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[Quantum matter with quasiparticles:j

The quasiparticle idea is the key reason for the many
successes of quantum condensed matter physics:

@ Fermi liquid theory of metals, insulators, semiconductors
® Theory of superconductivity (pairing of quasiparticles)

® Theory of disordered metals and insulators (diffusion and
localization of quasiparticles)

® Theory of metals in one dimension (collective modes as
quasiparticles)

® Theory of the fractional quantum Hall effect (quasiparticles
which are fractions’ of an electron)
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“Strange”
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metal has a resistivity, p, which obeys
p~1,
and
in some cases p > h/e?

(in two dimensions),
where h/e? is the quantum unit of resistance.
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nge metals just got stranger...
B-linear magnetoresistance!”
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otrange metals just got stranger...

Scaling between Band T 17
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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 =5 MnNacq+ Za’ﬁ Fognong + ...

In a lattice system of IV sites, this parameterizes the energy
of ~ e*N states in terms of poly(N) numbers.



(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 diverges as

hE R

hpT)E as 1" — 0,

Teq ™

where Er is the Fermi energy.



A simple model of a metal with 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

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
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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 E'r. The density
of states is p(w) = (1/N) > o(w —€q).
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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.
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The Sachdev-Ye-Kitaev (SYK) model
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The SYK model
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The SYK model

Entangle electrons pairwise randomly
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The SYK model
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This describes both a strange metal and a black hole!



The 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))

N

1

o (2N)3/2 > Usgimeeicjopey =1 cic;
ij.k f=1 i

cic; +cjci =0 cic; — cT.cZ- = 0j;

J
Q = %chcz

U;;.xe are independent random variables with U;.xe = 0 and |U;;.5e|? = U?
N — oo yields critical strange metal.

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



The 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 ot
8 Many-body ) size N = 12. The T' — 0 state
has an entropy Saps = Nsg

level spacing ~

;———————— A/LQ_N — ¢~ Nln ZJ with

————— G In(2

= Sog = | n(2) = 0.464848 . ..
T 4

< In2

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

excltations le\}le GPS: A. Georges, O. Parcollet, and S. Sachdey,
— 1V S0

Spacing ~ e PRB 63, 134406 (2001
4—\>Pats D (2001)

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



The 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 ot
8 Many-body ) size N = 12. The T' — 0 state
has an entropy Saps = Nsg

level spacing ~

;———————— A/LQ_N — ¢~ Nln ZJ with

————— G In(2

= Sog = | n(2) = 0.464848 . ..
T 4

Qﬂen

(No quasiparticles !

E NaE
rNon—ql;lasiparticleﬁ # ZO‘ A

excitations with k_l_ Za,ﬁ Faﬁnanﬁ + . )
+— spacing ~ e” Vo0 " PRB 63, 134406 (2001)

~

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



The SYK model

Feynman graph expansion in J;; , and graph-by-graph average,
yields exact equations in the large N limit:

Low frequency analysis shows that the solutions must be gapless
and obey

E(z):,u—%\/g—k... , G(z) = —

for some complex A. The ground state is a non-Fermi liquid, with
a continuously variable density O.

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



The SYK model

e Low energy, many-body density of states
IO(E) ~ eNSO Slﬂh(\/Q(E - EO)NV) (for Majorana model)

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

D. Stanford and E.Witten, 1703.04612
A. M. Garica-Garcia, J.].M.Verbaarschot, 1701.06593
D. Bagrets,A.Altland, and A. Kameney, 1607.00694




The SYK model

e Low energy, many-body density of states
p(E) ~ eN%osinh(\/2(E — Ey)Nv)

e Low temperature entropy S = Nsg+ N~vT + .. ..

A. Kitaev, unpublished
J- Maldacena and D. Stanford, 1604.07818



The SYK model

e Low energy, many-body density of states
p(E) ~ eN%osinh(\/2(E — Ey)Nv)

e Low temperature entropy S = Nsg+ N~vT + .. ..

e T = 0 fermion Green’s function is incoherent: G(7) ~
712 at large 7. (Fermi liquids with quasiparticles have

the coherent: G(T) ~ ]‘/T) S.Sachdev and |.Ye, PRL 70, 3339 (1993)



The SYK model

Low energy, many-body density of states
p(E) ~ eN%osinh(\/2(E — Ey)Nv)

Low temperature entropy S = Nsg + N~yT + .. ..

T = 0 fermion Green’s function is incoherent: G(7) ~
712 at large 7. (Fermi liquids with quasiparticles have

the coherent: G(7) ~ 1/7)

T > 0 Green’s function has conformal invariance
G ~ e 2717 (T /sin(rkgTT/h))"?;

£ measures particle-hole asymmetry.

A. Georges and O. Parcollet PRB 59, 5341 (1999)
S.Sachdev, PRX, 5,041025 (2015)



The SYK model

Low energy, many-body density of states
p(E) ~ eN%osinh(\/2(E — Ey)Nv)

Low temperature entropy S = Nsg + N~yT + .. ..

T = 0 fermion Green’s function is incoherent: G(7) ~
712 at large 7. (Fermi liquids with quasiparticles have

the coherent: G(7) ~ 1/7)

T > 0 Green’s function has conformal invariance
G ~ e 2717 (T /sin(rkgTT/h))"?;
£ measures particle-hole asymmetry.

The last property indicates 7oq ~ h/(kpT'), and this

has been found in a recent numerical study.
A. Eberlein,V. Kasper, S. Sachdeyv, and |. Steinberg, arXiv:1706.07803



(Quantum matter without quasiparticles:)

e If there are no quasiparticles, then

E#Znas&—l—ZFwnanﬁ—l—...
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(Quantum matter without quasiparticles:)

e If there are no quasiparticles, then

E#Znas&—l—ZFwnanﬁ—l—...
« o,

e If there are no quasiparticles, then

e

Tea = 7

S. Sachdey,
Quantum Phase Transitions,
Cambridge (1999)



(Quantum matter without quasiparticles:)

e If there are no quasiparticles, then

E #£ Znasa +2Fa5nan5 + ...
« o,

e If there are no quasiparticles, then

e

Teq — #kBT

e Systems without quasiparticles are the fastest possible in reaching local
equilibrium, and all many-body quantum systems obey, as I" — 0

h S. Sachdey,
T > C . Quantum Phase Transitions,
€q kB T Cambridge (1999)

— In Fermi liquids 7eq ~ 1/7%, and so the bound is obeyed as T' — 0.

— This bound rules out quantum systems with e.g. 7oq ~ h/(JkpT)/2.

— There is no bound in classical mechanics (A — 0). By cranking up
frequencies, we can attain equilibrium as quickly as we desire.



See also A. Georges and O. Parcollet PRB 59, 5341 (1999)
arX1v:1705.00117

Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models
Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents

£ U

H = E E Uzgkl a;Cm gazckazclx -+ L Ltzg xrx Cz , L ] x’

r 1<7,k<l

2U 2
NS

Uijki|* =

- |tij,x,x"2 — t(Z)/N



See also A. Georges and O. Parcollet PRB 59,5341 (1999)

arX1v:1705.00117
Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models

Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
Low ‘coherence’ scale
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$0O t/u =005 |
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See also A. Georges and O. Parcollet PRB 59,5341 (1999)

arX1v:1705.00117
Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models

Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
Low ‘coherence’ scale

_T/n/'(T/n)sat

P/psat
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10} e |
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See also A. Georges and O. Parcollet PRB 59,5341 (1999)

arX1v:1705.00117
Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models

Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
Low ‘coherence’ scale

_T/n/'(r/,«,-,)sat

""—p/psat

W t /U,=0.001

@0 t,/U,=0.005

ax Ijﬁ‘u’:ﬁ‘" N
oo For B. <1 <U, the
resistivity, p, and

\ entropy density, s, are




See also A. Georges and O. Parcollet PRB 59,5341 (1999)

arX1v:1705.00117
Title: A strongly correlated metal built from Sachdev-Ye-Kitaev models

Authors: Xue-Yang Song, Chao-Ming Jian, Leon Balents
Low ‘coherence’ scale

_T/n/'(T/n)sat

E,~ 10
U

For T < E,, the

P/psat

W t /U,=0.001

@0 t,/U,=0.005

V7 t,/YU,=0.0
A C .
.g DY resistivity, p, and
o | entropy density, s, are
[ 2
n T
' ' p = —|lcgt+ca| =
30 40 e E.
T
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\_ Ee Y




Infecting a Fermi liguid and making it SYK

« (Can we build a bridge between the O-dimensional SYK model and a more
conventional FS-based system?

M M N
H = —t Z (Ciicr’z’ + h.C.) — e Z c:[icm- — M Z f:zfm
(rr’y; i=1 r; 1=1 r; i=1
| N M | N
+ NM1/2 Z Z ggjklfiifrjcikc” + N3/2 Z J’ijlf:if:jfrkfrl-
r; 1,J=1k,[=1 r; 1,5,k,1=1
(a) |
——+—— —— A. A. Patel, J. McGreevy, D. P.
Arovas and S. Sachdey,
e {o appear...
Lo

See also: D. Ben-Zion and J.
McGreevy, arXiv: 1711.02686




Infecting a Fermi liguid and making it SYK

Nir—1)=-JG*(r — G — 1) — %92G(7‘ — G (Tt — G (' — 1),
Giwy,) = iwn+,u1—2(iwn)’ (f electrons)

Y(r -1 = -¢*°G(t — )G (r —7)G(1 - 1),

1
G (twy,) = .
(iwn) zk: o end . (i) (C electrons)

Exactly solvable in the large N,M limits!

* Low-T phase: ¢ electrons form a Marginal Fermi-liquid (MFL), f electrons are local SYK models

. 9 —1
, ig°v(0)T W 27T eVE W W,
Y (iwy, ) = 1 — :
(#n) 2.] cosh'/? (2m€)m3/2 ( T ( J ) T v (QWT) " 7T>
) —1
, ig°v(0) (\wnlew )
¢ (1w, — wy, In ,wnl>T (w(0) ~ 1/t)
(#en) 2.J cosh/?(27&)w3/2 J o)



Infecting a Fermi liguid and making it SYK

 High-T phase: c electrons form an “incoherent metal” (IM), with local
Green’s function, and no notion of momentum; f electrons remain
local SYK models
}I.\l

b)) "A
MFL g T .}
MFL

0 ® 0 ®
t > .J g > VitJ
Ce T Ve 27 ELT C T 1/2 T
c — _ —2nE.TT _ —2mETT () < )
G(7) V1 + e—4r€e (SiH(WTT)) ’  G) V1+ e 4re (Sin(ﬂ'TT)) ) 0= Tsh

rl/4 (1 - M Av(0) cosh(27€) )1/4 o cosh'/2(27&)AV/21/2(0)

— coshl/4(9 _
¢ = cos (Wg)Jl/Q N 27w cosh(27€,) 21/2Cg ’

(A~t, v(0)~1/t)



Linear-in- [ resistivity

Both the MFL and the IM are not translationally-invariant and have linear-in-T resistivities!

2

od T = 0.120251 x MT~1J x <Z§> cosh'/*(2n€). (vp ~ 1)

1/2
oM _ (1 12 8) % MT-1J x < A ) cosh™/“ (27 &)

v(0)g%? )/ cosh(2w&.)

[Can be obtained straightforwardly from Kubo formula in the large-N,M limits]

The IM is also a “Bad metal” with o < 1



Magnetotransport: Marginal-Fermi liquid

Thanks to large N,M, we can also exactly derive the linear-response
Boltzmann equation for non-quantizing magnetic fields...

(1 — 9uRe[Z5(w))0edn(t, k,w) + vk - E(t) ns(w) + vr(k x B2) - Vidn(t, k,w) = 26n(t, k,w)Im[S% (w)],
(B =eBa®/h) (i.e. flux per unit cell)

MFL ’0127”(0) >~ dE, o (B —Im[ZC (£1)]
oL =M= /_OO?SGC]“ (QT) Im[XS (B2 + (vp/(2kp))2 B2’
MFL __ vz v(0) dEy .o (E1 (vr/(2kF))B
on = M= /_m?SGCh (ﬁ) Im[X (B2 + (vr/(2kr))2B2

op  ~ T si((vp/kr)(B/T)), o =~ =BT *su((vr/kr)(B/T)).

sp.a(r — o00) o 1/2%, sp gz — 0) oc 2’

Scaling between magnetic field and temperature in orbital magnetotransport!



Macroscopic magnetotransport in the MEL

* et us consider the MFL with additional macroscopic disorder (charge
puddles etc.)

—_—
—
—_—
—_—

o

Figure: N. Ramakrishnan et. al., arXiv: 1703.05478

* No macroscopic momentum, so equations describing charge transport are
just

V- I(x)=0, I(x)=0(x) E(x), EXx)=-V&(x).

* Very weak thermoelectricity for large FS, so charge effectively decoupled from
heat transport.



Physical picture
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Figure 3 Visualization of currents and voltages at large magnetic field ina 10 X 10
random network of disks with radii 1 (arbitrary units), where the potential difference
U= —1V. The black arrows represent the currents, and arrow size depicts the
magnitude of the current. The major current path is perpendicular to the applied voltage
for a significant proportion of the time, which implies that the magnetoresistance is
provided internally by the Hall effect, which is therefore linear in H.

Current path length increases
linearly with B at large B due
to local Hall effect, which
causes the global resistance
to increase linearly with B at
large B.

Exact numerical solution of charge-transport equations in a randome-resistor
network. (M. M. Parish and P. Littlewood, Nature 426, 162 (2003))



Solvable toy model: two-component disorder

®B . . .
2800000300030000 ° Two types of domains a,b with different carrier
§§ densities and lifetimes randomly distributed in
b+ approximately equal fractions over sample.

e Effective medium equations can be solved

exactly
5% — g€\ 1 ot — e\ 1
<H+ 2t ) (0% — o) + (]H— 2ot ) (e® = 0%) = 0.
c__ o] V Bm)? (1aodiF — 3o} + 9292 (o + o)
PL = oS g2 — ’VQ%(O(%FLU%FL)UQ (0.18/CILFL n O.(l;gFL> ;
oy/B Ya + Vb

Py = _Uiz + o2 = T (U%FL T U%FL)' (m — kF/UF ~ 1/t)

Ya.p ~ 1" (i.e. effective transport scattering rates)

,0% ~ \/61T2 -+ CQB2

Scaling between B and T at microscopic orbital level has been transterred to global MR!




Scaling between Band T

0.0 0.8 1.6 2.4 T
3.0 A'z(’i T (B = 0.0025)
PL t/100

(T = ¢/100)

~50T(a=3.82A)



(Quantum matter without quasiparticles)

e No quasiparticle
decomposition of low-lying states:

E# >  Nea
+ 20 Fapnansg + ...

e Thermalization and many-body chaos in
the shortest possible time of order h/(kgT).

e These are also characteristics of black holes
In quantum gravity.



[ Magnetotransport in strange metals )

e Engineered a model of a Fermi surface coupled
to SYK quantum dots which leads to a marginal
Fermi liquid with a linear-in-1' resistance, with
a magnetoresistance which scales as B ~ T

e Macroscopic disorder then leads to linear-in-B

magnetoresistance, and a combined dependence
which scales as ~ B2 + T2

e Higher temperatures lead to an incoherent metal
with a local Green’s function and a linear-in-T
resistance, but negligible magnetoresistance.




