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Research Accomplishments

• Theory for the quantum phase transition involving loss of collinear antiferromagnetic order in two-

dimensional quantum antiferromagnets (N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989);

Phys. Rev. B 42, 4568 (1990)). Demonstrated that Berry phases of hedgehog point defects endow

them with non-trivial transformations under space group symmetries, and lead to valence bond solid

order in the “quantum disordered” phase. Such a quantum phase transition has since been observed in

several numerical studies, such as on the planar pyrochlore lattice (Phys. Rev. B 67, 054411 (2003);

Phys. Rev. B 85, 205122 (2012)), the Shastry-Sutherland lattice (arXiv:1212.1999 and Phys. Rev.

B 87, 115144 (2013)), and the honeycomb lattice (Phys. Rev. Lett. 110, 127203 and 127205 (2013),

111, 087203 and 066401 (2013)). Defects with non-trivial symmetry transformations arising from

Berry phases have since played a crucial role in numerous theoretical studies of correlated quantum

phases. The theory for the “quantum disordered” phase can be viewed as the confinement transition

of a U(1) spin liquid, in which the Berry phases of the condensing monopoles lead to valence bond

solid order.

• First demonstration of a stable spin liquid phase in two dimensions with time-reversal symmetry and

anyon excitations (N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991); S. Sachdev and N. Read,

Int. J. Mod. Phys. B 5, 219 (1991); A.V. Chubukov, T. Senthil and S. Sachdev, Phys. Rev. Lett. 72,

2089 (1994)). This was obtained via the theory of a quantum phase transition of an antiferromagnet

with non-collinear spin order (see below). It was shown that this spin liquid was described by a compact

U(1) gauge theory with a charge ±2 ‘Higgs’ scalar, and that it is connected to to Ising gauge theories

with Berry phases (S. Sachdev and N. Read, Int. J. Mod. Phys. B 5, 219 (1991); R. Jalabert and S.

Sachdev, Phys. Rev. B 44, 686 (1991); S. Sachdev and M. Vojta, J. Phys. Soc. Japan 69, Suppl. B,

1 (2000)). Such a spin liquid is now called a Z2 spin liquid. The stability of such a ground state was

established in the region proximate to the quantum critical point to magnetic order.

• Theory for the confinement transition of a Z2 spin liquid. The Berry phases associated with the

condensing ‘m’ particles lead to valence bond solid order in the confining phase. (R. Jalabert and S.

Sachdev, Phys. Rev. B 44, 686 (1991); S. Sachdev and M. Vojta, J. Phys. Soc. Japan 69, Suppl.

B, 1 (2000); Y. Huh, M. Punk and S. Sachdev, Phys. Rev. B 84, 094419 (2011)). This was the first

example of a phase transition beyond the Landau-Ginzburg-Wilson paradigm.

• Theory for the quantum phase transition involving loss of non-collinear antiferromagnetic order in

two-dimensional antiferromagnets (S. Sachdev and N. Read, Int. J. Mod. Phys. B 5, 219 (1991);

A.V. Chubukov, T. Senthil and S. Sachdev, Phys. Rev. Lett. 72, 2089 (1994)). It was demonstrated

that the “quantum disordered” phase is a Z2 spin liquid (see above). The universality class of the

critical point relies not just on the nature of the broken symmetry of the ordered phase, but also on

the quantum characteristics of the “disordered” phase, and so is beyond the Landau-Ginzburg-Wilson

paradigm.
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• Proposed two possible Z2 spin liquid ground states for the kagome Heisenberg antiferromagnet (S. Sachdev,

Phys. Rev. B 45, 12377 (1992)). Recent numerical studies (Science 332, 1137 (2001); Nature Physics

8, 902 (2012); Phys. Rev. Lett. 109, 067201 (2012)) have presented strong support for the existence

of a Z2 spin liquid in this model. Some numerical studies provide specific support for one of my Z2

spin liquids (Phys. Rev. B 84, 020404(R) (2011)). Another possible ‘fermionic’ Z2 spin liquid with

competitive energy (Phys. Rev. B 84, 020407(R) (2011)) is related (arXiv:1403.0575; Phys. Rev.

B 91, 100401(R) (2015)) to my ‘bosonic’ Z2 spin liquids. Recently, we have argued (M. Punk, D.

Chowdhury, and S. Sachdev, Nature Physics 10, 289 (2014)) that the nearly flat vison band expected

in the bosonic Z2 spin liquids can provide a nearly complete and quantitative description of the neutron

scattering measurements on herbertsmithite.

• First discussion of monopole operators in 2+1 dimensional quantum critical points, and the first com-

putation of their scaling dimension (G. Murthy and S. Sachdev, Nucl. Phys. B 344, 557 (1990);

E. Dyer, M. Mezei, S. S. Pufu and S. Sachdev, Journal of High Energy Physics 1506 (2015) 037). Such

monopole operators now play crucial roles in conformal field theories of interest in condensed matter

and string theory.

• Introduced the bond operator formalism (S. Sachdev and R.N. Bhatt, Phys. Rev. B 41, 9323 (1990))

which is now widely used to describe dimerized antiferromagnets, with many quantitative experimental

connections.

• Theory of dynamics at non-zero temperatures near strongly interacting quantum critical points (S.

Sachdev and J. Ye, Phys. Rev. Lett. 69, 2411 (1992); A.V. Chubukov, S. Sachdev, and J. Ye,

Phys. Rev. B 49, 11919 (1994)). Argued that the dynamics is characterized by relaxational and local

equilibration times which are universally related to ~/(kBT ). It was argued that this is the shortest

possible time for such processes (see my book on Quantum Phase Transitions (1999)). Such dynamics

has been observed in numerous experiments (see review in Physics Today, 64, no. 2, 29 (2011)).

• Sachdev-Ye-Kitaev (SYK) model of non-Fermi liquids and quantum gravity on AdS2. A gapless spin-

liquid state was found in the solution of a quantum analog of the Sherrington-Kirkpatrick model (S.

Sachdev and J. Ye, Phys. Rev. Lett. 70, 3339 (1993)). This solution forms the basis of numerous

dynamical mean field studies of local criticality, and naturally yields the ‘marginal’ exponent. When

interpreted as a solution of metal, this is a solvable model of a non-Fermi liquid. It was proposed that

this state provides a realization of the quantum theory charged black holes with near-horizon AdS2

geoemtries (S. Sachdev, Phys. Rev. Lett. 105, 151602 (2010); Phys. Rev. X 5, 041025 (2015)). The

SYK model provides a solvable realization of Bekenstein-Hawking entropy. Unlike previous models

of quantum gravity, it appears that this model is solvable in a regime which accounts for the subtle

non-thermal correlations in Hawking radiation.

• Theory of relaxation and transport across quantum critical points in one dimension (S. Sachdev and

A. P. Young, Phys. Rev. Lett. 78, 2220 (1997); K. Damle and S. Sachdev, Phys. Rev. B 57, 8307
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(1998)). This theory led to the computation of the exact spin diffusion constant of Haldane-gapped

spin chains at low temperatures, and to the exact spectral broadening of the Haldane mode. These

predictions have been quantitatively tested in experiments on gapped antiferromagnets (Phys. Rev.

Lett. 76, 2173 (1996) and Science 317, 1049 (2007)).

• Theory of non-zero temperature transport near two-dimensional quantum critical points (K. Damle

and S. Sachdev, Phys. Rev. B 56, 8714 (1997)). Pointed out the key physical distinction between the

d.c. conductivity (σ(~ω � kBT )) and the zero temperature conductivity (σ(~ω � kBT )); the former

is universal even though it involves ‘incoherent’ collisions between excitations. These results have

strong implications for numerous experiments on the superconductor-insulator transition, quantum

Hall critical points, and superfluid-insulator transitions of ultracold atoms. The same physics arose in

subsequent discussions of the shear viscosity of the quark-gluon plasma, and of the universality of the

η/s ratio.

• Theory of the quantum phase transitions of the canted antiferromagnet in double layer quantum Hall

systems (S. Das Sarma, S. Sachdev, and L. Zheng, Phys. Rev. Lett. 79, 917 (1997)). This has since

been observed in numerous experiments.

• Theory of quantum impurities in strongly-interacting quantum critical points (S. Sachdev, C. Burago-

hain, and M. Vojta, Science 286, 2479 (1999)). These are analogous to Kondo impurity problems, but

the bulk is an interacting quantum critical system, instead of free fermions. The results have found

application in the physics of spinless Zn impurities in two-dimensional quantum critical points.

• Theory of bond order in doped antiferromagnets, and the phase diagram of the cuprate superconduc-

tors. This is reviewed in Rev. Mod. Phys. 75, 913 (2003). The phase diagram proposed here is

essentially identical to that observed in recent studies of clean crystals of YBCO (Nature 477, 191

(2011); Nature Phys. 8, 871 (2012)), along with specific indications of bond order (Science 315, 1380

(2007); Phys. Rev. Lett. 109, 167001 (2012)).

• Theory of quantum criticality and competing orders in superconductors in an applied magnetic field

(E. Demler, S. Sachdev and Y. Zhang, Phys. Rev. Lett. 87, 067202 (2001)). This theory has had

numerous successful applications to the cuprate superconductors, and other correlated systems, e.g.

most recently in Phys. Rev. Lett. 102, 177006 (2009), Nature Phys. 8, 871 (2012) and Nature Physics

9, 79 (2013). The theory also noted that isolated superconducting vortices would not have spin order,

and only charge/bond order, and this is also consistent with subsequent experiments (Science 295, 466

(2002) and Nature 477, 191 (2011)).

• Prediction of competition between charge order and superconductivity at non-zero temperatures in the

underdoped cuprates. S. Sachdev and E. Demler, Phys. Rev. B 69, 144504 (2004) predicted that there

should be a regime near the superconducting Tc where the strength of the charge order correlations

increase with increasing temperatures. Precisely such a behavior has now been observed (Nature Phys.
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8, 871 (2012); Science 337, 821 (2012)). This theory was extended to a O(6) non-linear sigma model

of fluctuating and competing orders, and its predictions are in good quantitative agreement with the

experiments (L. E. Hayward, D. G. Hawthorn, R. G. Melko, and S. Sachdev, Science 343, 1336 (2014)).

• Predicted the appearance of Ising density wave order, and of Ising quantum criticality, in tilted lattices

of ultracold bosons (S. Sachdev, K. Sengupta, and S.M. Girvin, Phys. Rev. B 66, 075128 (2002)).

This has been observed in Nature 472, 307 (2011), and constitutes the first realization of quantum

magnetism in cold atom experiments.

• Predicted the quantum phase transition out of a Fermi liquid into a new metallic state: the fractional-

ized Fermi liquid (FL*) (T. Senthil, S. Sachdev, and M. Vojta, Phys. Rev. Lett. 90, 216403 (2003)).

This phase has a Fermi surface of quasiparticles with the conventional electronic quantum numbers,

but the Fermi surface does not enclose the conventional Luttinger volume. The volume of the Fermi

surface is intimately connected to the topological order of the FL* phase. There is a increasing evidence

for a number of FL* phases in the heavy fermion compounds (Phys. Rev. B 69, 014415 (2004); Nature

Phys. 4, 603 (2008); Nature Phys. 5, 465 (2009); Phys. Rev. Lett. 104, 186402 (2010)). The FL*

also offers an attractive description of the pseudogap metal in the hole-doped cuprates (D. Chowdhury

and S. Sachdev, Phys. Rev. B 90, 245136 (2014); M. Punk, A. Allais, and S. Sachdev, PNAS 112,

9552 (2015)). See the review D. Chowdhury and S. Sachdev, arXiv:1501.00002.

• Theory of deconfined critical points (T. Senthil, A. Vishwanath, L. Balents, S. Sachdev, and M. P. A.

Fisher, Science 303, 1490 (2004)). This work resolves the subtle interplay between Berry phases and

quantum criticality which was left unresolved in my earlier work (S. Sachdev and R. Jalabert, Mod.

Phys. Lett. B 4, 1043 (1990)). Convincing evidence for such criticality has been found in numerical

studies of SU(N) antiferromagnets for larger values of N ; for N = 2, there is strong evidence for the

emergent gauge excitations predicted by the theory. The theory also has significant implications for

correlated superconductors, establishing a fundamental link between their vortices and charge order:

this was explored in L. Balents, L. Bartosch, A. Burkov, S. Sachdev, and K. Sengupta, Phys. Rev. B

71, 144508 (2005) and has connections to experiments on the cuprate superconductors in Science 295,

466 (2002), Nature 477, 191 (2011), and Nature Communications 4, 2113 (2013).

• Established the first connection between quantum critical points in condensed matter and the AdS/CFT

correspondence (C. P. Herzog, P. Kovtun. S. Sachdev, and D. T. Son, Phys. Rev. D 75, 085020 (2007)).

The theory has now been formulated as a quantitative effective holographic theory for the equilibrium

and non-equilibrium dynamics of conformal critical points in 2+1 dimensions (R. C. Myers, S. Sachdev,

and A. Singh, Phys. Rev. D 83, 066017 (2011); W. Witczak-Krempa, E. Sorensen, and S. Sachdev,

Nature Physics 10, 361 (2014); E. Katz, S. Sachdev, E. Sorensen, and W. Witczak-Krempa, Phys.

Rev. B 90, 245109 (2014)), and provides a new description of quantum critical dynamics in terms of

quasi-normal modes of black-brane horizons (W. Witczak-Krempa and S. Sachdev, Phys. Rev. B 86,

235115 (2012)). Specific quantitative links to numerical studies of the superfluid-insulator transition
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of bosons have also been established, and lead to quantitative predictions for experiments on ultracold

atoms.

• Proposed the link between compressible phases of correlated quantum condensed matter models and

the dynamics of electrically charged black-brane horizons (S. A. Hartnoll, P. K. Kovtun, M. Müller,

and S. Sachdev, Phys. Rev. B 76, 144502 (2007)). Argued that the electric flux entering the horizon

must be linked to fractionalized degrees of freedom, and provided evidence for ‘hidden’ Fermi surfaces

whose quasi-particles carry charges of emergent gauge fields (L. Huijse, S. Sachdev, and B. Swingle,

Phys. Rev. B 85, 035121 (2012)). This work has stimulated a great deal of research on the applications

of string theory to condensed matter systems.

• Theory of magneto-thermoelectric transport in ‘strange’ metals: these are states of quantum matter

with variable density without quasiparticle excitations. Such metals are found, most famously, near

optimal doping in the hole-doped cuprates, but also appear in numerous other correlated electron

compounds. A set of hydrodynamic equations were proposed (S. A. Hartnoll, P. K. Kovtun, M.

Müller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)), and these are connected to the holography

of charged black holes, memory functions, and new field-theoretic approaches (A. Lucas and S. Sachdev,

Phys. Rev. B 91, 195122 (2015); A. Lucas, S. Sachdev, and K. Schalm, Phys. Rev. D 89, 066018

(2014); S. A. Hartnoll, R. Mahajan, M. Punk, and S. Sachdev, Phys. Rev. B 89, 155130 (2014)

and A. Patel and S. Sachdev, Phys. Rev. B 90, 165146 (2014)). These equations are valid when

the electron-electron scattering time is much shorter than the electron-impurity scattering time, and

they lead to specific predictions for the density, disorder, temperature, frequency, and magnetic field

dependence of transport properties.

• Predicted that relativistic ‘strange metal’ behavior should be present in graphene near the charge

neutrality point (L. Fritz, J. Schmalian, M. Müller and S. Sachdev, Phys. Rev. B 78, 085416 (2008);

M. Müller and S. Sachdev, Phys. Rev. B 78, 115419 (2008); M. Müller, L. Fritz, and S. Sachdev, Phys.

Rev. B 78, 115406 (2008)). This has now been observed, and compares well with the quantitative

predictions of theory (Science 351, 1055 (2016); J. Crossno, Jing K. Shi, Ke Wang, Xiaomeng Liu, A.

Harzheim, A. Lucas, S. Sachdev, Philip Kim, Takashi Taniguchi, Kenji Watanabe, T. A. Ohki, and

Kin Chung Fong, Science 351, 1058 (2016); A. Lucas, J. Crossno, Kin Chung Fong, Philip Kim, and

S. Sachdev, Phys. Rev. B 93, 075426 (2016)).

• Prediction of Ising-nematic order in the iron-based superconductors (C. Xu, M. Müller, and S. Sachdev,

Phys. Rev. B 78, 020501(R) (2008)). There is now extensive experimental evidence for this order in

the metallic state.

• First computation of the entanglement entropy of an interacting conformal field theory in 2+1 (and

higher) dimensions (M. A. Metlitski, C. A. Fuertes, and S. Sachdev, Phys. Rev. B 80, 115122 (2009)),

demonstrating the existence of a universal additive correction to the area law. For the case of a circular

entangling surface, this universal additive term is −F , the quantity which was later conjectured to
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decrease between 2+1 dimensional conformal critical points connected by renormalization group flows.

The value of F was also computed for conformal gauge theories (I. R. Klebanov, S. S. Pufu, S. Sachdev,

and B. R. Safdi, Journal of High Energy Physics 1205 (2012) 036).

• Theory of the quantum criticality of a Fermi surface in two-dimensions coupled to a gapless bosonic

mode (M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075127 (2010)). This has applications to

numerous problems of long-standing interest in condensed matter physics: the onset of ferromagnetism

in a metal, the Pomeranchuk instability (‘Ising-nematic’ ordering) of a Fermi liquid, and the problem

of fractionalized fermions coupled to emergent gauge fields. The complete form of the critical theory

was proposed here for the first time, along with the existence of a new fermion anomalous dimension.

The special role of two spatial dimensions was established, and the the scaling structure which allowed

asymptotic decoupling of non-collinear Fermi surface points was described. This can be regarded as

the first complete theory of a non-Fermi liquid.

• Theory of the quantum criticality of two-dimensional metals at the onset of spin density wave order

(M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075128 (2010)). The full structure of the two-loop

renormalization group equations was described, and it was demonstrated that the vector 1/N expansion

flows to strong coupling. A universal ‘log-squared’ instability to spin-singlet d-wave superconductivity

was pointed out. These proposals were non-perturbatively tested in Monte Carlo simulations using

a new sign-problem free realization of the quantum critical theory (E. Berg, M. A. Metlitski and

S. Sachdev, Science 338, 1606 (2012)). The Monte Carlo results provide the first demonstration

of unconventional superconductivity in a two-dimensional model of correlated electrons in a strong-

coupling regime.

• Emergent pseudospin symmetry in metals with antiferromagnetic spin correlations. This was origi-

nally noted by M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075128 (2010). The pseudospin

transformation maps the d-wave superconductivity to an incommensurate bond order. This motivated

an effective classical model of competing density wave and superconducting orders, which successfully

describes a variety of experiments in the lower temperature pseudogap regime (L. E. Hayward, D. G.

Hawthorn, R. G. Melko, and S. Sachdev, Science 343, 1336 (2014); L. E. Hayward, A. J. Achkar, D.

G. Hawthorn, R. G. Melko, and S. Sachdev, Phys. Rev. B 90, 094515 (2014); Laimei Nie, L. E. H.

Sierens, R. G. Melko, S. Sachdev, and S. A. Kivelson, arXiv:1505.06206).

• Prediction of a new type of charge density wave (with a predominantly d-form factor) in the underdoped

regime of the cuprate superconductors (S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202

(2013)). Precisely such a charge density wave has been observed in X-ray scattering (Nature Materials

14, 796 (2015); arXiv:1504.01585) and scanning tunneling microscopy experiments (K. Fujita, M. H.

Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi, H. Eisaki,

S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Seamus Davis, Proceedings of

the National Academy of Sciences of the USA 111, E3026 (2014)). This is the first observation of
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a charge density wave with a non-s-wave form factor. The d-form factor density (along with other

experimental evidence) was argued to favor a fractionalized Fermi liquid (FL*) in the pseudogap metal

(D. Chowdhury and S. Sachdev, Phys. Rev. B 90, 245136 (2014); M. Punk, A. Allais, and S. Sachdev,

PNAS 112, 9552 (2015)). See the review D. Chowdhury and S. Sachdev, arXiv:1501.00002.

• Predicted the existence of a critically damped ‘Higgs’ resonance in a superfluid phase in the immediate

vicinity of the superfluid-insulator quantum critical point in two spatial dimensions, and described

the scaling structure of associated response functions (D. Podolsky and S. Sachdev, Phys. Rev. B

86, 054508 (2012)). This has been corroborated by experiments on ultracold bosons in optical lattice

(Nature 487, 454 (2012)) and quantum Monte Carlo studies (Phys. Rev. Lett. 110, 140401 and

170403 (2013)).

• Theory for the transport of the strongly-coupled quantum critical points in metals (S. A. Hartnoll, R.

Mahajan, M. Punk, and S. Sachdev, Phys. Rev. B 89, 155130 (2014) and A. Patel and S. Sachdev,

Phys. Rev. B 90, 165146 (2014)). “Drag” effects between the fermionic and bosonic excitations

are fully accounted for, and, indeed, are a crucial feature of the theory which were missing in earlier

discussions. As was described in our earlier hydrodynamic approach (S. A. Hartnoll, P. K. Kovtun,

M. Müller, and S. Sachdev, Phys. Rev. B 76, 144502 (2007)), along with the drag contribution,

there is also a “quantum critical” contribution to the transport co-efficients, and this has also been

theoretically computed (S. A. Hartnoll, D. M. Hofman, M. A. Metlitski and S. Sachdev, Phys. Rev. B

84, 125115 (2011); A. A. Patel, P. Strack, and S. Sachdev, Phys. Rev. B 92, 165105 (2015)).
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