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The Big Bang - hidden universes

Stock market crashes Elementary particle collisions

What can physics tell us about stock market crashes, D.M. TEDx, Dec. 2013
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Problem (& opportunity): The access-time gap between memory & storage

Access time...
(in ns)

CPU operations (1ns

Get data from L2 cache (<bns)
Get data from DRAM/SCM (60ns)
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WHAT IS THE
PSEUDOGAP? .csen

pre-formed pairs? pre-formed SC? a vortex state!
stripes! CDWs or Friedel oscillation?
Dynamic or static inhomogeneity? Bulk or surface? lonic or
electronic origin? Magnetic order?

Or is it just a red herring?! (FL theory applies.)
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Fermi surface instability, Mott physics (Coulomb repulsion), and strain

STM, REX Theory
. I Joetoodoctootood | R— k0 e-p coupling
Oxides e G i
X MO AN [: = localised charge
O O &
N0 3 N N | " m Bed —_uncharged
ey — S f—
.ol oo ee = -I.I =
20O M NOK Hal=—r=_
Fujita et al, PNAS (2014)
T. Mertelj et al., PRL, 147003 (2005), PRB 76, 9 (2007).
1T-TaS:,
no AF order X localised charge (polarons)
~» ~ uncharged (delocalised)
B. Sipos et al, Nature Materials 7, 960 (2008).
I.Vaskivskyi (to be publ.)
TbTes

Fang, A.,PRL 99, 046401 (2007).

FS nesting?
or
k#0 e-p coupling?




“Cosmic Quench” experiments

“Cosmology in L*He”, Zurek (1985)

Optical experiments :

* offer high temporal resolution
(easily to 7 fs)

* flexibility in probe wavelengths
(THz - UV)

* we can probe the symmetry of
different states

Other experiments : Voo st Moty
* TR ARPES : Martin Wolf’s group,Alessandra Lanzara’s group, {
Z.X.Shen, Uwe Bovensiepen’s group, Luca Perfetti’s group...

* TRED :Jure Demsar &co., Dwayne Miller’s group
e TR XRD, TR XPS...




The response of the probe in all-optical

Analyser
l

Pump

Destruction
pulse

probe

Toda, Y. et al. PRB 90, 094513 (2014)

experiments

|. Photoinduced absorption (PIA):

- PIA 4
R I The polarisation selection
ha)pr rules are determined by
hwp | the dielectric tensor
11>
0 >

1. Kabanov, V., Demsar, J., Podobnik, B. & Mihailovic, D. Phys Rev B 59, 1497—-1506 (1999).

2. Dvorsek, D. et al. Phys Rev B 66, 020510 (2002).
3. Mihailovic, D., et al,., J Phys-Condens Mat 25, 404206 (2013).

2. Coherent Raman-like (CRS) process:

The polarisation
selection rules are
governed by the Raman
tensor Y

1. Garrett, G., Albrecht, T., WHITAKER, J. & Merlin, R. Phys Rev Lett77, 3661-3664 (1996).
2. Stevens, T. E., Kuhl, J. & Merlin, R. Phys Rev B 65, 144304 (2002).

CRS and PIA probe processes can be distinguished by polarisation selection rules



PHYSICAL REVIEW B 90, 094513 (2014)

Rotational symmetry breaking in Bi,Sr,CaCu,0g,; probed by polarized femtosecond spectroscopy

Y. Toda,! F. Kawanokami,! T. Kurosawa,>? M. Oda,? I. Madan,® T. Mertelj,> V. V. Kabanov,? and D. Mihailovic®
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Temperature dependence of different
symmetry components, A1g, B1g and Baog:
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where

F=aU?+ 80+ HU

The Ginzburg-Landau equation for a superconductor:

3 1 |
F = Fy+alp]” + §|¢|4 + %\(—@hv — 2eA)Y|?

PHYSICAL REVIEW LETTERS 19 OcToB

LUME 13, NUMBER 16

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

Lagrangian density, includes K.E. term

k k /B *k
L(p) = Oup™ "¢ — ap™p — T ¢ ol?

Complex order parameter

U =A '

fa

a=ao(T —1T,) °

J. Phys. A: Math. Gen., Vol. 9, No. 8, 1976. Printed in Great Britain. © 1976

Topology of cosmic domains and strings

T W B Kibble
Blackett Laboratory, Imperial College, Prince Consort Road, Lon
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2. The phase transition

Although our discussion will be quite general, for illustrative purposes it is convenient
to have a specific example in mind. Let us consider an N-component real scalar field ¢
with a Lagrangian invariant under the orthogonal group O(N), and coupled in the usual
way to 3N (N ~ 1) vector fields represented by an antisymmetric matrix B,. We can take

L=%D,¢Y —3g° (6> —1* +4Tr(B,,B*) (1)
with
D#qb = au¢ - eB“¢

By.u = avBy. _ap,Bv + e[By., Bv]-




The quench through T

“Free”
trajectory

2 - —
/ .

¢ t =100 ps
t=3ps

/
~

/ :) “Constrained”

trajectory

%

Higgs mode osc. period: 211/ ~ 0.1 ps
Quench time: 79 = 0.1 ~ 30 ps
R d T Ginzburg-Landau time: g1, = 1/Ag = 0.1 ~ 5ps




Laser vaporisation of the
superconducting condensate

| Single particle The SC condensate is
(electron) energy vaporised in less than | ps

relaxation via boson

(phonon) emission

SE - )
¢ tp~1ps
Laser )
“pump” pulse Bosons destroy pairs,

N— creating QPs D N

1. Kusar, P.,, Kabanov, V., Demsar, J. & Mertelj, T. Controlled Vaporization of the
Superconducting Condensate in Cuprate Superconductors by Femtosecond Photoexcitation.
Phys Rev Lett 101, 227001 (2008).

2. Stojchevska, L. et al. Mechanisms of nonthermal destruction of the superconducting state and
melting of the charge-density-wave state by femtosecond laser pulses. Phys Rev B 84,
180507(R) (2011).



Transient reflectivity

Analyser
1 = \, . SC
o)
=
24 @
¥ o
2 =
X
k Destruction % 1 4
pulse
probe
U ;-||| N N A N | |'.||||T|-|_ |$‘||||||| ;
0.1 1 10 100
AL, [ps]



Superconducting gap recovery: QP
recombination time compared with
reflectivity amplitude

o S At , [ps]
Quasiparticle recombination time ’ 10 100

1/Top ~ A(t) [ / Gap recovery

SC R j &Hﬁﬁ%ﬁﬁ

. 0.10- || “ .'4'/%} tlme) o Order parameter

Laser
“pump” pulse

No Higgs oscillations observed in As(t)!



Modelling of superconducting
state recovery:

o B = ()
Diffusion: 0Tp(t,s) DT laser beam \Q’
— .
ot _ >\
Photoexcited a7
electron energy .7, (H" = —v.(T. = Ty) + P(t)
loss: .
dT -
CL(T)d—tL =v.(Te —171) .



Basic TDGL equation: %% — o, (.2 — ufu? + V0 +

,.F(Z) > ./TT;
/TC ,.F(Z) < Fr.

Boundary conditions: w<072>—{(()1 £ ¢+ /T=T(0,5)

F.udlem®
a) | o a5 500 W .
o) o Rapid quench
M

} Slow quench

A, [norm ]

Doesn’t work very well!
& i =



Basic TDGL equation: %% — o, (.2 — ufu? + V0 +

{O ,F(z2) > Fr;

Boundary conditions: v0.2= Nz —-n) im0 577 Fe) < Fr.

Entroducing fluctuations for t < 0 (Volovik, 2000)j

Y(t = 0) = Kz
1.0
F, udiem? L ’
N 3'5 0~"0 .\ Rapid quench
0.8 4 - .
12 _E?u,l— _&_.ﬂ_.ﬁ.ﬁ
o 18 |
24
— 0.6- - 34 Slow quench
£
o ‘
2 <
Q 04 -
<L
0.2 5
% ) bt }‘_L):I##}f
U.D -.I.:‘ T ..I:fl Lr ::} — T T T T 1 1T 11 | T T T T T T 11 |
1 10 100
At . [ps]

Pre-existing order:a much better fit

1— G. E. Volovik, Physica B 280 122-127 (2000).



Kibble-Zurek mechanism: Evidence for vortex
formation and annihilation on 10 ps timescale

Laser spot size: d = 60um

Coherence length: &| ~ 2nm

Regions are causally unconnected and evolve
—_— independently after the quench which causes the
/ ) formation of topological defects.
laser beam | \d |
/—_—’ g
1.0 4

Rapid quench

F. wiem’ 0 o000 60—

Slow quench

\/_/\/_/

Age [norm.]

[].D ..I:: T ..I.'I...i.a T T T T T 1T I T T T T T 1T I
1 10 100

At . [ps]

3, '@ i erc Mihailovic et al., ] Phys-Condens Mat 25, 404206 (201 3).




Vortices created in the quench
annihilate on a timescale of 10-30 ps

Experiment Theory calculation

4 6 8 10 12 14 4 6 8 10 12 14
Fluence[uJ/cm’] Fluence[uJ/cm’]

Laser spot

33: V ﬁ i D. Mihailovic, T. Mertelj, V.V. Kabanoyv, and S. Brazovskii, | Phys-Condens Mat 25, 404206 (201 3).



TbTes

94’95, Fisher ’05,08

DiMasi
400 'b — T, : T 100
- m ]
( ) - TCDW1 Gdﬁ 1
: o COW2 : _ 80
300 f ’ Tl" s Dy .
! e Ho '
| —a— Er 160
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200F o ] £
§ 140"
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Lattice parameter a (A)

4.32

Yusupov, R. V., Mertelj, T., Chu, J. H., Fisher, I. R. & Mihailovic, D. Single-Particle and
Collective Mode Couplings Associated with 1-and 2-Directional Electronic Ordering in
Metallic RTe3 (R=Ho,Dy, Tb). 101, 246402 (2008).

The tritellurides are layered, strongly 2-
dimensional metals with an orthorhombic
(pseudo-tetragonal) crystal structure

Cmca (D2n)

They exhibit a purely electronically driven
2nd order incommensurate CDW

transition at T¢; = 230~330K

An AFM state exists at low TN, some
compounds exhibit another transition at
low Tc.

A Superconducting transition exists with
Tc = 3.5 K under a pressure of 75 kbar.




The system trajectory: TDGL theory for a CDW

Serguei Brazovskii, 2010

The energy of the system can be described in terms of a time-dependent Ginzburg-Landau functional':
F =(@y* + pv* + HY

where instead of the usual temperatiure dependence (7 - 7¢), the first term is_time-dependent:

\“The quench process”

The equation of motion is obtained via the Euler-Lagrange theorem :

1 0° a 0 0?
A+ ——A-(1-nA+4A° A=
w? Ot? " wo Ot (L=mA+ S 072 !

The order parameter, Y () = A(t)ew(t)

T Phase fluctuations are assumed to be slow.

Yusupov, R. et al. Coherent dynamics of macroscopic electronic
order through a symmetry breaking transition.
Nat Phys 6, 681-684 (2010).




The predicted optical response of the
collective mode

Destruction
(D)
Detector
Pump (P)
J, Probe (p)
—A
< > < > >
At 2! At23
Ap?(1)-Apr (1)
/
/\/\ AWAWATA
3\/ \/ 4 VARV
t [ps]
< /\/\,(_ADP(l‘)

The reflectivity, AR (1) o (8—R> A€ x /[A%P(t, r, Aty) — A% (t,1r)]e **dr.

Oe




The transient reflectivity AR/R after a
quench at At,=0

QP peak Raw data ThTes

6 v AL (ps):
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Quasi-particle (Fermion) kinetics:
gap recovery

Gap recovery

P k
X Rea\\\

At (pS) At12 [pS] At12 [pS]

. time after quench—  Rejaxati
The time-dependence of AR/R during | ti;ZX::CZT,ery

the recovery of : 1
T X —

L/ (@) +T(#)/2) A

OR/R x
L+ B\/2T(t)/]4(t)|exp[— [ (t)]/T(t)]




The collective mode (boson)
spectrum as a function of time after
quench

Time after quench At [ps]

The most obvious feature:
oscillations of intensity of the collective mode




Order parameter calculatlon

The eq. of motion:
0” a O 0?

A A A—(1-—mA+A° - A=
wg Ot? wo Ot (L=m)A+ ¢ 072 !

Calculated A(z,¢) after quench:

3

K
N

S iy
éz Annihilation event

/
/

-
‘\‘//7 A- waves ==

A(t, z) 0

Experimental parameters:

destruction pulse

TQp = 650 fs | and pump-probe
w0/27r = 2.18 THz laser beams
n=2

a=20.1




Order parameter dynamics:
TDGL theory vs. experiment

Experiment

g .,r"~ T T N et O v - —
LAY A T R

W W\

T e @) @ ) e e D —
- _ i\ e U e S U

0 5 10 15 20
Time, At [ps]

Theory predictions: Experimental observations

Oscillations of A or |Y] Intensity oscillations
Critical slowing down

(Collective mode softening) Softening of W
Domain annihilation

VY field (Higgs) waves Distortions in (0-t spectra




Incoherent topological defect dynamics:
collective mode broadening for At;; > 7 ps

N

AR e —————— AM
@éz; = memt mmmmme|

—0O— sample #1 ]
—©— sample #2 ]

Yam Y am DM (THz)

0_0- e

Mertelj, T. et al. Incoherent Topological Defect
Recombination Dynamics in TbTe_{3}.
,:: V Phys Rev Lett 110, 156401 (2013).
a



Topological defect
dynamics: timescales

| ~5 ps: Coherent defect annihilation

0 1 2 3 4 5
Time At [ps]

~5-30 ps:incoherent .. =il <5 os to > | pis:
(intrinsic) dynamics: E / \ﬂv/\u\j\ extrinsic defect-
Z .~ related dynamics
(ps;d?F



The competing states of | T-TaS, °“83_}§3?g°
under equilibrium conditions > %38.°
o Js d§ J& ®

Resistivity of I T-Ta$S;

Mott state
E
Honeycomb structure Tecow & Mott |C
(Commensurate CDW phase) NC
C
| —q
qr dve  9c
7-NCCDW
7-ICCDW
1(')0 2(')0 (')0 460 560 The polaron in I T-Ta$;

. |12 xTa

domain walls .




p (€ cm)

Pressure:

100

101

10-2

103

104

Other nearby states in | T-TaS,:
Superconductivity under pressure, or Fe, or Se

I

T
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T T
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T(K)
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200
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doping etc.
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Superconductivity
| |

10

Sipos et al (Nat.Mat. 2008)

Fe doping:
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Li et al. EPL 2012




nature

superconductor

Darius H. Torchinsky'", Fahad Mahmood'?, Anthony T. Bollinger?, lvan Bozovi¢? and Nuh Gedik'*

6~7 nm

: LETTERS
materlals PUBLISHED ONLINE: 24 FEBRUARY 2013 | DOI: 10.1038/NMAT3571

Fluctuating charge-density waves in a cuprate

La1.9Sr0.1CuOy
043
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[a'd
N
] 15K
35K
001 y=010
| | | | | | |
0 2 4 6 8
Time (ps)
500 A
1T-TaS:>
| NC state @ 200 K upon cooling
<.Ioo \
T 04 NC state @ 320 K
% hd g
T IC state @ 370 K
-500 -
yi
i rrrrrrrrt/77 ! | ! | ! | ! | ! |
-101 234 10 15 20 25 30




Emergence of broken symmetry in real
time BiSCO-2212-O

1.0,
= |
—
E
205}
g : :
v oscillations!
N
O0m ©* °
0.1 1 10 100
<4— Phase transition att = 0. t (pS)

D-P

Toda, Y. et al. PRB 90, 094513 (2014)
Toda, Y. et al. PRB 84, 174516 (2011).



The evolution of SP lifetimes
through the “transition”

CDW transition in TbTe3

PG state in Bi2212 UD h

400 T v T Tv v T T T T 100
(b) . COW1 g S
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arXiv cond-mat.str-el, (2014).

Torchinsky, D. H., Mahmood, F., Bollinger, A. T., Bozovi¢, I. & Gedik, N.
ae Fluctuating charge-density waves in a cuprate superconductor. Nat. Mater. 12,
3% 387-91 (2013).
a



Temperature [K)

Separating pairing from quantum phase
coherence dynamics above the
superconducting fransition by

femtosecond spectroscopy Andlyser

l. Madan', T. Kurosawa?, Y. Toda®, M. Oda?, T. Mertelj', P. Kusar' & D. Mihailovic'

l

Madan et al., Scientific Reports 4, 5656 (2014)
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Phase coherence and SC gap formation are distinct
processes which occur on different timescales.

Madan et al., Scientific Reports 4, 5656 (2014)
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Conclusions

® nanoscale physics unavoidably involves
topological defects in cuprates and
dichalcogenides

® the PG state is a result of carrier
localisation, not a proper CDW phase.

® phase coherence and pairing gap are

separable in time-domain (distinct from the
PG)



Ultrafast memory

Switching to a hidden topologically protected state




Switching to a hidden state in [ T-Ta$, :
Resistance change after a (single) 35 fs pulse

B

Laser & Electronics

| T-TaS; single crystal, ~100 nm thick.
Au contacts by laser lithography (LPKF LDI).

\ A/: contacts

/

I T-Ta$S;

Laser pulse
35 fs (800 nm)

‘ AYAAAS \

1) =i
Soe @’ ﬂ erc | Stojchevska et al. Science 2014;344:177-180

Resistance, Ohm

Resistance, Ohm

Igor Vaskivskyi
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| T-TaS,;: Collective mode 5W|tch|ng
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Switching by an ultrafast current
source

35fs 100 ps

— lan Mihailovic

Transmission line

(80 GHz) 1T-Tas;

i

m -
io | ]@7 Contacts (Au/AuPt)

e
— Substrate (sapphire)

GaAs MSM
(30 ps)
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Photo’doping” and ordering of
voids

The addition of a h+ to the C structure annihilates a polaron, creating a void.

A
E

h+

MQT v

Polaron annihilation
by photoexcited hole

Domain walls

} AVAAAS \ L Stojchevska et al. Science 2014;344:177-180




10" +2, MQTD optical
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Temperature (K)
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Laser
il _SC_

, T
norm

norm

(AR/R)

0.14 0.190.21

Hole doping

]
gt ® SC recovery
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\
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\
‘e
\
\
®e
\
o A ~
T -~ Calculated temperature
OO pm Bi-2212 OP
I [ L1 I [ L1 1 1 I
0.1 1 10 100

<€4— Phase transition att = 0.

t, . (Ps)

Toda, Y. et al. PRB 90, 094513 (2014)

Madan, I. et al. to be published (2014)

Emergence of broken symmetry in
real time BiSCO-2212 (UD-OP-OD)

Ultrafast carrier localisation in the PG state
not proper CDW
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Phase coherence and pairing timescales vs. T
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