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Road map

* Introduction to spin/electron glasses with long range
Interactions (Coulomb):

* Pseudogaps and glassy behavior
» Theoretical mean field approach to electron glasses

* Physics of the glass transition and replica symyrateaking
 Solution and low temperature

* Temporal ‘RG’ flow, fixed points, and universality

« Connection with Experiments



Introduction

Glasses with quenched disorder

e Interactions + disorder— Frustration and glassy behavior

* No simple order, but randomly patterned “spin glass
order” in many different pure states

» Absence of order» no hard gaps, but soft pseudogaps

» Multitude of metastable configurations leads to dut o
equilibrium behavior and history dependence



Coulomb glasses . roiacaom

: : A. Efros, B. Shklovskii (1975
Anderson insulators with strong J.H. Davies, P.A. Lee,( )

electron-electron interactions T.M. Rice (1982,84)

Efros-Shklovskii model

2
H _lZ(n —V) (n —|/ angl n =0,1: Occupation of sites

215 5 on a given lattice
(\/ exp[ / 2}

Unscreened Coulomb Disorder P 8 -
interactions 2r\W

Neutralizing background charge



Coulomb glasses . roiacaom

: : A. Efros, B. Shklovskii (1975)
Anderson insulators with strong biEP Davies EIAY Lee

electron-electron interactions T.M. Rice (1982,84)

Efros-Shklovskii model
2
H :EZ(n —1/) (n —V) an n, =0,1: Occupation of sites

i%] f (7 on a given lattice
(\/ exp[ / 2}

Unscreened Coulomb Disorder P (¢ )= >
interactions Zal

Strongly localized electrons Classical problem with strong frustratipn

v=12 - §=n-12 «> Long range antiferromagnetic spin glass



|. Pseudogaps



Coulomb gap : Tunneling DOS
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Soft“Coulomb gap”in the density of states in the classical limit
2

Local fields: E = Z —n +(g — ) p(E):%Z::J(E—E,)
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Coulomb gap : Tunneling DOS
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Soft“Coulomb gap”in the density of states in the classical limit
2

Local fields: E = Z —n +(g — ) P(E):%Z::J(E_Er)

J¢| Kr

<€—> Mott insulator (charge ordered state): Hard gap



Vp(e)

Long range spin glasses (SK-model)

Sherrington and
Kirkpatrick (1975)

1 G. Parisi (1979)
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Il. Glassy behavior in electronic
systems



Electron glasses: Anomalous field effect

Indium-oxidesin,O,

Z. Ovadyahu et al.
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Electron glasses: Anomalous field effect

Indium-oxidesin,O,

indivm-oxide film

n=(10"-10%)cm™
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» Slow relaxation

-+ *Aging
« Memory

Z. Ovadyahu et al.
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Questions

 Why Is the Coulomb gap smiversa?
 How Is thepseudogajpelated taglassines?®
e Low temperatur@escription?

* Experimentaconsequences of the glass?




Review: The Coulomb gap

A. Efros, B. Shklovskii (1975)
Stability of ground state with respect to one m&thop

The density of states at the Fermi le 7O

el
must vanishat T = 0. % ._;LEI

E,
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Review: The Coulomb gap

A. Efros, B. Shklovskii (1975)
Stability of ground state with respect to one jp&thop:

The density of states at the Fermi leyel .~ g T°

+E2>r—

must vanish at T = 0. ._lEI £ %

I2

) i : _€ . o HE
Self-consistent argument: R == RE [jo p(E) dE<1

—> | Parabolic pseudogapD = 3. | [p(E)= CSt(K/ez)D ED-1

? Why is this upper bound saturated? ’?
- Why Is the gap so universal? .




Locator approximation for the
Coulomb glass

MM and L.B. loffe, PRL 2004
S. Pankov and V. Dobrosavljevic, PRL 2005
MM and S. Pankov, condmat - 0611021

Locator approximatiobbased on a systematic
diagrammatic technique.

> Glass transitiomlue tocritical fluctuationgn
the screening

» Marginal stabilityand its relation to the
saturated Efros-Shklovskii Coulomb gap.

» Low temperature universality




High T expansion

S. R. Johnson, D.E. Khmel'nitskii (1996)

Hamiltonian (Coulomb glass)|H :% (n —v)r (n —v) an

Particle hole symmetric case
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Partition function
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High T expansion

S. R. Johnson, D.E. Khmel'nitskii (1996)

Hamiltonian (Coulomb glass)|H :% (n —v)r (n-v)+ Zne

Particle hole symmetric case

Partition function

Z = Zexp{ 52
:J‘li_ldgpi{%:ex Zgo,(,B ) +Z(ﬁ§ +ig)s }

Iij

(99), 5+ pas |

Replicatrick  _gF =in[Z] = im Z'-1

n-0 n




Disorder-averaged <—

correlations

Glass transition |




Glass transition |
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Glass transition |
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Glass transition 11/l

Alternative views ofl : |I) Onsager back reaction

x": v ;
/\ L ™ ?'/_ \ql H/ .\ -+
VAR ANV I / ¥

Back reaction of environment ~ T

2
o= a2,

— Transition to collective, correlated state




Glass transition I/l

Alternative views ofT .. Il) Onsager back reaction

T eLre R
mkﬂ
Back reaction of environment ~ T -
2
(r)

& I
=| d 2 L=T
L -‘-O W ¢ Width of Efros-
— Transition to collective, correlated state Shklovskii gap!




Glass transition I/l

Alternative views ofT .. Il) Onsager back reaction

% K i
h, = J /\ — ',/
7 ﬂ}( Jﬂj J,;'ﬂ] K@
\f 7

Back reaction of environment ~ T -
2
(r)

& I
= [fgr 2\ ot
L -[0 W ¢ Width of Efros-

— Transition to collective, correlated state Shklovskii gap!

[Il) Local approximation (MF theory): Instability of
the highT (replica symmetric) phase

—> Continuous glass transition, same universality as th&RRiodel.



Properties of the glass phase

» Large number of pure states Difference between = Sgpesre—o s

field cooled, and zero field cooled compressibilityy " - -
K, D-Dié- ZFC (RSB) | 1 e
 Broken ergodicity : Al w o]
U'UDIE_ - X et _i- (RE)
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Properties of the glass phase

» Large number of pure states Difference between f= =+ F @
field cooled, and zero field cooled compressibilitg "/ ©
* Broken ergodicity : Sk m__ew |
L S N
« Marginal stability o el G T |
0.01 0.1
T

—> Widely spread charge response (screeningy, |n =n)~(n;) O 1

ra
> Detectlass phase by non-oca charge fesporse

—> The system ipermanentl\in a critical (almost unstable) state
with excitations down to zero energy.

—>

E _




Below T.: Locator approximation

M. Feigel’'man, A. Tsvelik (1979)

A. Bray, M. Moore (1979)
BJ
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Below T.: Locator approximation

M. Feigel’'man, A. Tsvelik (1979)

BJ. A. Bray, M. Moore (1979)
§
(00,)= —I—=—+—{E>
= —¥=— + —>—®—)—+—>®—)—®—)—+

o 0, O, (.

Local self-energy with non-trivial replica structure

Zab (k): Zab

Map to an effectivaeingle-site modelith a
selfconsistent self-energy(“local field”).




Mapping to a single-site model

ms)=A 350 Tse

i# ]
2
— )= Ly e, w)e
a,b
—2 Resummation of all diagrams with local self-energies.

Self-consistency of the couplinfy,,

Qus E%Z(SLSQH =(S:8),,

—> Exact for SK spin glass, controlled approximation@b-glass.



Replica symmetry breaking (RSB)

G. Parisi (1979)
Effective single site problem: How to break replsggnmetry?
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Replica symmetry breaking (RSB)

G. Parisi (1979)
Effective single site problem: How to break replssanmetry?

Ultrametric hierarchy of

i x replica clusters— T=T,
I Valley structure in energy W
landscape. Exponential T<Ty
distribution of energies
P(F.) O ex+x AF,]

n-=o0 Continuous RSB: A\, — /\(X)

Dynamical H. Sompolinsky, A. Zippelius (1981)
Interpretation:
Hierarchy of
time scales

t <<t <<t <<.<<t, <<t <<t

micro

K - o0
1 >%x > X, >...>2X%X,>% >0



How to solve the single site problem

il
_ :

Hierarchy of  t, <<t, <<t <<..<<t, <<t <<t
time scales 1>% >X%X,>..>X%X >x >0

Parisi (1979)
Duplantier (1981)

Average magnetization of a spin on time (x x(t) y)
- , Sommers, Dupont (1984)

scalex in presence of a frozen field

Distribution of frozen fields on times P(x = x(t), y)
scalet, (= Density of states at x=11!) ’
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il
_ :

Hierarchy of  t, <<t <<t <<..<<t, <<t <<t
time scales 1>% >X%X,>..>X%X >x >0

Parisi (1979)
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Average magnetization of a spin on time (x x(t) y)
- , Sommers, Dupont (1984)
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How to solve the single site problem

il
_ :

Hierarchy of  t, <<t <<t <<..<<t, <<t <<t
time scales 1>% >X%X,>..>X%X >x >0

Parisi (1979)
Duplantier (1981)

Average magnetization of a spin on time (x x(t) y) : )
— , Sommers, Dupont (1984

scalex in presence of a frozen field

Distribution of frozen fields on times P(x — x(t), y)
scalet,

Selfconsistency

Temporal ~ P(x¥)= M[P" -2xB(P'm+Pm)] Q)= [ dyP(x y)m?(x.y)

flow 2 A(x)= A{Q(x)}

equations  m(x,y)= - %[m + 2x6mm] a




Analysis of the single site problem

Free energy per replica on time scala
presence of a frozen field

exalxo(x¥)]= 3 v yo® 230, (h - Ao, + 43, v,

o,=%1 ab=1

Iteration fromx — X-Ax — “temporal” flow equation

#(x,y)= [¢ +x¢"]

Mean occupation/magnetization

mlx y)= ¢ (x y)=(s),



Results: Temperature Evolution
of the Coulomb gap

wewoejz oL

P(y. T)
0.04

!




Results: Low T scaling

Continuous replica symmetry breaking

<—> Marginal stability

Excitation spectrum around local
minima extends down to zero




Results: Low T scaling

Continuous replica symmetry breaking W=2e’/2a o 1005>T > 001
I-Pl=.,T
- r
<—> Marginal stability )
Excitation spectrum around local .
minima extends down to zero . /
1
D 4
-6 -4 -2 2 4 6 T

—> Universal Coulomb gap at low T

P(y)D % T?W (y/T) AT
P(y)Oy*fory>T




Results: Low T scaling

Continuous replica symmetry breaking W=2e’/2a o 1005>T > 001
I-Pl=.T
- T‘
<—> Marginal stability )
Excitation spectrum around local ’
minima extends down to zero 2
1
6 -4 -2 > 1 6 7T
—> Universal Coulomb gap at low T
= w=1o¢/2a .  |ESEEEON
P(y)D G T/W(y/T)
/
> 4
P(y)O ¥ for y>T :
General intera&t'ons: \ ? /
J(r)Oa/re ! o
_ _ 2— Dla-1 N - 2
D dimensions -6 -4 2 2 4 6l




Results: Independence of disorder

3D Coulomb glass

Independence of disorder at low T!

W=210

-15 -10 -5

W =2¢€?/2a

.
N|=
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Why Is the low T behavior so
universal?



Fixed point in flow equations:

Selfsimilarity in dynamics

Rewrite temporal flow equations in natural variable

X - a=x=1T, (Sompolinsktimeoreffectiva)
y - z=Xy=Yy/T,, (Locafield)

P(a 2)= (8 P(x y=2//)

M(a, z)=m(x,y =7/ )

nkov (2006)



Fixed point in flow equations:
Selfsimilarity In dynamics

S. Pankov (2006)
Rewrite temporal flow equations in natural variable
X - a=x=1T, (Sompolinsktimeoreffectiva)
y - 2= fxy=y/T,, (Locafield)

P(a 2)= (8 P(x y=2//)
M(a, z)=m(x,y =7/ )

o
— 5 | ad,m(a,z)=-zm -2 A@)

)
o0, 3(a.2)= 25~ 4+ 2@
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Like RG In timeal




Fixed point in flow equations:
Selfsimilarity In dynamics

S. Pankov (2006)
Rewrite temporal flow equations in natural variable

X »>a=x=1UT, (Sompolingkimeoreffectiva)
y - z=By=y/T,, (Locafield)

P(a 2)= (8 P(x y=2//)
M(a, z)=m(x,y =7/ )

»
— 5 | ad,f(a,z)=-zm -2 ’; (@) [ + 2]
y
o0, 3(a.2)= 25~ 5+ T @ - o(m+ i)
a’A(a)/2 - c; m(a, z) — m*(z)

Like RG In timeal




Fixed point in flow equations:
Selfsimilarity In dynamics

MM, S. Pankov (2006)

m(a, z) - m*(2) B>>a= B, >> B,
plaz) - p*(2)
Consequences

 Disorder independencd-ixed point (short times) independentgf
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Fixed point in flow equations:
Selfsimilarity In dynamics

MM, S. Pankov (2006)

- m*(2) B>>a= B, >> B,

Consequences
 Disorder independencd-ixed point (short times) independentgf

- Selfsimilarityof time —5(m ) = [ dya(m~m(x, y)) P(x, y) = L p*(m)
averaged magnetizations X

« Generalization of the R(t’t,):ﬁaC(t,t') - R(t,t'):ﬁx(c)ac(t’t')
fluctuation-dissipation ot’ ot’
relation: Exacfor B= Lot = XB

every X(Sompolinsky).

e Local meaning o Time-averaged magnetization.m(X, y)= m* (Y/ Teq (X))
Function only ofy/T



Summary of theoretical results

~Te ~ /WD

Electron liquid

iversal low T regime

\\\ '




Connection with Experiments

Aging



Electron glasses: Relaxation and aging
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Electron glasses: Relaxation and aging

Indium-oxidesin,O,

Z. Ovadyahu et al.

indium.oxide film n= (1019 —1021)cm‘3

J—

Sio, cover.glass

Gold film
1.0 .
I* L] 'l"l'l
o i " 180
1
L] 1
m l g —
= 08 i i U'
% 1 + ﬁG
. i i 40 m‘:
e 1 2
L) N W =
0.2 i
0 : &HH_
1 1 10
0.0 prmmrmy P — e
150 0 150 300 450

A. Vaknin et al., PRB4, 3402 (2000)

AGIG (%)

10

tulsed

——3032
S—— T

——130
—+—37

10° 10’ w' 10’ 1’ w'
t (sec.)

10

AG(t, ) = W(t/ta)

10

Simple aging!
1EI]‘ 16‘ 1[IJ" 1£]" 1o 10°
tt,



—

Connections with experiment?

* Aging: Properties of slow relaxation and simple aging

M
T,
LD T
(LR ’
¥ ""\-:-_iﬂ"'\

tulsed

— 022
i TA0
——130
—7

Z. Ovadyahu (2006)
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Connections with experiment?

* Aging: Properties of slow relaxation and simple aging
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Connections with experiment?

* Aging: Properties of slow relaxation and simple aging
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Z. Ovadyahu (2006)
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Aging on a Parisi tree

J.P. Bouchaud,
D. Dean

Trap model
O 06 ®6E

Y
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J.P. Bouchaud,
D. Dean
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Aging on a Parisi tree

J.P. Bouchaud,
D. Dean

Trap model —> |AGO(t, /t+t,) t>t
OO OOE

T Ty, T3 T Ts T

W

P(F) = expl-x5F)

7, =exp5F) a1 0

_ |5(1)Di X .= 08| (3D Coulomb)

1+x
T




Aging on a Parisi tree

J.P. Bouchaud,
D. Dean

Trap model AGO(t, /t+t, )™ t>t,
OROROJORO © Z. Ovadyahu (2006)
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Conclusions

Low T analysis of the Coulomiplassphase:

— Marginal stability - prediction of collective soft
modes

- Saturatiorand universalityof the Coulomb gap
- Selfsimilarityin temporal evolution
— Relation with functionaRG?

- Prediction foraging




