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[Quantum matter with quasiparticles:)

A quasiparticle is an “excited lump™ in the many-
electron state which responds just like an ordinary

particle.
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(Quantum matter with quasiparticles:j

e (Quasiparticles are additive excitations:
The low-lying excitations of the many-body system
can be identified as a set {n.} of quasiparticles with
energy &,

E =) nNaca +Za75 Fopnong + ...

e Note: The electron liquid in one dimension and the fractional
quantum Hall state both have quasiparticles; however, the quasi-
particles do not have the same quantum numbers as an electron.



(Quantum matter with quasiparticles:j

e (Quasiparticles eventually collide with each other. Such
collisions eventually leads to thermal equilibration in
a chaotic quantum state, but the equilibration takes
a long time. In a Fermi liquid, this time is of order
hEr/(kgT)% as T — 0, where Er is the Fermi energy.



[Quantum matter without quasiparticles)

e No quasiparticle decomposition
of low-lying states

e Rapid thermalization



Local thermal equilibration or
phase coherence time, 7,:

e There is an lower bound on 7, in all many-
body quantum systems as 1" — 0,

h
o = O T

where (' is a T-independent constant.

e Systems without quasiparticles have

K. Damle and S. Sachdev, PRB 56,8714 (1997)
S. Sachdev, Quantum Phase Transitions, Cambridge (1999)
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M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)

1012/m2



Predicted
G raphene “strange metal”

T(K) without quasiparticles
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A simple model of a metal with quasiparticles
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A simple model of a metal with quasiparticles
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Place electrons randomly on some sites



A simple model of a metal with quasiparticles

Electrons move one-by-one randomly
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A simple model of a metal with quasiparticles

H = 1/2 Z twczcﬁ

1,7=1

cici +cjc; =0 | C.CT- + ch-cZ- = 04
r -

t;; are independent random variables with ¢;; = 0 and |t;;]% = t°

Fermions occupying the eigenstates of a
N x N random matrix



A simple model of a metal with quasiparticles

Let £, be the eigenvalues of the matrix ¢;; /v N.
The fermions will occupy the lowest N Q eigen-
values, upto the Fermi energy Er. The density

of states is p(w) = (1/N) > o(w —€q).

p(w)




A simple model of a metal with quasiparticles

There are 2% many
body levels with energy

rMauﬂy bodyw

N
level spacing E = Z N s
-‘/& ~27

where n, = 0,1. Shown

are all values of F for a
single cluster of size

N = 12. The ¢, have a

™ level spacing ~ 1/N.

g (Quasiparticle
excitations with

&« ng ~
| spacing 1/N y




The Sachdev-Ye-Kitaev (SYK) model
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The Sachdev-Ye-Kitaev (SYK) model
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The Sachdev-Ye-Kitaev (SYK) model

Entangle electrons pairwise randomly
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The Sachdev-Ye-Kitaev (SYK) model
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The Sachdev-Ye-Kitaev (SYK) model
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The Sachdev-Ye-Kitaev (SYK) model
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This describes both a strange metal and a black hole!



The Sachdev-Ye-Kitaev (SYK) model

(See also: the “2-Body Random Ensemble” in nuclear physics; did not obtain the large N limit;
T.A. Brody, ). Flores, |.B. French, PA. Mello, A. Pandey, and S.S.M.Wong, Rev. Mod. Phys. 53, 385 (1981))
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i,5,k0=1 i

cic; +cje; =0 cz-c;f- + c;r.ci = 04
1
_ |
Q= N E :Cicz'

Jij.ke are independent random variables with J;;.x¢ = 0 and |J;;..¢]? = J?
N — oo yields critical strange metal.

S.Sachdev and |.Ye, PRL 70, 3339 (1993)
A. Kitaey, unpublished; S. Sachdev, PRX 5,041025 (2015)




The Sachdev-Ye-Kitaev (SYK) model

There are 2% many body levels
with energy E, which do not
admit a quasiparticle
decomposition. Shown are all
~ ~ values of E for a single cluster of
Many-body size N = 12. The T — 0 state

level spacing ~ has an entropy Sgps with

%/@_N p— G_NIHQJ

SGPS G ln(2)
= | = (0.464848 . .
N T 4
< In2

where G is Catalan’s constant,

FNon—quasiparticlg for the half-filled case Q = 1/2.

exc%tatlons with GPS: A. Georges, O. Parcollet, and S. Sachdey,
+—\spacing ~ e—SGPSJ PRB 63, 134406 (2001)

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



SYK and black holes

~ ~ SS,PRL 105, 151602 (2010)
Black hole

horizon

J

The SYK model has “dual” description

in which an extra spatial dimension, (, emerges.
The curvature of this “emergent” spacetime is described
by Einstein’s theory of general relativity




SYK and black holes

Bekenstein-Hawking
black hole entropy

charge

AdSQ X TQ
ds? = (d¢? — dt?)/¢? + dr?
Gauge field: A = (£/()dt

A 1 ~ -
S:/d4$\/ —§ <R—|—6/L2—1FMVF’LLV>

GPS
entropy

density QO

SS, PRL 105, 151602 (2010)

The BH entropy is proportional to the size of T?, and hence the surface area of
the black hole. Mapping to SYK applies when temperature < 1/(size of T?).



SYK and black holes
@lack hole quasi-normal )

modes relax to thermal equi-

librium in a time ~ h/(kBTH),/
where T’y is the Hawking
temperature. )

SS, PRL 105, 151602 (2010)

The SYK model has “dual” description

in which an extra spatial dimension, (, emerges.
The curvature of this “emergent” spacetime is described
by Einstein’s theory of general relativity




SYK and AdS>

FEquilibrium and non-equilibrium* dymamicsw
described by a theory with SL(2,R) invariance,
and effective Schwarzian action, S|h(7)], of a
L time reparameterization 7 — h(7).

J- Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857;
K.Jensen, arXiv:1605.06098; J. Engelsoy, T.G. Mertens, and H.Verlinde, arXiv:1606.03438
*A. Eberlein,V. Kasper, S. Sachdey, and J. Steinberg, arXiv:1706.07803



SYK and AdS>

rEquilibrium and non-equilibrium* dy]ﬂa]m.icsﬁ

described by a theory with SL(2,R) invariance,
and effective Schwarzian action, S|h(7)], of a

L time reparameterization 7 — h(7).

ds? = (d¢? — dt?) /(2 + di?

7'+’ =

Qvith ad — bc = 1.

SL(2,R) is the isometry group of AdSs:)
ds?* = (dr? + d(?)/(? is invariant under

a(r +i¢) +b \

c(T

i)

d

J

J- Maldacena, D. Stanford, and Zhenbin Yang, arXiv:1606.01857;

K.Jensen, arXiv:1605.06098; J. Engelsoy, T.G. Mertens, and H.Verlinde, arXiv:1606.03438

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



e (Graphene

Non-quasiparticle “strange metal” transport
Theoretical predictions inspired by holography

Comparison with experiments



Jesse Crossno

Kln:Chung Fong

Andrew Lucas



Graphene
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D. E. Sheehy and J. Schmalian, PRL 99, 226803 (2007)
M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)
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M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



Graphene at half-filling; no impurities

Low energy theory has 4 two-component Dirac fermions, 1,
o =1...4, interacting with a 1/r Coulomb interaction

- / Prdrip! (87 —wﬁﬁ) Do

2
+ 5 [ el ) —— ol ()

1
=7

Dimensionless “fine-structure” constant o = e*/(hvp).

RG flow of «a:

d
—a:—oz2+...

d/

Behavior is similar to a conformal field theory (CFT)
in 241 dimensions with a ~ 1/In(scale)



Electrical conductivity is finite
without impurities and
with particle-hole symmetry

Particles Holes

Momentum — P —

Electrical current e e




Collisionless-hydrodynamic crossover in graphene

e? [ 1 ]
— 240 h kT
hl2 T <ln(A/w)>_ y fw > FEB
I. Herbut, V. Juricic, and O. Vafek, Phys. Rev. Lett. 100, 046403 (2008).
oq(w)|=
- _0760+(9 ! _ hw < kpTa?(T)
. W 8%
ha(T) | n(a(T)])| ’

where «(T) is the T-dependent fine structure constant
which obeys

Q T 0 4

) = T em@a/n "~ WA

Crossover takes place on a time scale ~ h/(a?kgT)

L. Fritz, M. Mueller, J. Schmalian and S. Sachdev, PRB 78, 085416 (2008)



Electrical conductivity is finite
without impurities and
with particle-hole symmetry

Particles Holes
Momentum — P —
Electrical current ——— e

And thermal conductivity is infinite
(stress-energy tensor is symmetric)
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Electrical conductivity is infinite
without impurities at
non-zero doping

Particles

Electrical current ——

And thermal conductivity is finite




Fermi liquids: quasiparticles moving
ballistically between impurity (red circles)
scattering events




Fermi liquids: quasiparticles moving
ballistically between impurity (red circles)
scattering events

Strange metals: electrons scatter

frequently off each other; so there is no
regime of ballistic quasiparticle motion.
The electron “liquid” then “flows” around
impurities



Thermal and electrical conductivity
with quasiparticles

» Wiedemann-Franz law in a Fermi liquid:

Electrical conductivity {2 ecm ™)

ko w2kR WO
Lo = 5 ~ 2.40 x 10 5
O'T 3€ K
Carrier concentration {cm™)
1016 1017 1018 1019 1020 1021 1022 1023 1024
— ! A 1 T ' S ’

—~ 30} SiG\e; .. A Au Mg
P Bi \S_B \ / " \Cu/ F\
%l 2 5L by _ - . . \,_ \. 1 -
cé— 2.0} éb Als SiGe, ) Ag \Ga
2 -----—-----
= 3.0 * Fe.  Auy AI
g \Si(393 \\ /Nd/ \\\ \\ \ \ / Rb {
E 2.5t L°\ .1 \). —.—c— (t / -'.
@ . ‘ Gdr__/.— \ Th77\\ 1 \{:d\\\ \ IK\\ h
S 20+ \giGe1 l Th [}y\ Ta CC \ Ni, N G\ i

' = B Sb o i

107 1 163 l | 164 | | 105 1 | 10’a | 107 | L 168 - 169 | 107

G. S. Kumar, G. Prasad, and R.O. Pohl, J. Mat. Sci. 28,4261 (1993)



To understand a realistic strange metal, we use a
hydrodynamic approach and include

* A bias voltage, leading to particle-hole
asymmetry

* Dilute concentration of impurities

* A weak magnetic field



The variables entering the hydrodynamic theory are

e the external magnetic field F#¥,

0O 0 O
Mm=1r0 0 B |,
0 —-B 0
e THY the stress energy tensor, e J# the current,
e p, the difference in density e =, the local energy
from undoped graphene.
e P, the local pressure, e u/, the local velocity, and

e 7. a universal conductivity, which is the single transport
co-efficient.

The dependence of g, P, g on T and v follows from simple scaling
arguinents



Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

S.A. Hartnoll, P.K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)



Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

8,J"
0, T+

0
FHY T,

Conservation laws/equations of motion

S.A. Hartnoll, P.K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)



Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

a,J" = 0
9,TH = FHJ,
™ = (e + P)utu” + Pg"”
JE =yt \

Constitutive relations which follow from Lorentz
transformation to moving frame

S.A. Hartnoll, P.K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)



Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

9,J* = 0
9, T = FMJ,
™ = (e+ P)utu” + Pg"”
i 5 7
JE = pu* 4+ ag(g" +uru”) | (—Oup+ Fuau’) + u%

- 1

New dissipative term allowed by requirement of
positive entropy production. There 1s only one
independent transport co-efficient

S.A. Hartnoll, P.K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)



Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

Momentum relaxation from impurities

o, J'" = 0 —
1
o,I* = FMJ,A (08 + utuy) T
Timp
T/.u/ — (5 + P)uﬂ,uv +Pg/_u}
p n pv oy V e ; 0T
Jho= put Qg + utet) | (=Oup+ Foau’) + pr

Solve initial value problem and relate
results to response functions (Kadanoff+Martin)

S.A. Hartnoll, P.K. Kovtun, M. Miiller, and S. Sachdev, Phys. Rev. B 76 144502 (2007)



Prediction for transport in the graphene strange metal

For a strange metal with a “relativistic’ Hamiltonian, hydrodynamic, holo-
graphic, and memory function methods yield for the Lorentz ratio L = k/(To)

B - € UFQ27'1mp B U%Hﬂmp - e UFQQTlmp 1
7T T T Hog  NE T " Hoo

—2
7 e H Timp - e?v% Q% Timp
TQO'Q HO‘Q 7

where H is the enthalpy density, Timp is the momentum relaxation time (from
impurities), while 0 = 0@, an intrinsic, finite, “quantum critical” conductivity.

e For O =0, as Timp — 00, 0 remains finite, while kK — 0o, and so L — oo.
e For O # 0, as Timp — 00, 0 — 00, while s remains finite, and so L — 0.

Prediction: L diverges as 1/ 0% near Q = 0 in clean ographene.

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)




Graphene Predicted
T(K) strange metal
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M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



Graphene Predicted
_ strange metal
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M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



Graphene Predicted
strange metal

Impurity scattering dominates

M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



J. Crossno et al., Science 351, 1058 (2016)

Red dots: data
Blue line: value for L = Ly

Thermal Conductivity (nW/K)




J. Crossno et al., Science 351, 1058 (2016)

Red dots: data
Blue line: value for L = Ly
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J. Crossno et al., Science 351, 1058 (2016)
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Graphene Predicted
strange metal

Impurity scattering dominates

M. Miiller, L. Fritz, and S. Sachdev, PRB 78, 115406 (2008)
M. Miiller and S. Sachdev, PRB 78, 115419 (2008)



J. Crossno et al., Science 351, 1058 (2016)

Strange metal in graphene

Tbath (K)

n (10° cm?) Wiedemann-Franz
obeyed



J. Crossno et al., Science 351, 1058 (2016) A

Strange metal in graphene

Tbath (K)

n (10° cm?) Wiedemann-Franz
violated !
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oo — quantum critical conductivity
Timp — Momentum relaxation time from impurities

S. A. Hartnoll, P. K. Kovtun, M. Miiller, and S. Sachdev, PRB 76, 144502 (2007)
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Comparison to theory with a single momentum relaxation time 7jyyp.

Best fit of density dependence to thermal conductivity does not capture
the density dependence of electrical conductivity

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, PRB 93, 075426 (2016)
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of a space-dependent chemical potential.
Best fit of density dependence to thermal conductivity now gives a better fit to

the density dependence of the electrical conductivity (for n/s ~ 10). The T
dependencies of other parameters also agree well with expectation.

A. Lucas, J. Crossno, K.C. Fong, P. Kim, and S. Sachdev, PRB 93, 075426 (2016)



Strange metal in graphene

Negative local resistance due to viscous electron backflow in graphene

Potential a.u.

a) viscous flow 10

-10

0.8
b) ohmic flow +5F + suurr.:e ++ + +

0.4

%%&\ '|'|'|“|I ////%% -0.4

———— drain _-:s'-— —— 0.8

L. Levitov and G. Falkovich, arXiv:1508.00836, Nature Physics online



Strange metal in graphene Science 351, 1055 (2016)

Negative local resistance due to viscous electron backflow in graphene

D. A. Bandurin', I. Torre*?, R. Krishna Kumar™* M. Ben Shalom®>, A. Tomadin®, A. Principi7, G. H. Auton’,
E. Khestanova™”, K. S. Novoselov’, I. V. Grigorieval, L. A. Ponomarenko™* A. K. Geim', M. Polini*®

n (10" cm™)
Figure 1. Viscous backflow in doped graphene. (a,b) Steady-state distribution of current injected through
a narrow slit for a classical conducting medium with zero v (a) and a viscous Fermi liquid (b). (c) Optical
micrograph of one of our SLG devices. The schematic explains the measurement geometry for vicinity
resistance. (d,e) Longitudinal conductivity o,, and Ry for this device as a function of n induced by
applying gate voltage. I = 0.3 uA; L = 1 um. For more detail, see Supplementary Information.



Entangled quantum matter without quasiparticles

e Is there a connection between
strange metals and black holes?
Yes, the SYK model leads to an explicit duality mapping.

e Why do they have the same
local equilibration time ~ h/(kgT')?
Strange metals don’t have
quasiparticles and thermalize rapidly:;
General relativity leads to black hole quasi-normal modes,
whose decay time ~ h/(kgTy),
where Ty is the Hawking temperature”.

e Theoretical predictions for strange metal
transport in graphene agree well with experiments



