeten, Haegeman, and Verstraete, PRB 99 (2019)

CTM approach Ponsioen and PC, PRB 101, 195109 (2020)

CTM + AD approach Ponsioen, Assaad, PC, SciPost Physics, 12, 006 (2022)

Boris Ponsioen



Benchmark: square lattice Heisenberg model
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Sandvik & Singh,  

PRL 86 (2001)



Charge gap in the half-filled Hubbard model
Ponsioen, Assaad, PC, SciPost Physics, 12, 006 (2022)
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★ Systematic improvement with D,  
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★ QMC: extracting gap at large  
U/t is exponentially hard,  
in contrast to iPEPS



Spectral function A(ω, k) for U/t=8
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<latexit sha1_base64="XfeE0AUE5v2ohFeHADe0WQvfVJg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+G7mt5+o0iwRj2YiaRDjoWARI9hYqV3tSXbhnvfLFbfmzoFWiZeTCuRo9stfvUFC0pgKQzjWuuu50gQZVoYRTqelXqqpxGSMh7RrqcAx1UE2P3eKzqwyQFGibAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugowJmRoqyGJRlHJkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXjLL6+S1mXNu6rVH+qVxm0eRxFO4BSq4ME1NOAemuADgTE8wyu8OdJ5cd6dj0VrwclnjuEPnM8f8bGOqw==</latexit>

(⇡, 0)
<latexit sha1_base64="XfeE0AUE5v2ohFeHADe0WQvfVJg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+G7mt5+o0iwRj2YiaRDjoWARI9hYqV3tSXbhnvfLFbfmzoFWiZeTCuRo9stfvUFC0pgKQzjWuuu50gQZVoYRTqelXqqpxGSMh7RrqcAx1UE2P3eKzqwyQFGibAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugowJmRoqyGJRlHJkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXjLL6+S1mXNu6rVH+qVxm0eRxFO4BSq4ME1NOAemuADgTE8wyu8OdJ5cd6dj0VrwclnjuEPnM8f8bGOqw==</latexit>

(⇡, 0)
<latexit sha1_base64="NIX3TTCKoJdFlMDnpC0K3dHuQxo=">AAACBnicbVDLSsNAFL2pr1pfUZciBItQQUpSirosunFZwT6gCWUynbRDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgtbPXDhzDn3MvceP2ZUKtv+Ngorq2vrG8XN0tb2zu6euX/QllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/vpn6nQciJI34vZrExAvRkNOAYqS01DePK24gEE7dmGZpLTtfeJ31zbJdtWew/hInJ2XI0eybX+4gwklIuMIMSdlz7Fh5KRKKYkaykptIEiM8RkPS05SjkEgvnZ2RWadaGVhBJHRxZc3U3xMpCqWchL7uDJEayWVvKv7n9RIVXHkp5XGiCMfzj4KEWSqypplYAyoIVmyiCcKC6l0tPEI6CKWTK+kQnOWT/5J2repcVOt39XLjOo+jCEdwAhVw4BIacAtNaAGGR3iGV3gznowX4934mLcWjHzmEBZgfP4AKb6Y8Q==</latexit>

(
⇡

2
,
⇡

2
)

<latexit sha1_base64="TfACV5vRWKtGwip1e2y+LCMMmR4=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcquFPVY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa/qXDjn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCW/8jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWty5p7Vas/1CuN2zyOIpzAKVTBhWtowD00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfPxetjZI=</latexit>

(0, 0)
<latexit sha1_base64="NIX3TTCKoJdFlMDnpC0K3dHuQxo=">AAACBnicbVDLSsNAFL2pr1pfUZciBItQQUpSirosunFZwT6gCWUynbRDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgtbPXDhzDn3MvceP2ZUKtv+Ngorq2vrG8XN0tb2zu6euX/QllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/vpn6nQciJI34vZrExAvRkNOAYqS01DePK24gEE7dmGZpLTtfeJ31zbJdtWew/hInJ2XI0eybX+4gwklIuMIMSdlz7Fh5KRKKYkaykptIEiM8RkPS05SjkEgvnZ2RWadaGVhBJHRxZc3U3xMpCqWchL7uDJEayWVvKv7n9RIVXHkp5XGiCMfzj4KEWSqypplYAyoIVmyiCcKC6l0tPEI6CKWTK+kQnOWT/5J2repcVOt39XLjOo+jCEdwAhVw4BIacAtNaAGGR3iGV3gznowX4934mLcWjHzmEBZgfP4AKb6Y8Q==</latexit>

(
⇡

2
,
⇡

2
)

<latexit sha1_base64="bf+pNAl6uNGJlzsbTN4rsrXxKe4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahgpTdUtRj0YvHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49uZ336iSrNIPphJTH2Bh5KFjGBjpcdyL2YXts77xZJbcedAq8TLSAkyNPrFr94gIomg0hCOte56bmz8FCvDCKfTQi/RNMZkjIe0a6nEgmo/nR88RWdWGaAwUrakQXP190SKhdYTEdhOgc1IL3sz8T+vm5jw2k+ZjBNDJVksChOOTIRm36MBU5QYPrEEE8XsrYiMsMLE2IwKNgRv+eVV0qpWvMtK7b5Wqt9kceThBE6hDB5cQR3uoAFNICDgGV7hzVHOi/PufCxac042cwx/4Hz+AMyEj8Q=</latexit>

(⇡,⇡)
<latexit sha1_base64="XfeE0AUE5v2ohFeHADe0WQvfVJg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+G7mt5+o0iwRj2YiaRDjoWARI9hYqV3tSXbhnvfLFbfmzoFWiZeTCuRo9stfvUFC0pgKQzjWuuu50gQZVoYRTqelXqqpxGSMh7RrqcAx1UE2P3eKzqwyQFGibAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugowJmRoqyGJRlHJkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXjLL6+S1mXNu6rVH+qVxm0eRxFO4BSq4ME1NOAemuADgTE8wyu8OdJ5cd6dj0VrwclnjuEPnM8f8bGOqw==</latexit>

(⇡, 0)
<latexit sha1_base64="XfeE0AUE5v2ohFeHADe0WQvfVJg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpRdKeqx6MVjBbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+PWjpJFaE+SXiiOiHWlDNBfcMMpx2pKI5DTtvh+G7mt5+o0iwRj2YiaRDjoWARI9hYqV3tSXbhnvfLFbfmzoFWiZeTCuRo9stfvUFC0pgKQzjWuuu50gQZVoYRTqelXqqpxGSMh7RrqcAx1UE2P3eKzqwyQFGibAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugowJmRoqyGJRlHJkEjT7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXjLL6+S1mXNu6rVH+qVxm0eRxFO4BSq4ME1NOAemuADgTE8wyu8OdJ5cd6dj0VrwclnjuEPnM8f8bGOqw==</latexit>

(⇡, 0)
<latexit sha1_base64="TfACV5vRWKtGwip1e2y+LCMMmR4=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcquFPVY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa/qXDjn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCW/8jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWty5p7Vas/1CuN2zyOIpzAKVTBhWtowD00wQMKHJ7hFd6QRC/oHX0sWgsonzmGP0CfPxetjZI=</latexit>

(0, 0)
<latexit sha1_base64="NIX3TTCKoJdFlMDnpC0K3dHuQxo=">AAACBnicbVDLSsNAFL2pr1pfUZciBItQQUpSirosunFZwT6gCWUynbRDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgtbPXDhzDn3MvceP2ZUKtv+Ngorq2vrG8XN0tb2zu6euX/QllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/vpn6nQciJI34vZrExAvRkNOAYqS01DePK24gEE7dmGZpLTtfeJ31zbJdtWew/hInJ2XI0eybX+4gwklIuMIMSdlz7Fh5KRKKYkaykptIEiM8RkPS05SjkEgvnZ2RWadaGVhBJHRxZc3U3xMpCqWchL7uDJEayWVvKv7n9RIVXHkp5XGiCMfzj4KEWSqypplYAyoIVmyiCcKC6l0tPEI6CKWTK+kQnOWT/5J2repcVOt39XLjOo+jCEdwAhVw4BIacAtNaAGGR3iGV3gznowX4934mLcWjHzmEBZgfP4AKb6Y8Q==</latexit>

(
⇡

2
,
⇡

2
)



Summary

✓ iPEPS: powerful and versatile tool for strongly correlated systems 

✓ Various applications & new methodological developments:

★ 2D ground state calculations 

★ Extension to finite temperature 

★ iPEPS for 3D and layered systems

★ iPEPS excitation ansatz 

✓ Still room for improvement

Thank you for your attention!
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