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Phase transitions in every-day life
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—> transitions in time-domain ............ (2013)



l. Dynamical quantum phase transition
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For t < 0 we assume the system Hj to be in its ground state:
H() |‘I’0> — Eg |‘Il()>

Next, at time ¢+ = 0, we impose an abrupt change (quench):
Hy — H
Schroédinger equation i% |®(t)) = H|®(t)) implies for t > 0:
MOMET L
Fidelity (similarity) of these states is:

(Wo| W (1)) = (Wole ™|, )

Loschmidt amplitude
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Idea: M. Heyl, A. Polkovnikov, S. Kehrein, Phys. Rev. Lett. 110, 135704 (2013).

Partition function Loschmidt amplitude
Z = <e_BH> <\If(,|e—ifﬁ|\110>
where Loschmidt echo L(#)
1 n 2
- L(t :‘<\11 e_’tH\Il>‘
B kT (£) ol |Wo
Free energy F(T) Return rate A(#)
Z(T) = e PFD L(t) = e N®
Critical temperature T, Critical time t,

nonanalytical lim F(T) nonanalytical lim A (%)
T—T, t—t.



CRITICAL TIME
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At critical time £, the rate function A\(#) of the Loschmidt
echo L(t) = e~N*® exhibits a nonanalytic kink.



ANALOGY TO QUANTUM-PHASE-TRANSITION
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Loschmidt amplitude probes the ground state manifold
of the initial Hamiltonian (energy density at € = 0).



A few examples ...



SU-SCHRIEFFER-HEEGER MODEL

Quasiparticle spectrum of the SSH model under stationary conditions.

H=—1Y [(1+667)& &1 + he]

J
[ N. Sedimayr, Acta Phys. Polon. A 135, 1191 (2019) ]



QUENCH DRIVEN TRANSITION
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[ N. Sedimayr, Acta Phys. Polon. A 135, 1191 (2019) ]



QUENCH OF TRANSVERSE FIELD h
Post-quench return rate of the Ising model (g = h/])
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solid red line - across a phase transition (g, = 1)

dashed green line - inside the same phase
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SOME REMARKS

Dynamical phase transitions usually occur:

—> upon crossing phase-boundaries

(there exist exceptions from such tendency)

—> at equidistant critical times

(in most cases, though not always)

—> at finite temperatures
(however, they are not sharp)



EXAMPLE OF EXPERIMENTAL REALIZATION
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Dynamical ferromagnet to paramagnet transition of trapped ions.



Observability in finite-size systems



TRANSITIONS OF FINITE-SIZE SYSTEMS
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Schematic view of "Fisher zeros'" obtained for the Loschmidt
amplitude <\Ilo|e‘iZH|\Ilo> in the complex plane z = t + iT.

Marcus Heyl, Rep. Prog. Phys. 81, 054001 (2018).



ISING MODEL: DQPT OF FINITE-SIZE SYSTEM
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"Local measures of dynamical quantum phase transitions"
J.C. Halimeh, D. Trapin, M. Damme & M. Heyl, Phys. Rev. B 104, 075130 (2021).



SIMILAR IDEAS

"Exact zeros of the Loschmidt echo and quantum speed limit time

for the dynamical quantum phase transitions in finite-size systems"
B. Zhou, Y. Zeng & S. Chen, Phys. Rev. B 104, 094311 (2021).

"Finite-component dynamical quantum phase transitions"
R. Puebla, Phys. Rev. B 102, 220302(R) (2020).
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BULK SUPERCONDUCTOR: PROPERTIES
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ELECTRON PAIRING

BCS (non-Fermi liquid) ground state :
IBCS) = H <uk + v E,tT ET_N) |vacuum)
k

|vk|?> = probablity of occupied states (k 1, —k |)
|ux|* = probablity of unoccupied states (k 1+, —k |)
Bogoliubov quasiparticle = superposition of a particle and hole
Yo = by +vke
A = —wb +wmely

Charge is conserved modulo-2e due to Bose-Einstein condensation of Cooper pairs
A _ ~ ~ 7 ~f
Y+ = UkCrpr + Uk quoC_u

’A)’iu = —0 b;:o Cret -l-uk&T_u
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Quasiparticle spectrum of conventional superconductors
consists of two Bogoliubov (p/h) branches, ga round Er
= : :

iinergy (fne\f)
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H. Matsui et al, Phys. Rev. Lett. 90, 217002 (2003).

Coherence factor
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Ln
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In all superconductors the particle and hole degrees of freedom
are mixed with one another (this is particularly evident near Er)
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PARTICLE VS HOLE

Let us consider the interface of metal N and superconductor S

)\ S

where incident electron is converted into: Cooper pair + hole.



Dynamical effects in bulk superconductors
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EVOLUTION OF BCS STATE

Evolution inside the paired state:

BCS(1) = [[ <uk(t) +ou(t) &, &t ¢) |vacuum)
k
where vy (t) and u,(t) have to be determined, solving e.g.
the time-dependent Bogoliubov de Gennes equations.

Loschmidt echo

L(t) = ) [u; (0)ux(t) + v} (0)vk(t)]

For a comprehensive analysis and useful references, see:

"Loschmidt echo of far-from-equilibrium fermionic superfluids”
C. Rylands E.A. Yuzbashyan, V. Gurarie, A. Zabalo, V. Galitski, arXiv:2103.03754 (2021).
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POSSIBLE SCENARIOS

Dynamics of the paired fermions can be observed:
—> upon traversing the Feshbach resonance
—> using the time-resolved ARPES

—> by time-resolved X-ray absorption spectroscopy

D.R. Baykusheva et al, arXiv:2109.13229 (2021)

Cu 3d,2_



Superconducting nanostructures



HETEROSTRUCTURES WITH SUPERCONDUCTOR(S)

normal metal (N) - quantum dot (QD) - superconductor (S)

J. Estrada Saldana, A. Vekris, V. Sosnovtseva, T. Kanne, P. Krogstrup,
K. Grove-Rasmussen and J. Nygard, Commun. Phys. 3, 125 (2020).



HETEROSTRUCTURES WITH SUPERCONDUCTOR(S)

superconductor (S) - quantum dot (QD) - superconductor (S)

(a) = H1um

(

L
©) m=gn

tunnel junction
[ 120 nm Al
AlOx

| I— : Pd/Al [S-NbAI|: Pd/Nb/Al

\
carbon nanotube

R. Delagrange, R. Weil, A. Kasumov, M. Ferrier, H. Bouchiat, R. Deblock,
Phys. Rev. B 93, 195437 (2016).
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PROXIMITY EFFECT: BASIC ISSUES

® Coupling of the localized (QD) to itinerant (SC) electrons induces:

—> on-dot pairing

® This is manifested spectroscopically by:

—> in-gap bound states

® originating from:
— leakage of Cooper pairs on QD (Andreev)
—> exchange int. of QD with SC (Yu-Shiba-Rusinov)
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IN-GAP STATES

Spectrum of a single impurity coupled to bulk superconductor:

p(w) 5
v strong coupling I'g
o2
p(®) -A 0 +A
weak coupling I'g

Bound states appearing in the subgap region —A < w < A.

Yu-Shiba-Rusinov (Andreev) bound states



Characteristic temporal scales
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TRANSIENT EFFECTS OF IN-GAP STATES

Consider a sudden coupling of QD to external leads

relaxation oscillations

R. Taranko and T. Domanski, Phys. Rev. B 98, 075420 (2018).

® how much time is needed to create in-gap states ?
® are there any characteristic features ?



RELAXATION VS QUANTUM OSCILLATIONS

Time-dependent charge of an initially empty QD

1 - - :
ny(t) Iy/Tg=01 ——
08 | 0622 —
0.6 1
' [l\'/f\\/\v,\v-__ff i
04 v ng® [ o=
0.5 =11
0.2 o LT
0 20 40 t[UIg]
0

0 10 20 30 40 g 60

® relaxation rate is proportional to I'y
® oscillations depend on energies of in-gap states

R. Taranko and T. Domanski, Phys. Rev. B 98, 075420 (2018).
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QUENCH DRIVEN DYNAMICS

Possible quench protocols:
—> sudden coupling to superconductor 0 — I's
—> abrupt application of gate potential 0 — V¢

K. Wrzesniewski, B. Baran, R. Taranko, T. Domanski & I. Weymann, PRB 103, 155420 (2021).



BUILDUP OF IN-GAP STATES

Rabbi-type oscillations observable in development of the in-gap states
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K. Wrzesniewski, B. Baran, R. Taranko, T. Domanski & . Weymann, PRB 103, 155420 (2021).



BUILDUP OF IN-GAP STATES

Time-dependent observables driven by the quantum quench 0 — T's
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solid lines - time dependent NRG
dashed lines - Hartree-Fock-Bogolubov

K. Wrzesniewski, B. Baran, R. Taranko, T. Domanski & . Weymann, PRB 103, 155420 (2021).



Singlet-doublet transition
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SINGLY OCCUPIED VS BCS-TYPE CONFIGURATIONS

The proximitized quantum dot can described by

Fop =Y eadl dy + Uy itaritay — (Ag a}d] + he.)

o

Eigen-states of this problem are represented by:

1)  and |{) = doublet states (spin 1)
Z :gi -_|- Z :13 } ~ singlet states (spin 0)

Upon varrying the parameters ¢, U, or I's there can be induced
quantum phase transition between these doublet/singlet states.



QUANTUM PHASE TRANSITION (STATIC VERSION)

Singlet-doublet quantum phase transition: NRG results

06l | | ‘ A=t
o AT =03

0.5¢ singlet Asc/nr ~0.05]

doublet

0. 02 04 06
&d/U EdEEd—U/Z

J. Bauer, A. Oguri & A.C. Hewson, J. Phys.: Condens. Matter 19, 486211 (2007).



QUANTUM PHASE TRANSITION: EXPERIMENT

<
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J. Estrada Saldana, A. Vekris, V. Sosnovtseva, T. Kanne, P. Krogstrup,
K. Grove-Rasmussen and J. Nygard, Commun. Phys. 3, 125 (2020).



SINGLET VS DOUBLET: EXPERIMENT

Differential conductance vs source-drain bias V,; (vertical axis)
and gate potential V, (horizontal axis) measured for various I's /U

> T, u>T, U <T.
dudv,, (e?h) drav,, X 67/h dvaV,, ()
02 Daublet GS %
0.1
00
20.74 =070 -0.66 -0.62 -050 -0.46 —042 2038
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J. Estrada Saldana, A. Vekris, V. Sosnovtseva, T. Kanne, P. Krogstrup,
K. Grove-Rasmussen and J. Nygard, Commun. Phys. 3, 125 (2020).



SINGLET VS DOUBLET: EXPERIMENT

Differential conductance vs source-drain bias V,; (vertical axis)
and gate potential V, (horizontal axis) measured for various I's /U

u > T, u>r, u<r,
didv,, (e’h) di/dv,, (e’lh) didv,, (e%lh)
’ c
02 Doublet GS
0.4
0.1 q
0.2
0.0 0.0 L.
-0.74 -0.70 -0.66 -0.62 -0.50 -0.46 —042 -0.38 -038 -0.34 -0.30 -0.26
V, (V) N V. (V) Ve (V)

J. Estrada Saldana, A. Vekris, V. Sosnovtseva, T. Kanne, P. Krogstrup,
K. Grove-Rasmussen and J. Nygard, Commun. Phys. 3, 125 (2020).

Crossings of in-gap states correspond to the singlet-doublet QPT.



Dynamical singlet-doublet transition



fNRG RESULTS:

ABRUPT CHANGE OF I'g

Pso/U =025 —Dg/U

—
—

— Is/U=030 |

— Is/U=035 |

— Is/U =040
457

Loschmidt echo
L(t) = | (®(0)[®(2)) |

Return rate
A(t) = — %ln {L(t)}

The squared magnetic

moment (S2(t))



INRG RESULTS: I's=U/4 — Ts=3U/4

Tso/U = 0.25 — Ts/U = 0.75

1.0 — I/U = 0.001
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Loschmidt echo L(t) and return rate \(t) obtained for various I'y = T'



INRG RESULTS: I's=U/4 — T's=3U/4

Dynamical quantum phase tranJ

ench from the doublet to the singlet phase
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Finite-size scaling analysis near the critical-time point.
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CONCLUSIONS

Quench imposed on N — QD - S junction:

® develops in-gap bound states (or changes their energies)
® activates Rabi-type oscillations (due to particle-hole mixing)
® can exhibit dynamical transition (upon varying ground states)

These phenomena are detectable in transport properties !



ACKNOWLEDGEMENTS

® dynamical singlet-doublet transition
=1 Weymann (Poznan), K. Wrzesniewski (Poznan),

N. Sedimayr (Lublin),

® transients phenomena, Floquet formalism

—> R. Taranko (Lublin), B. Baran (Lublin),

® time-resolved leakage of Majorana gps

—> J. Baranski (Deblin)



Other related topics
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Abrupt coupling (t,,) of quantum dot to topological SC nanowire

J. Baranski, ... & T. Domanski,

Phys. Rev. B 103, 235416 (2021).

® time needed for Majorana leakage on QD,
® time-resoveld zero bias conductance.



TIME-RESOLVED MAJORANA LEAKAGE
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TIME-RESOLVED ZERO BIAS CONDUCTANCE
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The zero-bias differential conductivity obtained for I's = 3I'y and ¢; = 'y,
assuming: t,, = 0.25 (upper left), 0.5 (upper right), 1 (lower left), 1.5 (lower
right) I'y. QD is abruptly connected to Majorana mode at time t = 20%/I'y.



