Steady states of driven matter

| will present a striking theoretical example of possibility of
controlling the properties of materials by driving them out of

equilibrium.

ladecola et al. PRL (2013), PRB (2013)




1)

3)

Describe a mechanism for opening a tunable Kekule gap in graphene by

exciting an optical phonon mode at the Dirac point K, or K_. This gap

corresponds to a complex-valued order parameter A that rotates in time.

Show that the system reaches a steady state whose transport properties
are the same as if the system had a static electronic gap, controllable by

the driving amplitude.

Analyze our driven graphene through the lens of Floquet theory

Our exactly soluble driven graphene system plays the role of hydrogen
atom / H.O. in the study of driven matter. It provides understanding of the

notion of quasi-energy in Floquet theory.




Static Kekule Distortion:

Static Kekule distortion is a particular dimerization of lattices, which corresponds to

coupling points in the BZ that are separated by the two Dirac points.
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If it occurs, it opens a gap in graphene. In addition, fractionally charged
statescan emerge that are bound to vortices in the order parameter A (7).
Charge fractionalization in graphene has been studied extensively due to the

fact that it is the first realization of 2 — D fractional charge.

However, Kekule distortion has not been seen.



Dynamic Kekule distortion: Generation of rotating mass

We consider the time-dependent Kekule distortion that results from the

excitation of the highest-energy optical phonon modes at wave vectors K, with

frequency Q (Kekule phonon).
Suzuura and Ando, J. Phys. Soc. Jpn. (2008)

We find the time-dependent order parameter has the form,
A (1) = |Afe! (@ E+9)
when K, point is excited. |A| depends on the amplitude of the excited waves,

and therefore the magnitude of order parameter is controllable.
[K_ mode is obtained by Q0 — —Q. ]




The resulting time dependent tight-binding Hamiltonian is

H==Yrea Zjmr [t + 0t (D] a5 byes, + Hee.

[Note: H includes spatial fluctuations.]

The corresponding Lagrangian in the continuum may be written as
L=T [y*(i0, +y° 4s,) — |A] eV (2T D] @

The spatial part of the axial gauge fields, As; , corresponds to acoustic

phonons and strain in the lattice.

Axial gauge fields play an important role in the asymptotic steady state of

the driven system providing a thermal bath for our system.




Dirac Hamiltonian for the system subject to the time-dependent Kekule

texture is
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How to understand the state of a system that is both strongly

driven and coupled to a thermal bath?




L=T [y*(id, +7y° 4s,) — |Al e” V(2T 0]

Key observation: The time-dependent mass term in £ can be removed by the

following axial (valley) gauge transformation!
Jackiw and Pi, PRL (2007)

qj/ _ e_iy5.Q1:/2 \Y) , AISO — ASO -I—Q/Z , AISL — Asi

= L =W [y, +y As,)—Ale O] W

Lagrangian in “comoving” frame (“rotating” frame)

Response functions are invariant under the axial gauge transformation:
Vector current operator f=9yry

Axial vector current operator je =Pyry. ¥




The gauge transformation removes time-dependence

completely, including the system — bath coupling A4s; jt !

Non-equilibrium steady state

 Z

Thermal equilibrium in the comoving frame




The Hamiltonian for the system in the “comoving “ frame (without the bath)

a-p+5§-1 IA] ei® 1
:H:sfyS: .
IAle™®1 —o-p—=1

All observables associated with the current operator can be computed in the
comoving frame.
The driven system behaves as a semiconductor with a gap tunable by the

amplitude of the Kekule mode.

Size of the gap is ~0.025 eV for 0.04% displacement of the graphene atoms

from equilibrium.




ossible experimental realization

Goldberg and El-Batanouny Groups, Boston University (in progress)




Floquet theory: a popular approach

Analysis of driven graphene through the lens of Floquet theory:

What can we learn about Floquet theory?

Periodically driven quantum system: H(t) — H(t 4+ T)7 T — 2_7.T_ |

()
Floquet’s Theorem: H (t) |W,(t)) = <0, W (1))
= [Wa(t)) = e Dy (1))
1) “Floquet states” |®, (¢)) share periodicity of Hamiltonian:
l(:[)oz(t» — |q)oz(t +‘T)>

2) “QuaSi-energies” €« solve Floquet eigenvalue problem:

(1) = i0] [a (1)) = €a |Pa(t))




Quasi-energy spectrum is only defined mod Q!

W (t)) = e et Do (t))

Shifting €, — €4, + mf} leaves definition unchanged

|

Floquet states with quasi-energies €, and €4 + mS2
are not physically distinct!

What does this mean?




Un-driven systems have a principle:

Higher energies are penalized (less probable)

Fermions at T=0: Fill states in the order that minimizes E

etc.

— N=1

T#0: Higher-energy states are penalized exponentially
P(E) x e P
Quasi-energies need not obey this principle!




Relation to Floquet theory

We want to solve the Floquet eigenvalue problem:

[H(t) = i8] [2a (1)) = €a |Pa(t))

Easiest to work in frequency domain: o

[Pa() = [Dalt+T)) = [Ba(t) = Y e [ar)

n=—oo
O
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Infinite-dimensional eigenvalue problem!
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Exact Floquet solution

For our model, H,m = Ho = <Udp ____Uo,p) Hmmi1 =T = (8 Ao]l>

0 0

Can write Floquet equation in matrix form:

TR

e He—Q1 0 L) 22,)
- H_1 Ho H1 <. |(Dg> = €u |Q)g>
0 H_i Ho+Q1 --- @1 @0
: : . . Depends on
Now just truncate matrix and diagonalize: truncation sizel Holds for all

EE“ | | ﬁﬂ/ /n:O ..... o

et rr=1V(E Q22+ AP+




The spectrum of system’s Floquet effective Hamiltonian H¢ is
obtained by choosing a single quasi-energy branch, say n=1, without

loss of generality.

=
The quasi-energies ei}i& are identical to the energy eigenvalues E
of our time-independent H' in the rotating frame, up to a constant shift
by — Q/2.

This indicates that the rotating-frame Hamiltonian H’ can be identified

with H ¢ of Floquet Theory.

The time-dependent Hamiltonian Hy¢(t) is related to H' (= Hegr)
by a unitary transformation
H' =U(t) Heys@®) UT() —i U) 0, UT(2)

Ut) = e-—iys.Qt/Z




Summary

1)

2)

3)

Driven systems may host many novel phenomena, but pose challenges to
theoretical understanding.

We studied possibility of generating Kekule mass in driven graphene.

a) Can open a tunable gap in graphene by exciting TO phonon
mode at either K — point

b) Transport properties of the system can be understood by
transforming to a comoving frame

Analyzed our driven graphene through the lens of Floquet theory.

a) Obtained exact solutions to eigenvalue problem of Floquet Hamiltonian
for driven graphene

b) Our exactly soluble driven graphene system plays the role of hydrogen
atom / H.O. in the study of driven matter

i) Its energies provide understanding of Floquet quasi-energies
ii) Our Hamiltonian in the rotating system is in fact Floquet
Effective Hamiltonian




