
Quantum phase transitions  
in condensed matter

Session L04: Lars Onsager Prize
APS March Meeting, Los Angeles

Subir Sachdev
March 7, 2018

HARVARD

Talk online: sachdev.physics.harvard.edu



Thanks to students and postdocs, and many other collatorators

3/1/18, 4(56 PMSubir Sachdev - students and postdocs

Page 1 of 3http://qpt.physics.harvard.edu/students.html

Ph. D. Students

Jinwu Ye, Associate Professor, Department of Physics and Astronomy, Mississippi State University
Thesis: Some Examples of Quantum Phase Transitions
T. Senthil, Professor, Department of Physics, Massachusetts Institute of Technology.
Thesis: Quantum Phase Transitions in Random Spin Systems
Kedar Damle, Department of Theoretical Physics, Tata Institute of Fundamental Research, Mumbai, India.
Thesis: Turning on the Heat:Non-zero Temperature Dynamical Properties of Quantum Many-body Systems
Chiranjeeb Buragohain, Microsoft Research.
Thesis: Dynamical Properties of Quantum Antiferromagnets in One and Two Dimensions
Ying Zhang, Finisterre Capital, London.
Thesis: Competing Orders in the Cuprate Superconductors
Anatoli Polkovnikov, Associate Professor, Boston University.
Thesis: Manifestation of Quantum Fluctuations in Strongly Correlated Systems
Stephen Powell, Assistant Professor, University of Nottingham 
Thesis: Quantum phases and transitions of many-body systems realized using cold atomic gases
Adrian Del Maestro, Associate Professor, University of Vermont
Thesis: The superconductor-metal quantum phase transition in ultra-narrow wires
Emily Dunkel (with David Coker, Boston University), NASA Jet Propulsion Laboratory
Thesis: Quantum Phenomena in Condensed Phase Systems
Yang Qi, Institute for Advanced Studies, Tsinghua University
Thesis: Spin and Charge Fluctuations in Strongly Correlated Systems.
Rudro Rana Biswas, Assistant Professor, Purdue University 
Thesis: Explorations in Dirac Fermions and Spin Liquids.
Eun Gook Moon, Assistant Professor, Korea Advanced Institute of Science and Technology 
Thesis: Superfluidity in Strongly Correlated Systems
Max Metlitski, Assistant Professor, Department of Physics, Massachusetts Institute of Technology

3/1/18, 4(56 PMSubir Sachdev - students and postdocs

Page 2 of 3http://qpt.physics.harvard.edu/students.html

Thesis: Aspects of Critical Behavior of Two Dimensional Electron Systems
Yejin Huh, Applied Scientist at Apple
Thesis: Quantum Phase Transitions in d-wave Superconductors and Antiferromagnetic Kagome Lattices
Susanne Pielawa, Lyft, Munich
Thesis: Metastable Phases and Dynamics of Low-Dimensional Strongly-Correlated Atomic Quantum Gases
Debanjan Chowdhury, Moore Foundation Postdoctoral Fellow, MIT
Thesis: Interplay of Broken Symmetries and Quantum Criticality in Correlated Electronic Systems
Junhyun Lee, Postdoctoral fellow, University of Maryland
Thesis: Novel quantum phase transitions in low-dimensional systems
Andrew Lucas, Postdoctoral fellow, Stanford University
Thesis: Transport and hydrodynamics in holography, strange metals and graphene
Shubhayu Chatterjee, Harvard University
Aavishkar Patel, Harvard University
Wenbo Fu, Harvard University
Seth Whitsitt, Harvard University
Alex Thomson, Harvard University
Julia Steinberg, Harvard University

Postdocs

Pierre Le Doussal, Directeur de Recherche de Classe Exceptionnelle, Laboratoire de Physique Théorique de l'
Ecole Normale Supérieure, Paris, France.
Rodolfo Jalabert, Professeur à l'Université Louis Pasteur, Institut de Physique et Chimie des Matériaux de
Strasbourg, France.
Andrey Chubukov, William I. and Bianca M. Fine Chair in Theoretical Physics, University of Minnesota,
Minneapolis.
Satya Majumdar, Directeur de Recherche, Laboratoire de Physique Théorique et Modèles Statistiques,
University of Paris XI, France.
Matthias Vojta, Chair of Theoretical Solid State Physics, Technische Universität, Dresden, Germany
Oleg Starykh, Professor, Department of Physics, University of Utah.
Marcus Kollar, Theoretische Physik III, Institut für Physik, Universität Augsburg, Germany.
Kwon Park, Professor, Korea Institute for Advanced Study, Seoul.
Takao Morinari, Kyoto University, Kyoto, Japan.
Adam Durst, Associate Professor, Hofstra University.

Students



Thanks to students and postdocs, and many other collatorators

3/1/18, 4(56 PMSubir Sachdev - students and postdocs

Page 2 of 3http://qpt.physics.harvard.edu/students.html

Thesis: Aspects of Critical Behavior of Two Dimensional Electron Systems
Yejin Huh, Applied Scientist at Apple
Thesis: Quantum Phase Transitions in d-wave Superconductors and Antiferromagnetic Kagome Lattices
Susanne Pielawa, Lyft, Munich
Thesis: Metastable Phases and Dynamics of Low-Dimensional Strongly-Correlated Atomic Quantum Gases
Debanjan Chowdhury, Moore Foundation Postdoctoral Fellow, MIT
Thesis: Interplay of Broken Symmetries and Quantum Criticality in Correlated Electronic Systems
Junhyun Lee, Postdoctoral fellow, University of Maryland
Thesis: Novel quantum phase transitions in low-dimensional systems
Andrew Lucas, Postdoctoral fellow, Stanford University
Thesis: Transport and hydrodynamics in holography, strange metals and graphene
Shubhayu Chatterjee, Harvard University
Aavishkar Patel, Harvard University
Wenbo Fu, Harvard University
Seth Whitsitt, Harvard University
Alex Thomson, Harvard University
Julia Steinberg, Harvard University

Postdocs

Pierre Le Doussal, Directeur de Recherche de Classe Exceptionnelle, Laboratoire de Physique Théorique de l'
Ecole Normale Supérieure, Paris, France.
Rodolfo Jalabert, Professeur à l'Université Louis Pasteur, Institut de Physique et Chimie des Matériaux de
Strasbourg, France.
Andrey Chubukov, William I. and Bianca M. Fine Chair in Theoretical Physics, University of Minnesota,
Minneapolis.
Satya Majumdar, Directeur de Recherche, Laboratoire de Physique Théorique et Modèles Statistiques,
University of Paris XI, France.
Matthias Vojta, Chair of Theoretical Solid State Physics, Technische Universität, Dresden, Germany
Oleg Starykh, Professor, Department of Physics, University of Utah.
Marcus Kollar, Theoretische Physik III, Institut für Physik, Universität Augsburg, Germany.
Kwon Park, Professor, Korea Institute for Advanced Study, Seoul.
Takao Morinari, Kyoto University, Kyoto, Japan.
Adam Durst, Associate Professor, Hofstra University.

3/1/18, 4(56 PMSubir Sachdev - students and postdocs

Page 3 of 3http://qpt.physics.harvard.edu/students.html

Krishnendu Sengupta, Professor, Indian Association for the Cultivation of Science, Kolkata, India.
Lorenz Bartosch, Assistant Professor, University of Frankfurt.
Predrag Nikolic, Associate Professor, George Mason University
Ribhu Kaul, Associate Professor, University of Kentucky
Markus Müller, Scientist, Paul Scherrer Institute, Switzerland.
Lars Fritz, Assistant Professor, University of Utrecht
Michael Levin, Associate Professor, University of Chicago
Cenke Xu, Associate Professor, University of California, Santa Barbara
Sean Hartnoll, Associate Professor, Stanford University
Erez Berg, Associate Professor, University of Chicago
Liang Fu, Lawrence C. (1944) and Sarah W. Biedenharn Career Development Associate Professor of Physics,
Massachusetts Institute of Technology
Liza Huijse, Software Engineer at Karius, Inc.
Chris Laumann, Assistant Professor, Boston University
Matthias Punk, Faculty, LMU Munich
Philipp Strack, ZEISS Group
Brian Swingle, Assistant Professor, University of Maryland
Dmitry Abanin, Professor of Physics, University of Geneva
Ling-Yan (Janet) Hung, Professor of Physics, Fudan University, Shanghai
Jay Sau, Assistant Professor, University of Maryland
Sarang Gopalakrishnan, Postdoctoral Fellow, Caltech
Andrea Allais, Cruise Automation, San Francisco
Johannes Bauer, SCL Group, London
Paul Chesler, Harvard University
Andreas Eberlein, Harvard University
William Witczak-Krempa, Assistant Professor, University of Montreal
Richard Davison, Harvard University
Chong Wang, Harvard University
Mathias Scheurer, Harvard University.

Postdocs



Continuous quantum transitions

Broken symmetry No broken symmetry(A)



Continuous quantum transitions

Broken symmetry No broken symmetry(A)

Exact solution by 
Onsager of the 
D=2 Ising model

Onsager Prizes:
M.E. Fisher
L. Kadanoff
A. I. Larkin

V. L. Pokrovsky



Continuous quantum transitions

Broken symmetry No broken symmetry(A)

Broken symmetry A different broken symmetry(D)

Topological order No topological order(B)

Topological order Broken symmetry(C)



Continuous quantum transitions

Broken symmetry No broken symmetry(A)

Broken symmetry A different broken symmetry(D)

Topological order No topological order(B)

Topological order Broken symmetry(C)

Theory with emergent gauge fields: Higgs/
confining phases and phase transitions 
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SDW LRO
Reconstructed Fermi surface

SDW SRO
Large Fermi surface.

Increasing SDW order
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Antiferromagnetism in the  Hubbard Model
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tij ! “hopping”. U ! local repulsion, µ ! chemical potential
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Both states have Luttinger volume Fermi surfaces



Continuous quantum transitions

Broken symmetry No broken symmetry(A)

Broken symmetry A different broken symmetry(D)

Topological order No topological order(B)

Topological order Broken symmetry(C)
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Gauss’s Law: [H,Gi] = 0 , Gi = 1

(Wegner, 1971
Onsager Prize, 2015)

Z2 lattice gauge theory
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Z2 lattice gauge theory (Wegner, 1971
Onsager Prize, 2015)

Deconfined phase.
‘Perimeter law’ for

Wegner-Wilson loops
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Confined phase.
‘Area law’ for

Wegner-Wilson loops
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(B)

Topological


phase 

transition

Deconfined phase.
Z2 flux expelled.
Z2 (toric code)

topological order.
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Confined phase.
Z2 flux proliferates.
No topological order.
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Z2 lattice gauge theory

E. Fradkin and S. H. Shenker, PRD 19, 3682 (1979);  N. Read and S. Sachdev, PRL 66, 1773 (1991); 
X.-G. Wen, PRB 44, 2664 (1991);  A.Y. Kitaev, Annals of Physics 303, 2 (2003)



SDW LRO
Reconstructed Fermi surface

SDW SRO
Large Fermi surface.

Increasing SDW order

U/t

Antiferromagnetism in the  Hubbard Model
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tij ! “hopping”. U ! local repulsion, µ ! chemical potential

Mean-field theory with a spin density wave (SDW)

order parameter ~�i = (�1)ix+iy
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Symmetry

breaking

phase 
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SDW LRO
Reconstructed Fermi surface

SDW SRO
Large Fermi surface.

Increasing SDW order

U/t

(A)

Symmetry

breaking

phase 


transition

SDW SRO
Z2 or U(1) topological order.
Reconstructed Fermi surface.

Increasing SDW order

(B) Topological


phase transition

g

h~�i = 0
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Change of carrier density at the pseudogap critical 
point of a cuprate superconductor
S. Badoux1, W. Tabis2,3, F. Laliberté2, G. Grissonnanche1, B. Vignolle2, D. Vignolles2, J. Béard2, D. A. Bonn4,5, W. N. Hardy4,5, 
R. Liang4,5, N. Doiron-Leyraud1, Louis Taillefer1,5 & Cyril Proust2,5

The pseudogap is a partial gap in the electronic density of states 
that opens in the normal (non-superconducting) state of cuprate 
superconductors and whose origin is a long-standing puzzle. 
Its connection to the Mott insulator phase at low doping (hole 
concentration, p) remains ambiguous1 and its relation to the charge 
order2–4 that reconstructs the Fermi surface5,6 at intermediate 
doping is still unclear7–10. Here we use measurements of the Hall 
coefficient in magnetic fields up to 88 tesla to show that Fermi-
surface reconstruction by charge order in the cuprate YBa2Cu3Oy 
ends sharply at a critical doping p = 0.16 that is distinctly lower than 
the pseudogap critical point p* = 0.19 (ref. 11). This shows that the 
pseudogap and charge order are separate phenomena. We find that 
the change in carrier density n from n = 1 + p in the conventional 
metal at high doping (ref. 12) to n = p at low doping (ref. 13) starts 
at the pseudogap critical point. This shows that the pseudogap and 
the antiferromagnetic Mott insulator are linked.

Electrons in cuprate materials go from a correlated metallic state at 
high p to a Mott insulator at p =  0. How the system evolves from one 
state to the other remains a fundamental question. At high doping, 
the Fermi surface of cuprates is well established. It is a large hole-like 
cylinder whose volume yields a carrier density n =  1 +  p, as meas-
ured, for example, by quantum oscillations14, in agreement with 
band structure calculations. The carrier density can also be measured 
using the Hall coefficient RH, because in the limit of T =  0 the Hall 
number nH of a single-band metal is such that nH =  n. Indeed, in the 
cuprate Tl2Ba2CuO6+δ (Tl-2201), the normal-state Hall coefficient 
RH at p ≈  0.3, measured at T →  0 in magnetic fields large enough to 
suppress superconductivity, is such that nH =  V/(eRH) ≈  1 +  p, where 
e is the electron charge and V the volume per Cu atom in the CuO2 
planes12,15.

By contrast, at low doping, measurements of RH in La2−xSrxCuO4 
(LSCO) (ref. 13) and YBa2Cu3Oy (YBCO) (ref. 16) yield nH ≈  p, below 
p ≈  0.08. Having a carrier density equal to the hole concentration, n =  p, 
is known to be an experimental signature of the lightly doped cuprates. 
The question is: at what doping does the transition between those two 
limiting regimes take place? Specifically, does the transition from 
n =  1 +  p to n =  p occur at p* , the critical doping for the onset of the 
pseudogap phase? The pseudogap is a partial gap in the normal-state 
density of states that appears below p*  ≈  0.19 (ref. 11), and whose origin 
is a central puzzle in the physics of correlated electrons and the subject 
of much debate.

To answer this question using Hall measurements, one needs to reach 
low temperatures, which requires the use of large magnetic fields to 
suppress superconductivity. The only prior high-field study of cuprates 
that goes across p*  was performed on LSCO (ref. 17), a cuprate super-
conductor with a relatively low critical temperature (Tc <  40 K) and 
critical field (Hc2 <  60 T). For mainly two reasons, studies on LSCO 
were inconclusive on the transition from n =  1 +  p to n =  p. First, the 

Fermi surface of overdoped LSCO undergoes a Lifshitz transition from 
a hole-like to an electron-like surface as its band structure crosses a  
saddle-point van Hove singularity at p ≈  0.2 (ref. 18). This transition 
causes large changes in RH(T) (ref. 15) that can mask the effect of the 
pseudogap onset at p*  ≈  0.19. The second reason is the ill-defined impact 
of the charge-density-wave (CDW) modulations that develop at low 
temperature in a doping range near p ≈  0.12 (ref. 19). Such CDW mod-
ulations should cause a reconstruction of the Fermi surface, and hence 
change RH at low temperature6. Therefore, the anomalies in nH versus 
p observed below 60 K in LSCO (ref. 17)—and in Bi2La2−xSrxCuO6+δ 
(ref. 20)—between p ≈  0.1 and p ≈  0.2 are most likely to be the combined 
result of three effects that have yet to be disentangled: Lifshitz transition, 
Fermi-surface reconstruction (FSR) and pseudogap.

Here we turn to YBCO, a cuprate material with several advantages. 
First, it is one of the cleanest and best ordered of all cuprates, thereby 
ensuring a homogeneous doping ideal for distinguishing nearby crit-
ical points. Second, the location of the pseudogap critical point is well 
established in YBCO, at p*  =  0.19 ±  0.01 (ref. 11). Third, the Lifshitz 
transition in YBCO occurs at p >  0.29 (ref. 21), well above p* . Fourth, 
the CDW modulations in YBCO have been thoroughly characterized. 
They are detected by X-ray diffraction (XRD) between p ≈  0.08 and 
p ≈  0.16 (refs 22, 23), below a temperature TXRD (Fig. 1a). Above a 
threshold magnetic field, CDW order is detected by NMR (refs 2, 24) 
below a temperature TNMR (Fig. 1b). Fifth, the FSR caused by the CDW 
modulations has a well-defined signature in the Hall effect of YBCO: 
RH(T) decreases smoothly to become negative at low temperature6—
the signature of an electron pocket in the reconstructed Fermi sur-
face. Prior Hall measurements in magnetic fields up to 60 T show that 
the CDW-induced FSR begins sharply at p =  0.08 and persists up to 
p =  0.15, the highest doping reached so far6.

YBCO has one disadvantage, however. Its orthorhombic structure 
contains conducting CuO chains along the b axis, which reduce the Hall 
signal coming from the CuO2 planes. While this has no impact on the 
qualitative features of RH(T) (such as its sign or its qualitative T depend-
ence), it does modify the quantitative relation between the meas-
ured Hall number nH and the inferred carrier density n. Specifically, 
n =  (ρb/ρa)nH (ref. 16), where ρb and ρa are the in-plane resistivities 
parallel and perpendicular to the b axis, respectively (see Methods and 
Extended Data Fig. 1).

We have performed Hall measurements in YBCO up to 88 T, 
allowing us to extend the doping range upwards, and hence track the 
 normal-state properties across p* , down to at least T =  40 K. Our com-
plete data on four YBCO samples with dopings p =  0.16, 0.177, 0.19 and 
0.205 are displayed in Extended Data Figs 2, 3, 4 and 5, respectively. In 
Fig. 2, we compare field sweeps of RH versus H at p =  0.15 (Fig. 2a; from 
ref. 6) and p =  0.16 (Fig. 2b), at various temperatures down to 25 K. The 
difference is striking. At p =  0.15, the high-field isotherms RH(H) drop 
monotonically with decreasing T until they become negative at low T. 
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SDW SRO
Z2 or U(1) topological order.
Reconstructed Fermi surface.



Continuous quantum transitions

Broken symmetry No broken symmetry(A)

Broken symmetry A different broken symmetry(D)

Topological order No topological order(B)

Topological order Broken symmetry(C)
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Confined phase.
Z2 flux proliferates.
No topological order.
Electric field lines lead

to symmetry breaking and
valence bond solid (VBS) order
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topological order.
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Confined phase.
Z2 flux proliferates.
No topological order.
Electric field lines lead

to symmetry breaking and
valence bond solid (VBS) order
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Confined phase.
Z2 flux proliferates.
No topological order.
Electric field lines lead

to symmetry breaking and
valence bond solid (VBS) order
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Similar phases and transitions in frustrated square lattice 
antiferromagnets with spin S=1/2
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and
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phases of a 

theory with an 


emergent

U(1) gauge field



Continuous quantum transitions

Broken symmetry No broken symmetry(A)

Broken symmetry A different broken symmetry(D)

Topological order No topological order(B)

Topological order Broken symmetry(C)



(a)

(b)

(a)

(b)or

Quantum phases of a S=1/2 square lattice antiferromagnet

Antiferromagnet
with broken spin
rotation symmetry
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VBS
with broken lattice
rotation symmetry
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The study of interacting spin systems is of fundamental
importance for modern condensed-matter physics. On frus-
trated lattices, magnetic exchange interactions cannot be
simultaneously satisfied, and often give rise to compet-
ing exotic ground states1. The frustrated two-dimensional
Shastry–Sutherland lattice2 realized by SrCu2(BO3)2 (refs 3,4)
is an important test case for our understanding of quantum
magnetism. It was constructed to have an exactly solvable
2-spin dimer singlet ground state within a certain range of
exchange parameters and frustration. While the exact dimer
state and the antiferromagnetic order at both ends of thephase
diagram arewell known, the ground state and spin correlations
in the intermediate frustration range have been widely de-
bated2,4–14. We report here the first experimental identification
of the conjectured plaquette singlet intermediate phase in
SrCu2(BO3)2. It isobservedby inelasticneutronscatteringafter
pressure tuning to 21.5 kbar. This gapped singlet state leads
to a transition to long-range antiferromagnetic order above
40 kbar, consistentwith the existenceof a deconfinedquantum
critical point.

In the field of quantum magnetism, geometrically frustrated
lattices generally imply major di�culties in analytical and
numerical studies. For very few particular topologies, however, it
has been shown that the ground state, at least, can be calculated
exactly as for the Majumdar–Ghosh model15 that solves the J1 � J2
zigzag chain when J1 = 2J2. In two dimensions, the Shastry–
Sutherland model2 consisting of an orthogonal dimer network of
spin S= 1/2 was developed to be exactly solvable. For an inter-
dimer J 0 to intra-dimer J exchange ratio ↵ ⌘ J 0/J 0.5 the ground
state is a product of singlets on the strong bond J . Numerical
calculations have further shown that this remains valid up to
↵⇠0.7 and for small values of three-dimensional (3D) couplings
J 00 between dimer layers. At the other end, for ⇠0.9  ↵  1
the system approaches the well-known 2D square lattice, which

is antiferromagnetically (AFM) ordered, albeit with significant
quantum fluctuations that are believed to include resonating
singlet correlations resulting in fractional excitations16. The phase
diagram of the Shastry–Sutherland model, both with and without
applied magnetic field, has been intensively studied by numerous
theoretical and numerical approaches4. In the presence of magnetic
field, magnetization plateaus at fractional values of the saturation
magnetization corresponding to Mott insulator phases of dimer
states, as well as possible superfluid and supersolid phases have been
extensively studied7,17–19. At zero field, themain unsolved issue is the
existence and nature of an intermediate phase for⇠0.7↵⇠0.9.
A variety of quantum phases and transitions between them have
been predicted depending on the theoretical technique used: a
direct transition from dimer singlet phase to AFM order2,6,7, or an
intermediate phase with helical order5, columnar dimers11, valence
bond crystal12 or resonating valence bond plaquettes9,10. Recent
results indicate that a plaquette singlet phase is favoured4,20. From
such a phase, which would have an additional Ising-type order
parameter, a subsequent transition to AFM order could provide a
realization of the so far elusive deconfined quantum critical point21.

The compound strontium copper borate SrCu2(BO3)2 is the only
known realization of the Shastry–Sutherland model with S= 1/2
spins4 and has thus triggered considerable attention in the field
of quantum magnetism. The spectrum of SrCu2(BO3)2 exhibits
an almost dispersionless � = 3meV gap, and a bound state of
two triplets (BT) forms at EBT ' 5meV. The unusual size and
dispersionless nature of the gap is an e�ect of the frustration that
prevents triplets from hopping up to sixth order4. The estimated
exchange parameters in the material J ⇠85K and ↵=0.635 (ref. 4)
or J ⇠ 71K and ↵ = 0.603 (ref. 8) place the compound close
to an interesting regime ↵ ⇠ 0.7 where correlations may change
dramatically at a critical point.

A precious means to tune a quantum magnet across a quantum
phase transition is the application of hydrostatic pressure as
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is an important test case for our understanding of quantum
magnetism. It was constructed to have an exactly solvable
2-spin dimer singlet ground state within a certain range of
exchange parameters and frustration. While the exact dimer
state and the antiferromagnetic order at both ends of thephase
diagram arewell known, the ground state and spin correlations
in the intermediate frustration range have been widely de-
bated2,4–14. We report here the first experimental identification
of the conjectured plaquette singlet intermediate phase in
SrCu2(BO3)2. It isobservedby inelasticneutronscatteringafter
pressure tuning to 21.5 kbar. This gapped singlet state leads
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40 kbar, consistentwith the existenceof a deconfinedquantum
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In the field of quantum magnetism, geometrically frustrated
lattices generally imply major di�culties in analytical and
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has been shown that the ground state, at least, can be calculated
exactly as for the Majumdar–Ghosh model15 that solves the J1 � J2
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quantum fluctuations that are believed to include resonating
singlet correlations resulting in fractional excitations16. The phase
diagram of the Shastry–Sutherland model, both with and without
applied magnetic field, has been intensively studied by numerous
theoretical and numerical approaches4. In the presence of magnetic
field, magnetization plateaus at fractional values of the saturation
magnetization corresponding to Mott insulator phases of dimer
states, as well as possible superfluid and supersolid phases have been
extensively studied7,17–19. At zero field, themain unsolved issue is the
existence and nature of an intermediate phase for⇠0.7↵⇠0.9.
A variety of quantum phases and transitions between them have
been predicted depending on the theoretical technique used: a
direct transition from dimer singlet phase to AFM order2,6,7, or an
intermediate phase with helical order5, columnar dimers11, valence
bond crystal12 or resonating valence bond plaquettes9,10. Recent
results indicate that a plaquette singlet phase is favoured4,20. From
such a phase, which would have an additional Ising-type order
parameter, a subsequent transition to AFM order could provide a
realization of the so far elusive deconfined quantum critical point21.

The compound strontium copper borate SrCu2(BO3)2 is the only
known realization of the Shastry–Sutherland model with S= 1/2
spins4 and has thus triggered considerable attention in the field
of quantum magnetism. The spectrum of SrCu2(BO3)2 exhibits
an almost dispersionless � = 3meV gap, and a bound state of
two triplets (BT) forms at EBT ' 5meV. The unusual size and
dispersionless nature of the gap is an e�ect of the frustration that
prevents triplets from hopping up to sixth order4. The estimated
exchange parameters in the material J ⇠85K and ↵=0.635 (ref. 4)
or J ⇠ 71K and ↵ = 0.603 (ref. 8) place the compound close
to an interesting regime ↵ ⇠ 0.7 where correlations may change
dramatically at a critical point.

A precious means to tune a quantum magnet across a quantum
phase transition is the application of hydrostatic pressure as
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Figure 1 | Phase diagram of SrCu2(BO3)2 as a function of pressure and temperature, including excitation energies. The blue region is the dimer phase, the
red region the newly identified plaquette phase, and the green region is the antiferromagnetic phase where Q= (1, 0, 0) magnetic Bragg peaks, indicated by
green squares, are observed only above 40 kbar. Circles are the triplet gap energy � at Q= (2, 0,L), diamonds are the corresponding two-triplet bound
state (BT) energy EBT and the star is a new low-energy excitation (LE) observed at Q= (1, 0, 1). The magenta line shows the tetragonal to monoclinic
structural transition. The procedure used to obtain it and its error bars is described in ref. 28. The corresponding monoclinic space groups are
indicated29,30. The dashed line in the plaquette phase is the extrapolated energy gap using ref. 9. The insets depict the corresponding ground states. All of
the experimental points are from this study.

it directly modifies the atomic distances and bridging angles,
such as Cu–O–Cu and thus the magnetic exchange integrals.
Quantum phase transitions were successfully discovered in dimer
magnets following application of pressure22. However high-
pressure measurements remain technically challenging. In the
case of SrCu2(BO3)2, magnetic susceptibility23 and electron spin
resonance24 tomoderate pressures (p12 kbar) indicate a softening
of the gap, while the combined e�ect of pressure and field was
measured by susceptibility and NMR25. In the latter case, magnetic
order occurring at 24 kbar and 7 T on a fraction of the dimers was
proposed. In an X-ray di�raction investigation, the temperature
dependence of the lattice parameters was analysed as an indirect
proxy for the singlet–triplet gap leading to the suggestion that it
closes at 20 kbar26. At even higher pressures, neutron and X-ray
di�raction experiments observed a transition above 45 kbar from
the ambient I4̄2M tetragonal space group to monoclinic27–30.

Here we present neutron spectroscopy results, which directly
determine the pressure dependence of the gap and through
the dynamic structure factor allow us to address the nature
of the correlations. Figure 1 summarizes the phase diagram
of SrCu2(BO3)2, which we determined in this study. The exact
dimer phase survives up to 16 kbar. The gap decreases from
3meV to 2meV, but does not vanish. At 21.5 kbar, we discover
experimentally a new, intermediate phase. We identify it by its
inelastic neutron scattering spectrum as the formation of 4-spin
plaquette singlets. Above 40 kbar and below 117K we find by
neutron di�raction that AFM order appears (Supplementary Fig. 6)
while the compound probably still has tetragonal symmetry with
orthogonal dimers. Above ⇠45 kbar, a structural distortion takes
place and the symmetry becomes monoclinic, implying non-
orthogonal dimers28,29. SrCu2(BO3)2 is magnetically ordered after
the distortion, but can no longer be described appropriately by
the original Shastry–Sutherland model. The transition from 2-spin
dimer to 4-spin plaquette singlets appears to be of first order,
whereas the transition from the plaquette to the AFM phase could
be of second order and concomitant with the continuous closure of
the plaquette gap as sketched in Fig. 1 or of first order9,20.

To allow a quantitative comparison to theoretical predictions,
we establish the pressure dependence of the exchange parameters
J� (p), J 0

�
(p) and ↵(p) by measuring magnetic susceptibility �(p,T )

and fitting it using 20-site exact diagonalization. The peak in
susceptibility shifts to lower temperature as pressure increases up
to 10 kbar (Fig. 2a). This suggests a reduction of the spin gap.
We parametrize the pressure dependence of J and J 0 by linear fits
(Fig. 2b). J has the larger slope so that ↵ increases with pressure.
Having established ↵(p) we see that the critical pressure lying
between 16 kbar and 21.5 kbar corresponds to 0.66< ↵c < 0.68, in
good agreement with theoretical predictions4,12,20.

A selection from the neutron spectra leading to the phase
diagram is presented in Fig. 3; additional spectra at various
momenta transfer Q are shown in the Supplementary Information.
Up to 16 kbar an essentially Q-independent linear decrease of the
gap energy is observed (Figs 1 and 3a). The measurement of the
dispersion and of the structure factor in that pressure range shows
that the spin system is still in its original ‘exact dimer’ phase.
The gap value and the integrated intensity decrease linearly with
pressure. The dispersion increases slightly with pressure, which
can be understood by the increase of ↵ (ref. 6). Interestingly, the
bound triplet energy EBT softens twice as fast, implying that the
triplet binding energy, �=2��EBT =1.19(2)meV, remains quasi
pressure independent. This results in the unusual situation that
extrapolating the softenings, the bound triplet would reach zero
energy before the single triplet, and hence that, before that point,
exciting a bound state of two triplets would cost less energy than
exciting one triplet.

SrCu2(BO3)2 enters a new quantum phase between 16 and
21.5 kbar, where a discontinuity in the gap softening occurs. The
inelastic neutron scattering peaks corresponding to the gap energy,
�'2meV, at these two pressures remain unchanged (Fig. 3b). The
discontinuity is also visible in the intensities (Fig. 3d), where the
linear decrease with pressure exhibits an abrupt halt above 16 kbar.

The transition to a new quantum phase is further asserted by a
new type of excitation suddenly appearing at the higher pressure
(Fig. 3b,c). We label this new low-energy excitation LE. LE is clearly

2
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The study of interacting spin systems is of fundamental
importance for modern condensed-matter physics. On frus-
trated lattices, magnetic exchange interactions cannot be
simultaneously satisfied, and often give rise to compet-
ing exotic ground states1. The frustrated two-dimensional
Shastry–Sutherland lattice2 realized by SrCu2(BO3)2 (refs 3,4)
is an important test case for our understanding of quantum
magnetism. It was constructed to have an exactly solvable
2-spin dimer singlet ground state within a certain range of
exchange parameters and frustration. While the exact dimer
state and the antiferromagnetic order at both ends of thephase
diagram arewell known, the ground state and spin correlations
in the intermediate frustration range have been widely de-
bated2,4–14. We report here the first experimental identification
of the conjectured plaquette singlet intermediate phase in
SrCu2(BO3)2. It isobservedby inelasticneutronscatteringafter
pressure tuning to 21.5 kbar. This gapped singlet state leads
to a transition to long-range antiferromagnetic order above
40 kbar, consistentwith the existenceof a deconfinedquantum
critical point.

In the field of quantum magnetism, geometrically frustrated
lattices generally imply major di�culties in analytical and
numerical studies. For very few particular topologies, however, it
has been shown that the ground state, at least, can be calculated
exactly as for the Majumdar–Ghosh model15 that solves the J1 � J2
zigzag chain when J1 = 2J2. In two dimensions, the Shastry–
Sutherland model2 consisting of an orthogonal dimer network of
spin S= 1/2 was developed to be exactly solvable. For an inter-
dimer J 0 to intra-dimer J exchange ratio ↵ ⌘ J 0/J 0.5 the ground
state is a product of singlets on the strong bond J . Numerical
calculations have further shown that this remains valid up to
↵⇠0.7 and for small values of three-dimensional (3D) couplings
J 00 between dimer layers. At the other end, for ⇠0.9  ↵  1
the system approaches the well-known 2D square lattice, which

is antiferromagnetically (AFM) ordered, albeit with significant
quantum fluctuations that are believed to include resonating
singlet correlations resulting in fractional excitations16. The phase
diagram of the Shastry–Sutherland model, both with and without
applied magnetic field, has been intensively studied by numerous
theoretical and numerical approaches4. In the presence of magnetic
field, magnetization plateaus at fractional values of the saturation
magnetization corresponding to Mott insulator phases of dimer
states, as well as possible superfluid and supersolid phases have been
extensively studied7,17–19. At zero field, themain unsolved issue is the
existence and nature of an intermediate phase for⇠0.7↵⇠0.9.
A variety of quantum phases and transitions between them have
been predicted depending on the theoretical technique used: a
direct transition from dimer singlet phase to AFM order2,6,7, or an
intermediate phase with helical order5, columnar dimers11, valence
bond crystal12 or resonating valence bond plaquettes9,10. Recent
results indicate that a plaquette singlet phase is favoured4,20. From
such a phase, which would have an additional Ising-type order
parameter, a subsequent transition to AFM order could provide a
realization of the so far elusive deconfined quantum critical point21.

The compound strontium copper borate SrCu2(BO3)2 is the only
known realization of the Shastry–Sutherland model with S= 1/2
spins4 and has thus triggered considerable attention in the field
of quantum magnetism. The spectrum of SrCu2(BO3)2 exhibits
an almost dispersionless � = 3meV gap, and a bound state of
two triplets (BT) forms at EBT ' 5meV. The unusual size and
dispersionless nature of the gap is an e�ect of the frustration that
prevents triplets from hopping up to sixth order4. The estimated
exchange parameters in the material J ⇠85K and ↵=0.635 (ref. 4)
or J ⇠ 71K and ↵ = 0.603 (ref. 8) place the compound close
to an interesting regime ↵ ⇠ 0.7 where correlations may change
dramatically at a critical point.

A precious means to tune a quantum magnet across a quantum
phase transition is the application of hydrostatic pressure as
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Figure 1 | Phase diagram of SrCu2(BO3)2 as a function of pressure and temperature, including excitation energies. The blue region is the dimer phase, the
red region the newly identified plaquette phase, and the green region is the antiferromagnetic phase where Q= (1, 0, 0) magnetic Bragg peaks, indicated by
green squares, are observed only above 40 kbar. Circles are the triplet gap energy � at Q= (2, 0,L), diamonds are the corresponding two-triplet bound
state (BT) energy EBT and the star is a new low-energy excitation (LE) observed at Q= (1, 0, 1). The magenta line shows the tetragonal to monoclinic
structural transition. The procedure used to obtain it and its error bars is described in ref. 28. The corresponding monoclinic space groups are
indicated29,30. The dashed line in the plaquette phase is the extrapolated energy gap using ref. 9. The insets depict the corresponding ground states. All of
the experimental points are from this study.

it directly modifies the atomic distances and bridging angles,
such as Cu–O–Cu and thus the magnetic exchange integrals.
Quantum phase transitions were successfully discovered in dimer
magnets following application of pressure22. However high-
pressure measurements remain technically challenging. In the
case of SrCu2(BO3)2, magnetic susceptibility23 and electron spin
resonance24 tomoderate pressures (p12 kbar) indicate a softening
of the gap, while the combined e�ect of pressure and field was
measured by susceptibility and NMR25. In the latter case, magnetic
order occurring at 24 kbar and 7 T on a fraction of the dimers was
proposed. In an X-ray di�raction investigation, the temperature
dependence of the lattice parameters was analysed as an indirect
proxy for the singlet–triplet gap leading to the suggestion that it
closes at 20 kbar26. At even higher pressures, neutron and X-ray
di�raction experiments observed a transition above 45 kbar from
the ambient I4̄2M tetragonal space group to monoclinic27–30.

Here we present neutron spectroscopy results, which directly
determine the pressure dependence of the gap and through
the dynamic structure factor allow us to address the nature
of the correlations. Figure 1 summarizes the phase diagram
of SrCu2(BO3)2, which we determined in this study. The exact
dimer phase survives up to 16 kbar. The gap decreases from
3meV to 2meV, but does not vanish. At 21.5 kbar, we discover
experimentally a new, intermediate phase. We identify it by its
inelastic neutron scattering spectrum as the formation of 4-spin
plaquette singlets. Above 40 kbar and below 117K we find by
neutron di�raction that AFM order appears (Supplementary Fig. 6)
while the compound probably still has tetragonal symmetry with
orthogonal dimers. Above ⇠45 kbar, a structural distortion takes
place and the symmetry becomes monoclinic, implying non-
orthogonal dimers28,29. SrCu2(BO3)2 is magnetically ordered after
the distortion, but can no longer be described appropriately by
the original Shastry–Sutherland model. The transition from 2-spin
dimer to 4-spin plaquette singlets appears to be of first order,
whereas the transition from the plaquette to the AFM phase could
be of second order and concomitant with the continuous closure of
the plaquette gap as sketched in Fig. 1 or of first order9,20.

To allow a quantitative comparison to theoretical predictions,
we establish the pressure dependence of the exchange parameters
J� (p), J 0

�
(p) and ↵(p) by measuring magnetic susceptibility �(p,T )

and fitting it using 20-site exact diagonalization. The peak in
susceptibility shifts to lower temperature as pressure increases up
to 10 kbar (Fig. 2a). This suggests a reduction of the spin gap.
We parametrize the pressure dependence of J and J 0 by linear fits
(Fig. 2b). J has the larger slope so that ↵ increases with pressure.
Having established ↵(p) we see that the critical pressure lying
between 16 kbar and 21.5 kbar corresponds to 0.66< ↵c < 0.68, in
good agreement with theoretical predictions4,12,20.

A selection from the neutron spectra leading to the phase
diagram is presented in Fig. 3; additional spectra at various
momenta transfer Q are shown in the Supplementary Information.
Up to 16 kbar an essentially Q-independent linear decrease of the
gap energy is observed (Figs 1 and 3a). The measurement of the
dispersion and of the structure factor in that pressure range shows
that the spin system is still in its original ‘exact dimer’ phase.
The gap value and the integrated intensity decrease linearly with
pressure. The dispersion increases slightly with pressure, which
can be understood by the increase of ↵ (ref. 6). Interestingly, the
bound triplet energy EBT softens twice as fast, implying that the
triplet binding energy, �=2��EBT =1.19(2)meV, remains quasi
pressure independent. This results in the unusual situation that
extrapolating the softenings, the bound triplet would reach zero
energy before the single triplet, and hence that, before that point,
exciting a bound state of two triplets would cost less energy than
exciting one triplet.

SrCu2(BO3)2 enters a new quantum phase between 16 and
21.5 kbar, where a discontinuity in the gap softening occurs. The
inelastic neutron scattering peaks corresponding to the gap energy,
�'2meV, at these two pressures remain unchanged (Fig. 3b). The
discontinuity is also visible in the intensities (Fig. 3d), where the
linear decrease with pressure exhibits an abrupt halt above 16 kbar.

The transition to a new quantum phase is further asserted by a
new type of excitation suddenly appearing at the higher pressure
(Fig. 3b,c). We label this new low-energy excitation LE. LE is clearly
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M. E. Zayed1,2,3*, Ch. Rüegg2,4,5, J. Larrea J.1,6, A. M. Läuchli7, C. Panagopoulos8,9, S. S. Saxena8,
M. Ellerby5, D. F. McMorrow5, Th. Strässle2, S. Klotz10, G. Hamel10, R. A. Sadykov11,12, V. Pomjakushin2,
M. Boehm13, M. Jiménez–Ruiz13, A. Schneidewind14, E. Pomjakushina15, M. Stingaciu15, K. Conder15

and H. M. Rønnow1

The study of interacting spin systems is of fundamental
importance for modern condensed-matter physics. On frus-
trated lattices, magnetic exchange interactions cannot be
simultaneously satisfied, and often give rise to compet-
ing exotic ground states1. The frustrated two-dimensional
Shastry–Sutherland lattice2 realized by SrCu2(BO3)2 (refs 3,4)
is an important test case for our understanding of quantum
magnetism. It was constructed to have an exactly solvable
2-spin dimer singlet ground state within a certain range of
exchange parameters and frustration. While the exact dimer
state and the antiferromagnetic order at both ends of thephase
diagram arewell known, the ground state and spin correlations
in the intermediate frustration range have been widely de-
bated2,4–14. We report here the first experimental identification
of the conjectured plaquette singlet intermediate phase in
SrCu2(BO3)2. It isobservedby inelasticneutronscatteringafter
pressure tuning to 21.5 kbar. This gapped singlet state leads
to a transition to long-range antiferromagnetic order above
40 kbar, consistentwith the existenceof a deconfinedquantum
critical point.

In the field of quantum magnetism, geometrically frustrated
lattices generally imply major di�culties in analytical and
numerical studies. For very few particular topologies, however, it
has been shown that the ground state, at least, can be calculated
exactly as for the Majumdar–Ghosh model15 that solves the J1 � J2
zigzag chain when J1 = 2J2. In two dimensions, the Shastry–
Sutherland model2 consisting of an orthogonal dimer network of
spin S= 1/2 was developed to be exactly solvable. For an inter-
dimer J 0 to intra-dimer J exchange ratio ↵ ⌘ J 0/J 0.5 the ground
state is a product of singlets on the strong bond J . Numerical
calculations have further shown that this remains valid up to
↵⇠0.7 and for small values of three-dimensional (3D) couplings
J 00 between dimer layers. At the other end, for ⇠0.9  ↵  1
the system approaches the well-known 2D square lattice, which

is antiferromagnetically (AFM) ordered, albeit with significant
quantum fluctuations that are believed to include resonating
singlet correlations resulting in fractional excitations16. The phase
diagram of the Shastry–Sutherland model, both with and without
applied magnetic field, has been intensively studied by numerous
theoretical and numerical approaches4. In the presence of magnetic
field, magnetization plateaus at fractional values of the saturation
magnetization corresponding to Mott insulator phases of dimer
states, as well as possible superfluid and supersolid phases have been
extensively studied7,17–19. At zero field, themain unsolved issue is the
existence and nature of an intermediate phase for⇠0.7↵⇠0.9.
A variety of quantum phases and transitions between them have
been predicted depending on the theoretical technique used: a
direct transition from dimer singlet phase to AFM order2,6,7, or an
intermediate phase with helical order5, columnar dimers11, valence
bond crystal12 or resonating valence bond plaquettes9,10. Recent
results indicate that a plaquette singlet phase is favoured4,20. From
such a phase, which would have an additional Ising-type order
parameter, a subsequent transition to AFM order could provide a
realization of the so far elusive deconfined quantum critical point21.

The compound strontium copper borate SrCu2(BO3)2 is the only
known realization of the Shastry–Sutherland model with S= 1/2
spins4 and has thus triggered considerable attention in the field
of quantum magnetism. The spectrum of SrCu2(BO3)2 exhibits
an almost dispersionless � = 3meV gap, and a bound state of
two triplets (BT) forms at EBT ' 5meV. The unusual size and
dispersionless nature of the gap is an e�ect of the frustration that
prevents triplets from hopping up to sixth order4. The estimated
exchange parameters in the material J ⇠85K and ↵=0.635 (ref. 4)
or J ⇠ 71K and ↵ = 0.603 (ref. 8) place the compound close
to an interesting regime ↵ ⇠ 0.7 where correlations may change
dramatically at a critical point.

A precious means to tune a quantum magnet across a quantum
phase transition is the application of hydrostatic pressure as
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Rua Doutor Xavier Sigaud 150, CEP 2290-180, Rio de Janeiro, Brazil. 7Institut für Theoretische Physik, Universität Innsbruck, 6020 Innsbruck, Austria.
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Figure 1 | Phase diagram of SrCu2(BO3)2 as a function of pressure and temperature, including excitation energies. The blue region is the dimer phase, the
red region the newly identified plaquette phase, and the green region is the antiferromagnetic phase where Q= (1, 0, 0) magnetic Bragg peaks, indicated by
green squares, are observed only above 40 kbar. Circles are the triplet gap energy � at Q= (2, 0,L), diamonds are the corresponding two-triplet bound
state (BT) energy EBT and the star is a new low-energy excitation (LE) observed at Q= (1, 0, 1). The magenta line shows the tetragonal to monoclinic
structural transition. The procedure used to obtain it and its error bars is described in ref. 28. The corresponding monoclinic space groups are
indicated29,30. The dashed line in the plaquette phase is the extrapolated energy gap using ref. 9. The insets depict the corresponding ground states. All of
the experimental points are from this study.

it directly modifies the atomic distances and bridging angles,
such as Cu–O–Cu and thus the magnetic exchange integrals.
Quantum phase transitions were successfully discovered in dimer
magnets following application of pressure22. However high-
pressure measurements remain technically challenging. In the
case of SrCu2(BO3)2, magnetic susceptibility23 and electron spin
resonance24 tomoderate pressures (p12 kbar) indicate a softening
of the gap, while the combined e�ect of pressure and field was
measured by susceptibility and NMR25. In the latter case, magnetic
order occurring at 24 kbar and 7 T on a fraction of the dimers was
proposed. In an X-ray di�raction investigation, the temperature
dependence of the lattice parameters was analysed as an indirect
proxy for the singlet–triplet gap leading to the suggestion that it
closes at 20 kbar26. At even higher pressures, neutron and X-ray
di�raction experiments observed a transition above 45 kbar from
the ambient I4̄2M tetragonal space group to monoclinic27–30.

Here we present neutron spectroscopy results, which directly
determine the pressure dependence of the gap and through
the dynamic structure factor allow us to address the nature
of the correlations. Figure 1 summarizes the phase diagram
of SrCu2(BO3)2, which we determined in this study. The exact
dimer phase survives up to 16 kbar. The gap decreases from
3meV to 2meV, but does not vanish. At 21.5 kbar, we discover
experimentally a new, intermediate phase. We identify it by its
inelastic neutron scattering spectrum as the formation of 4-spin
plaquette singlets. Above 40 kbar and below 117K we find by
neutron di�raction that AFM order appears (Supplementary Fig. 6)
while the compound probably still has tetragonal symmetry with
orthogonal dimers. Above ⇠45 kbar, a structural distortion takes
place and the symmetry becomes monoclinic, implying non-
orthogonal dimers28,29. SrCu2(BO3)2 is magnetically ordered after
the distortion, but can no longer be described appropriately by
the original Shastry–Sutherland model. The transition from 2-spin
dimer to 4-spin plaquette singlets appears to be of first order,
whereas the transition from the plaquette to the AFM phase could
be of second order and concomitant with the continuous closure of
the plaquette gap as sketched in Fig. 1 or of first order9,20.

To allow a quantitative comparison to theoretical predictions,
we establish the pressure dependence of the exchange parameters
J� (p), J 0

�
(p) and ↵(p) by measuring magnetic susceptibility �(p,T )

and fitting it using 20-site exact diagonalization. The peak in
susceptibility shifts to lower temperature as pressure increases up
to 10 kbar (Fig. 2a). This suggests a reduction of the spin gap.
We parametrize the pressure dependence of J and J 0 by linear fits
(Fig. 2b). J has the larger slope so that ↵ increases with pressure.
Having established ↵(p) we see that the critical pressure lying
between 16 kbar and 21.5 kbar corresponds to 0.66< ↵c < 0.68, in
good agreement with theoretical predictions4,12,20.

A selection from the neutron spectra leading to the phase
diagram is presented in Fig. 3; additional spectra at various
momenta transfer Q are shown in the Supplementary Information.
Up to 16 kbar an essentially Q-independent linear decrease of the
gap energy is observed (Figs 1 and 3a). The measurement of the
dispersion and of the structure factor in that pressure range shows
that the spin system is still in its original ‘exact dimer’ phase.
The gap value and the integrated intensity decrease linearly with
pressure. The dispersion increases slightly with pressure, which
can be understood by the increase of ↵ (ref. 6). Interestingly, the
bound triplet energy EBT softens twice as fast, implying that the
triplet binding energy, �=2��EBT =1.19(2)meV, remains quasi
pressure independent. This results in the unusual situation that
extrapolating the softenings, the bound triplet would reach zero
energy before the single triplet, and hence that, before that point,
exciting a bound state of two triplets would cost less energy than
exciting one triplet.

SrCu2(BO3)2 enters a new quantum phase between 16 and
21.5 kbar, where a discontinuity in the gap softening occurs. The
inelastic neutron scattering peaks corresponding to the gap energy,
�'2meV, at these two pressures remain unchanged (Fig. 3b). The
discontinuity is also visible in the intensities (Fig. 3d), where the
linear decrease with pressure exhibits an abrupt halt above 16 kbar.

The transition to a new quantum phase is further asserted by a
new type of excitation suddenly appearing at the higher pressure
(Fig. 3b,c). We label this new low-energy excitation LE. LE is clearly
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M. E. Zayed1,2,3*, Ch. Rüegg2,4,5, J. Larrea J.1,6, A. M. Läuchli7, C. Panagopoulos8,9, S. S. Saxena8,
M. Ellerby5, D. F. McMorrow5, Th. Strässle2, S. Klotz10, G. Hamel10, R. A. Sadykov11,12, V. Pomjakushin2,
M. Boehm13, M. Jiménez–Ruiz13, A. Schneidewind14, E. Pomjakushina15, M. Stingaciu15, K. Conder15

and H. M. Rønnow1

The study of interacting spin systems is of fundamental
importance for modern condensed-matter physics. On frus-
trated lattices, magnetic exchange interactions cannot be
simultaneously satisfied, and often give rise to compet-
ing exotic ground states1. The frustrated two-dimensional
Shastry–Sutherland lattice2 realized by SrCu2(BO3)2 (refs 3,4)
is an important test case for our understanding of quantum
magnetism. It was constructed to have an exactly solvable
2-spin dimer singlet ground state within a certain range of
exchange parameters and frustration. While the exact dimer
state and the antiferromagnetic order at both ends of thephase
diagram arewell known, the ground state and spin correlations
in the intermediate frustration range have been widely de-
bated2,4–14. We report here the first experimental identification
of the conjectured plaquette singlet intermediate phase in
SrCu2(BO3)2. It isobservedby inelasticneutronscatteringafter
pressure tuning to 21.5 kbar. This gapped singlet state leads
to a transition to long-range antiferromagnetic order above
40 kbar, consistentwith the existenceof a deconfinedquantum
critical point.

In the field of quantum magnetism, geometrically frustrated
lattices generally imply major di�culties in analytical and
numerical studies. For very few particular topologies, however, it
has been shown that the ground state, at least, can be calculated
exactly as for the Majumdar–Ghosh model15 that solves the J1 � J2
zigzag chain when J1 = 2J2. In two dimensions, the Shastry–
Sutherland model2 consisting of an orthogonal dimer network of
spin S= 1/2 was developed to be exactly solvable. For an inter-
dimer J 0 to intra-dimer J exchange ratio ↵ ⌘ J 0/J 0.5 the ground
state is a product of singlets on the strong bond J . Numerical
calculations have further shown that this remains valid up to
↵⇠0.7 and for small values of three-dimensional (3D) couplings
J 00 between dimer layers. At the other end, for ⇠0.9  ↵  1
the system approaches the well-known 2D square lattice, which

is antiferromagnetically (AFM) ordered, albeit with significant
quantum fluctuations that are believed to include resonating
singlet correlations resulting in fractional excitations16. The phase
diagram of the Shastry–Sutherland model, both with and without
applied magnetic field, has been intensively studied by numerous
theoretical and numerical approaches4. In the presence of magnetic
field, magnetization plateaus at fractional values of the saturation
magnetization corresponding to Mott insulator phases of dimer
states, as well as possible superfluid and supersolid phases have been
extensively studied7,17–19. At zero field, themain unsolved issue is the
existence and nature of an intermediate phase for⇠0.7↵⇠0.9.
A variety of quantum phases and transitions between them have
been predicted depending on the theoretical technique used: a
direct transition from dimer singlet phase to AFM order2,6,7, or an
intermediate phase with helical order5, columnar dimers11, valence
bond crystal12 or resonating valence bond plaquettes9,10. Recent
results indicate that a plaquette singlet phase is favoured4,20. From
such a phase, which would have an additional Ising-type order
parameter, a subsequent transition to AFM order could provide a
realization of the so far elusive deconfined quantum critical point21.

The compound strontium copper borate SrCu2(BO3)2 is the only
known realization of the Shastry–Sutherland model with S= 1/2
spins4 and has thus triggered considerable attention in the field
of quantum magnetism. The spectrum of SrCu2(BO3)2 exhibits
an almost dispersionless � = 3meV gap, and a bound state of
two triplets (BT) forms at EBT ' 5meV. The unusual size and
dispersionless nature of the gap is an e�ect of the frustration that
prevents triplets from hopping up to sixth order4. The estimated
exchange parameters in the material J ⇠85K and ↵=0.635 (ref. 4)
or J ⇠ 71K and ↵ = 0.603 (ref. 8) place the compound close
to an interesting regime ↵ ⇠ 0.7 where correlations may change
dramatically at a critical point.

A precious means to tune a quantum magnet across a quantum
phase transition is the application of hydrostatic pressure as
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Figure 1 | Phase diagram of SrCu2(BO3)2 as a function of pressure and temperature, including excitation energies. The blue region is the dimer phase, the
red region the newly identified plaquette phase, and the green region is the antiferromagnetic phase where Q= (1, 0, 0) magnetic Bragg peaks, indicated by
green squares, are observed only above 40 kbar. Circles are the triplet gap energy � at Q= (2, 0,L), diamonds are the corresponding two-triplet bound
state (BT) energy EBT and the star is a new low-energy excitation (LE) observed at Q= (1, 0, 1). The magenta line shows the tetragonal to monoclinic
structural transition. The procedure used to obtain it and its error bars is described in ref. 28. The corresponding monoclinic space groups are
indicated29,30. The dashed line in the plaquette phase is the extrapolated energy gap using ref. 9. The insets depict the corresponding ground states. All of
the experimental points are from this study.

it directly modifies the atomic distances and bridging angles,
such as Cu–O–Cu and thus the magnetic exchange integrals.
Quantum phase transitions were successfully discovered in dimer
magnets following application of pressure22. However high-
pressure measurements remain technically challenging. In the
case of SrCu2(BO3)2, magnetic susceptibility23 and electron spin
resonance24 tomoderate pressures (p12 kbar) indicate a softening
of the gap, while the combined e�ect of pressure and field was
measured by susceptibility and NMR25. In the latter case, magnetic
order occurring at 24 kbar and 7 T on a fraction of the dimers was
proposed. In an X-ray di�raction investigation, the temperature
dependence of the lattice parameters was analysed as an indirect
proxy for the singlet–triplet gap leading to the suggestion that it
closes at 20 kbar26. At even higher pressures, neutron and X-ray
di�raction experiments observed a transition above 45 kbar from
the ambient I4̄2M tetragonal space group to monoclinic27–30.

Here we present neutron spectroscopy results, which directly
determine the pressure dependence of the gap and through
the dynamic structure factor allow us to address the nature
of the correlations. Figure 1 summarizes the phase diagram
of SrCu2(BO3)2, which we determined in this study. The exact
dimer phase survives up to 16 kbar. The gap decreases from
3meV to 2meV, but does not vanish. At 21.5 kbar, we discover
experimentally a new, intermediate phase. We identify it by its
inelastic neutron scattering spectrum as the formation of 4-spin
plaquette singlets. Above 40 kbar and below 117K we find by
neutron di�raction that AFM order appears (Supplementary Fig. 6)
while the compound probably still has tetragonal symmetry with
orthogonal dimers. Above ⇠45 kbar, a structural distortion takes
place and the symmetry becomes monoclinic, implying non-
orthogonal dimers28,29. SrCu2(BO3)2 is magnetically ordered after
the distortion, but can no longer be described appropriately by
the original Shastry–Sutherland model. The transition from 2-spin
dimer to 4-spin plaquette singlets appears to be of first order,
whereas the transition from the plaquette to the AFM phase could
be of second order and concomitant with the continuous closure of
the plaquette gap as sketched in Fig. 1 or of first order9,20.

To allow a quantitative comparison to theoretical predictions,
we establish the pressure dependence of the exchange parameters
J� (p), J 0

�
(p) and ↵(p) by measuring magnetic susceptibility �(p,T )

and fitting it using 20-site exact diagonalization. The peak in
susceptibility shifts to lower temperature as pressure increases up
to 10 kbar (Fig. 2a). This suggests a reduction of the spin gap.
We parametrize the pressure dependence of J and J 0 by linear fits
(Fig. 2b). J has the larger slope so that ↵ increases with pressure.
Having established ↵(p) we see that the critical pressure lying
between 16 kbar and 21.5 kbar corresponds to 0.66< ↵c < 0.68, in
good agreement with theoretical predictions4,12,20.

A selection from the neutron spectra leading to the phase
diagram is presented in Fig. 3; additional spectra at various
momenta transfer Q are shown in the Supplementary Information.
Up to 16 kbar an essentially Q-independent linear decrease of the
gap energy is observed (Figs 1 and 3a). The measurement of the
dispersion and of the structure factor in that pressure range shows
that the spin system is still in its original ‘exact dimer’ phase.
The gap value and the integrated intensity decrease linearly with
pressure. The dispersion increases slightly with pressure, which
can be understood by the increase of ↵ (ref. 6). Interestingly, the
bound triplet energy EBT softens twice as fast, implying that the
triplet binding energy, �=2��EBT =1.19(2)meV, remains quasi
pressure independent. This results in the unusual situation that
extrapolating the softenings, the bound triplet would reach zero
energy before the single triplet, and hence that, before that point,
exciting a bound state of two triplets would cost less energy than
exciting one triplet.

SrCu2(BO3)2 enters a new quantum phase between 16 and
21.5 kbar, where a discontinuity in the gap softening occurs. The
inelastic neutron scattering peaks corresponding to the gap energy,
�'2meV, at these two pressures remain unchanged (Fig. 3b). The
discontinuity is also visible in the intensities (Fig. 3d), where the
linear decrease with pressure exhibits an abrupt halt above 16 kbar.

The transition to a new quantum phase is further asserted by a
new type of excitation suddenly appearing at the higher pressure
(Fig. 3b,c). We label this new low-energy excitation LE. LE is clearly
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This describes both a strange metal and a black hole!
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Many-body
level spacing ⇠
2�N = e�N ln 2

W. Fu and S. Sachdev, PRB 94, 035135 (2016)

Non-quasiparticle
excitations with
spacing ⇠ e�Ns0

There are 2N many body levels
with energy E, which do not

admit a quasiparticle
decomposition. Shown are all

values of E for a single cluster of
size N = 12. The T ! 0 state
has an entropy SGPS = Ns0

with

s0 =
G

⇡
+

ln(2)

4
= 0.464848 . . .

< ln 2

where G is Catalan’s constant,
for the half-filled case Q = 1/2.

The SYK model

GPS:   A. Georges, O. Parcollet, and S. Sachdev, 
PRB 63, 134406 (2001)



The SYK model

• The last property indicates ⌧eq ⇠ ~/(kBT ), and this
has been found in a recent numerical study.

• Low energy, many-body density of states
⇢(E) ⇠ eNs0 sinh(

p
2(E � E0)N�)

• Low temperature entropy S = Ns0 +N�T + . . ..

• T = 0 fermion Green’s function G(⌧) ⇠ ⌧�1/2 at
large ⌧ . (Fermi liquids with quasiparticles have G(⌧) ⇠
1/⌧)

• T > 0 Green’s function has conformal invariance
G ⇠ (T/ sin(⇡kBT ⌧/~))1/2 A. Georges and O. Parcollet PRB 59, 5341 (1999)

A. Eberlein, V. Kasper, S. Sachdev, and J. Steinberg, arXiv:1706.07803

D. Stanford and E. Witten, 1703.04612
A. M. Garica-Garcia, J.J.M. Verbaarschot, 1701.06593

D. Bagrets, A. Altland, and A. Kamenev, 1607.00694   

S. Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993)



Black 
holes

Black holes share the properties of 
strongly-coupled quantum criticality

• Black holes have an entropy and a temperature, TH =
~c3/(8⇡GMkB).

• Black holes relax to thermal equilibrium in a time
⇠ ~/(kBTH) = 8⇡GM/c3.

• The entropy of black holes is proportional to their
surface area. So they can only be equivalent to quantum-
critical systems in one lower dimension.
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⇣ ~x

SYK and black holesBlack hole
horizon

Black holes with a near-horizon AdS2 geometry 
(described by quantum gravity in 1+1 spacetime 

dimensions) match the properties of 
the 0+1 dimensional SYK model in the previous 

slide: Ns0 is the Bekenstein-Hawking entropy
S. Sachdev, PRL 105, 151602 (2010); A. Kitaev (2015); J. Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857



⇣ ~x

SYK and black holesBlack hole
horizon

A. Kitaev (2015); J. Maldacena and D. Stanford, arXiv:1604.07818

Both the SYK model and the black hole
saturate the lower bound on the Lyapunov
time to quantum chaos: ⌧L = ~/(2⇡kBT ).
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f
c

SYK building blocks for strange metals

A. Georges and O. Parcollet PRB 59, 5341 (1999); Xue-Yang Song, Chao-Ming Jian, L. Balents, PRL 119, 216601 (2017);  A. A. 
Patel, J. McGreevy, D. P.  Arovas, S. Sachdev, arXiv:1712.05026; D. Chowdhury, Y. Werman, E. Berg, T. Senthil, arXiv:1801.06178

Yields solvable models with linear-in-T resistivity
(possibly ‘bad metals’ with ⇢ > h/e2) and

linear-in-B magnetoresistance with B/T scaling.
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Looking ahead:

• Experimental and theoretical stud-
ies of metals with bulk topological
order and Fermi surfaces, possibly
with non-Luttinger volumes.

• Experimental and theoretical stud-
ies of ‘strange’, ‘bad’, ‘incoherent’,
‘ultra-quantum’ metals: microscopic
basis for SYK building blocks.
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