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Time-resolved energy dynamics after single electron injection into an interacting helical liquid

Alessio Calzona,"? Matteo Acciai,' Matteo Carrega,” Fabio Cavaliere,"? and Maura Sassetti'-?
lDipartimento di Fisica, Universita di Genova, Via Dodecaneso 33, 16146 Genova, Italy
2SPIN-CNR, Via Dodecaneso 33, 16146 Genova, Italy
(Received 12 April 2016; revised manuscript received 26 May 2016; published 5 July 2016)

The possibility of injecting a single electron into ballistic conductors is at the basis of the new field of
electron quantum optics. Here, we consider a single electron injection into the helical edge channels of
a topological insulator. Their counterpropagating nature and the unavoidable presence of electron-electron
interactions dramatically affect the time evolution of the single wave packet. Modeling the injection process
from a mesoscopic capacitor in the presence of nonlocal tunneling, we focus on the time-resolved charge and
energy packet dynamics. Both quantities split up into counterpropagating contributions whose profiles are strongly
affected by the interaction strength. In addition, stronger signatures are found for the injected energy, which is
also affected by the finite width of the tunneling region, in contrast to what happens for the charge. Indeed, the
energy flow can be controlled by tuning the injection parameters, and we demonstrate that, in the presence of
nonlocal tunneling, it is possible to achieve a situation in which charge and energy flow in opposite directions.
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I. INTRODUCTION

Electron-electron (e-¢) interactions in one-dimensional
systems play a prominent role [1,2]. The celebrated Fermi
liquid theory dramatically fails and intriguing phenomena
appear, such as the fractionalization of the charge [3—7] and
the spin [7-11] degrees of freedom. Here, an electron injected
into an interacting system splits up, originating two collective
excitations that carry a fraction of the electron charge and spin.
In this context, many other theoretical predictions have been
put forward [5,6,8,12], and recently some of them have also
been tested experimentally [13—15]. Among these, it is worth
mentioning the direct observation of charge fractionalization
in chiral conductors by means of time-resolved charge current
measurements reported by Kamata et al.; see Refs. [14,16].

Despite the great interest in fractionalization phenomena,
up to now little attention has been devoted to the study of the
energy associated with electrons injected into an interacting
system. In Ref. [17] it has been shown that the dc energy
current along a quantum wire is partitioned between left- and
right-moving excitations, but in a distinct way with respect to
that of the injected charge. In particular, it has been shown that,
differently from the charge, the energy partitioning depends on
the injection process, and its evidence has already been tested
in a dc configuration.

Nevertheless, an accurate description and understanding of
energy dynamics for time-dependent single electron injection
in an interacting system is still lacking, despite the fact that
it will play an important role in the fast developing field of
electron quantum optics [18,19]. This very promising field
relies on the possibility of injecting single electrons and
holes into one-dimensional (1D) systems. On-demand single
electron sources can be experimentally realized by means of
driven mesoscopic capacitors [20-23] or properly designed
Lorentzian voltage pulses [24-27].

Injected wave packets propagate ballistically along 1D
systems such as integer quantum Hall edge states, allowing for
optics-like experiments in which, e.g., quantum point contacts
act as the analog of beam splitters. In this regard, it is worth
mentioning two seminal experiments, based on the chiral edge
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state of a v =2 quantum Hall system, dealing with the so-
called Hanbury-Brown-Twiss [28] and the Hong-Ou-Mandel
[29] effects. Different theoretical works have investigated
single electron injection in chiral conductors [18,22,23] and
the role of e-e interactions in copropagating edge channels
[30-34], aiming at an explanation of recent experimental
observations. In addition, heat and energy transport have also
been considered [35—37] in the presence of external drive, but
only in the absence of e-e interactions.

Recently, there have been suggestions that counterprop-
agating helical edge states of two-dimensional topological
insulators (2DTI) [38,39] can also be used as electronic
waveguides. They can be realized in CdTe/HgTe [40-42]
and InAs/GaSb [43—45] quantum wells. Importantly, they are
topologically protected from backscattering and characterized
by the so called spin-momentum locking. These features allow
for a richer phenomenology, in comparison with quantum
Hall-based setups [46,47], and for the study of effects related to
spin entanglement [48-50], relevant for quantum computation
implementations. In this context, e-e interactions between
counterpropagating edge channels can lead to remarkable
effects, also in comparison with the case of interacting
copropagating edge states of chiral conductors [30-34]. A
deep understanding of the role of interactions is thus of great
importance in view of all these realizations.

In this work, we consider the on-demand injection of a
single polarized electron from a quantum dot (QD) mesoscopic
capacitor into a couple of interacting helical edge states,
modeled as helical Luttinger liquid (HLL) [46,51-55]. Our
goal is to study how the presence of e-e interactions affects the
dynamics after an injection of a single electron into the edge
channels of a 2DTI. In particular, we will focus on the time
evolution of both charge and energy densities in the ballistic
helical conductor. We will demonstrate that both quantities
display fractionalization phenomena, due to the presence of
e-e interactions, resulting in left- and right-moving charge
and energy profiles. Interestingly, the time evolution of the
injected energy presents different features that strongly depend
on the nature of the tunneling process, in sharp contrast to
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what happens for the charge degree of freedom. We will
investigate these features considering that the quantum dot has
finite dimension and thus allowing for the nonlocal tunneling
process. In this case, it is also possible to achieve situations
in which the charge and energy packets flow in opposite
directions, simply by tuning external parameters (such as gate
voltages). Our work will shed new light on interaction effects
in 1D systems, extending previous results obtained only in
the dc regime and in the asymptotic limits of local and very
extended tunneling that have been investigated in Ref. [17].

The paper is organized as follows. In Sec. II we describe the
setup, presenting the time-dependent density-matrix approach
to single electron tunneling injection. The charge density is
investigated in Sec. III, where charge fractionalization factors
and time evolution of the single wave packet are derived. Here,
the case of local injection is discussed in detail. Section IV is
devoted to the study of the energy dynamics. Here, we focus on
energy density profiles and on energy partitioning, highlighting
the role of e-e interactions and finite width of the tunneling
region.

II. SETUP AND GENERAL MODEL

We consider helical edge channels (EC) of a 2DTTI tunnel
coupled with a quantum dot acting as a mesoscopic capacitor,
as shown schematically in Fig. 1. The QD can be realized by
means of metallic gates separating the island region from the
2DTI or by means of mechanical etching, in close analogy
with what was done in quantum-Hall-based devices [20].
The presence of electrostatic gates screens e-e interactions
in the QD region [48,49] with energy levels dominated by
confinement rather than Coulomb charging energy. In fact, it
has been shown experimentally that the presence of a top gate
in a mesoscopic capacitor results in a strong suppression of
e-e interactions, with a very small charging energy contribution
[19,20,56,57]. This explains the success [20] of noninteracting
models usually considered in describing the QD region.
Motivated by these experimental findings, we will consider
the QD as noninteracting and we will also neglect possible
interaction contributions between the dot and the helical edge
states, in view of the presence of electrostatic gates [58].
Due toits finite dimension /, the QD has discrete single-particle
energy levels that come in Kramers pairs and are spaced by

FIG. 1. Sketch of the setup. A mesoscopic capacitor, a quantum
dot, is tunnel-coupled to the helical edge states of a 2DTI through
an extended tunneling region of width o. Solid red lines refer to 1D
noninteracting electron states with spin-up. Dashed blue lines are
associated with spin-down electrons. By means of a top gate (in light
gray) it is possible to shift the quantum dot energy levels. Their spin
degeneracy can be broken with a magnetic field B present in the QD
region and perpendicular to its plane.
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A ~ vg/l, where vg is the Fermi velocity (throughout this
paper, we set i = 1).

The energy spectrum of the QD can be tuned and shifted
(with respect to the Fermi energy Ep of the whole system) by
properly acting on a top gate. Moreover, spin degeneracy can
be lifted [48] by means of a perpendicular magnetic field B in
the island region (see Fig. 1). The injection of a single polarized
electron into the EC can thus be achieved with an abrupt change
of the top gate potential at time = 0. Consequently, the most
energetic electron in the QD, chosen here with spin up, is
suddenly brought above Ef and leaves it [19,48] tunneling
into the helical edges. In this paper, we will assume that the
spin-preserving tunneling is the dominant mechanism, and we
thus restrict the discussion to this case.

The Hamiltonian of the whole system reads

H= I:IEc+I:IQD+I:It, (D

where the edge channel term is Hgc = Hy + H.... Here the
free Hamiltonian reads

Hy = vr f X[ (09 P (x) — P00 RGO ()

where x@, (x) is the fermionic field annihilating electrons in the
right- (r = R) or left- (r = L) branches. As shown in Fig. 1,
we consider R electrons (L electrons) having spin up (down).
The presence of short-range e-e interactions can be taken into
account by the additional contribution

A

Aee= % Z / dx[A, ()P + g / dx ig()AL(x),  (3)

with
Ar () =2 P o) (x): ©)

the electron density on the r channel and g; coupling constants
referring to inter- (i = 4) and intrachannel (i = 2) interactions
[2,62-64].

The QD is represented in terms of a spin-up electron level
€0, measured with respect to the Fermi energy,

Hop = eod'd. (5)

This situation can be achieved by a sudden shift of the
uppermost occupied electron above Ef, with €p > 0 bounded
by the level spacing A [48].

The tunneling of the spin-up electron between the dot and
the helical EC is represented by H, = ﬁf + I-AIZ’, where

+o00
HY =) / dyw)Prd. B =E, ©)
—00
respectively, adds or removes a spin-up electron to the
edge right channel with constant tunneling amplitude A. The
tunneling region is characterized by the envelope function
w(y), whose precise shape will be specified later [65-67].
We assume w(y) centered around y = 0 (the injection point)
with a spatial extension given by o. For geometrical reasons
(see Fig. 1), o is bounded by the QD dimension ¢ < /, and
thus, in view of the constraint €y < A, also by o < vg/€.
Concerning the momentum involved in the tunneling
process, the bottom edge of the QD (described as a system
of spin-up and left-moving electrons) has momentum kqp,
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while the right electrons in the helical EC have momentum k.
One can then define the total variation as kg = kqp — kg. This
quantity can be tuned by means of gate voltages applied to the
QD and/or to the edge channels [68—70]. It will be incorporated
into the envelope function w(y) as a complex phase factor
w(y) = E(y)etf?, with £(y) real. This phase factor plays a
relevant role in the case of nonlocal tunneling, as we will
show. Note that in the case of local tunneling, with o — 0,

one has w(y) = &(y) = 8(y).

A. Single electron injection

In this section, we model the single electron injection
process. Assume that at time r = 0 the edge channels of
the 2DTI are at thermal equilibrium (at temperature 7') with
fixed particle number N and with an equilibrium density
matrix Pgc(0). On the contrary, the single QD level is initially
occupied and described by the density matrix ogp(0) = [1)(1].

Let O(x) be a generic Hermitian and number-conserving
operator that acts on the EC, such as, for example, the particle
density or the Hamiltonian density of the edge channels. In the
interaction picture, with respect to the tunneling Hamiltonian
I:It, the time evolution average of O(x,t) reads

(O(x.1) = Tr{O(x.0)p(1)}, ©)
with the time-dependent density matrix
A1) = U000 (2,0, (8)
where
U(t’o) — T[efif(;d[’lflz(t/)]’ (9)
0(0) = prc(0) ® Pop(0). (10)

We are interested in the average variation of O(X,tz induced
by t{le tunneling process, defined as 6 O(x,t) = (O(x,t)) —
Tr{O(x,1)p(0)}. At lowest order in the tunneling, one has

50(x,t)
—2Re / dt, f i T PO H ()10, B () Thw,
0 0

an

where the symbol Tr{---}, 5 denotes the trace over the
system’s excitations with fixed particle numbers: one electron
in the QD and N in the EC.

In the following, we will consider the low-temperature limit
(temperature smaller than the energy level splitting of the QD
and of the energy excitations of the helical edge), setting T —
0 and thus pgc(0) = |Q2y)(2y |, with |Q2y) the N-particle EC
ground state. Moreover, we explicitly take into account the
finite lifetime 1/2y of the QD level [19,71] by assuming the
time evolution of QD correlator (d'(¢)d(t,)) = B*(t)B(t),
with

B(t) = e e, (12)
The parameter 2y describes the inverse lifetime of the electron
in the QD. Its precise value will be microscopically calculated

in Sec. II C exploiting again the time evolution of the density
matrix. In any case, the single electron injection implies that
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the QD level is sufficiently well-defined, with y smaller than
both the level position € and the spin-level splitting. All these
assumptions allow us to express 6 O(x,?) as

t 5] +00
80(x,t)=|k|22Re/ dtzf dm // dyidy, E 7T,
0 0 —00
(13)

where

E(t1,02,y1,2) = B DB G)w(),  (14)
Io(tl,tg,yl,yz,t,x) = I(Oa) ‘|‘Ig))
= (PrGO, D, k(2. 0))e. (15)

Here (---)q is a shorthand notation for the ground-state
average (Qy| -+ |Q2n).

It is interesting to briefly discuss the two terms in Eq. (15).
Once the injection is ended, i.e., for ¢ > (2)/)’1, the first term

T = (FrOn. 1) O OP k(3. 02)) g (16)

gives a contribution to § O (x,¢) that can always be expressed as
an average over a pure quantum state |S) of N + 1 electrons,
namely

809 (x,1) = |A*(SI|O(x,1)|S), (17)

with
00 +0o0 o
1S) =/0 dt/ dy BOw)Yp(y.1) Q). (18)

Note that in the presence of e-e interactions and counter-
propagating modes, the field operator &L(y,t) is not chiral.
Therefore, the state |S) cannot be expressed as a single
integral over space or time unless the injection is local, with
w(y) = §(y). The other term Z, (b), instead, cannot be expressed
as an average over a pure quantum state. We will see that it
does not contribute to the total injected charge and energy, but
it induces fluctuations in the charge and energy density profiles
at fixed N electrons.

B. Dealing with e-e interactions

Electron-electron interactions can be properly handled
using well-known bosonization techniques [2,62]. The inter-
acting helical Hamiltonian can be diagonalized introducing
proper chiral bosonic fields J),,(x,t), with n = £ referring
to the direction of propagation (right and left, respectively).
Fermionic r-fields IZ/,.(x,t) can be expressed in terms of
bosonic ones ¢, (x,1) as (omitting Klein factors and consid-
ering ¥z = 1)

R 1 — A
1Pj(x,t) = Z—nelm r(x1) p=id ke (19)
Y a

with a the usual short-length cutoff [2,62,72]. The complex
phases e**** present in the above expression will play a
role only in I:I,. As discussed above, we already took into
account these contributions introducing a complex phase in the
definition of the envelope tunneling function w(y) = &(y)e' Y.
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. The boson fields ¢,(x,7) are related to the chiral ones
¢+ (x,1) by

Pr(x,1) = Avdyi(x,t) + A_¢p_(x,1), (20a)
r(x,t) = A_d(x,1) + Ard_(x,1), (20b)
where
1 1

contain the HLL interaction parameter K,

) _
K = M. (22)
2vr + 84 + &2

Since we consider the case of very long EC, hereafter we can
safely neglect the contribution describing zero modes [2]. The
Hamiltonian can be written in diagonal form as

Hyc = / H(x,t)dx, (23)

with the Hamiltonian density associated with boson collective
modes given by

"y u 194 2.
Hx0) = 3 D[0Py —qun)P ;. (24)
n==%
Here u = 2n) '[Qmvp + g4)> — (g2)2]1/2 represents the

renormalized propagation velocity. For the sake of simplicity,
we will consider u = v K ~!, which holds as long as g» = g4.
However, other kinds of repulsive interactions, possible in a
helical EC, can be straightforwardly taken into account.

C. Inverse lifetime

We now evaluate the inverse lifetime 2y of the QD level at
the lowest order in the tunneling. Recalling that the system is
initially in a state with one electron in the dot and N electrons
in the edge channels, the transition probability is given by the
relation Pj_o(t) = Tr{{N + 1,0|p(¢)|N + 1,0)}, where |N +
1,0) denotes the state with no electrons in the dot and N + 1
electrons in the edge channels. The trace is calculated over the
excitations of the system at a fixed particle number. At lowest
order in the tunneling, one has

t +oo A
Pi_o(1) = [A]? // dtdn, // dy dy,e'«=1)
0 oo

w*(yDw(2)G(yi,t1; y2,1), (25)

where we have introduced the fermionic correlator

Gt y2.02) = (R, 1)V R (2,10)) - (26)

Using the identity in (B7) and introducing the shorthand
notations
(=12, (@D

Zy =X —nut, z! =y —nut
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the correlator G is expressed in terms of the bosonic Green
function

G(£2) = ($+(2)h=(0)a — ($2(0))e
1 a
= —1 28
2 % atiz (28)
as
Q(Zf'zf) _ 1 2T ALG(F —2) AT Gy —2y) (29)
9 2 .

The inverse lifetime 2y is related to the transition probability
by

2y = lim Pi_o(t). (30)
1—>+00
Performing the time derivative, we obtained (see Appendix A)
v z 2
y=mar [dkduteen Eo -0l G
with
AP 32)
Yo = 2op

Here, £(k) is the Fourier transform of the real envelope
function &(y) [see Eq. (AS)] and thus |& (ko — k)|? is centered
around k = kq. The function

Ak 0) 271 e€a/u a ZAZ’( I k)Az
€>0)= ——— | — € + uk)*-
. A212(A2) \ 24

(€ — uk)*~'0(e — ulk|) (33)

is the spectral function of the right edge channel [1]. Recall
that k and € are defined as momentum and energy with respect
to kr and EF, respectively. Equation (31) has a clear physical
interpretation: 2y represents a tunneling rate and is propor-
tional to the overlap between the spectral function Ag(k,€p)
and the k “spectrum” of the injected electron, described by
|E(ko — k)|*. In Fig. 2 one can see this overlap in the energy
and momentum space. The region where Ag(k,€) # 0 is filled
in gray, showing that in the presence of e-e interactions the
spectral function broadens and does not vanish away from the
mass shell (¢ = uk). The injected electron has a well-defined
energy €p > 0 and thus the function |E (ko — k)|*is represented

(a) ‘ (b) ‘
\ e
ko

k k

FIG. 2. Sketch of the overlap between the spectral function
Agr(k,€) (in gray) and | (k)| (in red). The latter is represented with
a horizontal line at energy €, since we are considering injection of
an electron with well-defined energy. (a) Local injection (¢ — 0).
(b) Nonlocal injection (o ~ 21460’1) with a finite extension in k region
for |£(k)|? centered around k.
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as a red horizontal line at €, centered around k = ky with an
extension of the order of o ~!. Panel (a) refers to local injection:
o — 0, with |E(kg — k)|> ~ 1. Here, the momentum kg is not
relevant, and the overlap is along the darker red line over the
gray cone. In this limit, the integral in Eq. (31) can be solved
analytically, giving the local rate

(Kay™
Yo 7 €
(1 +2A2)

loc

y =K , (34)

with @ = aep/vr the dimensionless cutoff. Note that yy in
Eq. (32) represents the asymptotic value of y'° < y; in the
noninteracting limit K — 1.

Figure 2(b) shows a nonlocal injection. Here, |&(ky — k)|?
is centered around ko, chosen in the figure to be negative,
with a width ~ ¢ ~!. The overlap between the two functions is
significantly smaller with respect to (a) and it further reduces
as long as k is pushed away from the gray cone. In addition, for
a given interaction strength K, and momentum ky, the overlap

decreases as o increases, with the result y < ' < yy.

Fo - L
7o
-2 j 0
0.05 o 2

FIG. 3. (a) Ratio y/yy as a function of interaction strength K
with & = 0.9 and ky = —1.2. (b) Density plot of ¥/}, as a function
of & (x axis) and kq (y axis) with K = 0.6. In both panels, a = 1/40.
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To discuss quantitative results, we consider a Gaussian
envelope function with extension o,

E(y) = eV (35)

1
Jro
Note that for 0 — 0 we recover the pointlike injection £(y) =
8(y), while with increasing o the injection extension increases
with a decreasing amplitude. For convenience, we introduce
the dimensionless parameters

_ o0& -
g =—, 0=
Ufp €0

k
U (36)

The dependence of the ratio y /y; on different parameters is
reported in Fig. 3, where the relation y < yy clearly emerges.
Panel (a) shows the suppression of the tunneling rate as the
interaction strength increases, a well-known feature of HLL.
Parameter ko, considered in panel (b), does not affect y as long
as local tunneling is concerned, but it becomes more and more
relevant as & increases. In particular, y diminishes significantly
when kg is pushed away from the momentum range where the
spectral function Ag(k,€p) has finite values (see also Fig. 2).

III. CHARGE DENSITY

The above general method is applied here to study the time
evolution of the charge-density variation §n(x,t), defined as
in Eq. (13) with O = /. Note that charge is measured in units
of the electron’s charge so that charge density exactly equals
particle density 7i(x,t). The latter can be expressed in terms of
chiral bosonic fields as

K A
A0 = =\ - D nddy. (37)
n

As shown in Appendix B, the average factor Zp—, in
Eq. (15) can be evaluated yielding

1 a

7z, = -G, 38
] _Zi""[nau(zn—zg)J (38)

n==x1

where
1+nkK

gy =VKA, = 5 (39)

and G is given in (26).

The charge density is then expressed inserting Z, into the
average (13). It results in the sum of two chiral contributions
dn(x,t) = Zn 8n,(z,), with

qu)“'z t t +00
Sn,,(z,,) = 7 Re/(; dle dny // dyidy,
—00

X B(t1,12,91,y2) 8(zy — 23)

2 (ot 2 (=
XeZJTA+G(Z2 Zl)62ﬂA76(21 Zz)' (40)

A. Charge fractionalization

The total amount of injected charge that travels in a given
direction (n = %) is

400
Q, = / dx dny(x,t — 00). (41)

o0
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This integral can be easily performed from Eq. (40) for 8n,(z,).
One finds 9, = ¢, Q, where

[e%e) 123 —+00
Q=I/\|2/ dlz/ dn// dyidy, (EG+Hc) (42)
0 0 —00

represents the total amount of charge injected in the system.
Note that the previous relation can also be written as

+0oo +00
Q=8 / f dtidt f / dyidy, EG.  (43)
0 —00

We thus recover the well-known [5,6] expression for charge
fractionalization factors,

o8 _q_l—i—nK
9, +9- 2

that depend only on the interaction strength K. As discussed
in Appendix B, all contributions to Q, are due to Z\*) and not
to the polarization term Z».

Fort > 1/(2y), the QD level is empty and the total amount
of injected charge Q = Q, + Q_ isexpected to satisfy Q = 1.
It is indeed shown in Appendix C that, as long as y < €, the
condition @ = 1 holds.

(44)

B. Charge-density profile after local injection

We now focus on the local-injection limit £(y) = 6(y) in
order to study interaction effects on the charge-density profile.
Integrating Eq. (40), one has

an\lz ! &
dny(x,1) = — ZRG/O dlz/o d B*(t)p(t2)

nx a 14242
x8ltp—t—— || —— . (45
u a+iu(ty — 1)

We observe that, apart from the fractionalization factors g,,

the two chiral charge-density packets share the same mirrored
shape,

ony(x,t) _ dn_(—x,t)

q+ -

(46)

As a consequence, we can focus only on the right-moving
packet (n = +). We analyze the corresponding charge cur-
rent j.(t) = udny(r) with T =t — xp/u, flowing through a
“detection” point xp > 0 away from the injection region. The
integral over #, in Eq. (45) can be easily performed, yielding

J+(t) =2, o0 (T) exp [-2ty [Re[C1(T)], 47

where (m € N)

€ 0 ' i m+24%
cm(r)zf/ dse~Veso 2 . 48)
mam J_, a-+isegK !

First of all, we note that, because of causality, j (t) # 0
only for T > 0, since an excitation created in x = 0 takes
exactly a time xp /u to reach the detection point. Another clear
feature is the exponential decrease e ~2"* due to the QD single-
level inverse lifetime (2y). The presence of the interacting he-
lical Fermi sea is taken into account by the function C;(t) [73].
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FIG. 4. Charge current j, (7) (in units of €;) flowing in the right
direction through the detection point x,, > 0 as a function of time (in
units of €; "), Different interaction strengths are considered: solid red
line, K = 1 (noninteracting case); dashed blue, K = 0.8; and green
dotted, K = 0.6. The inset shows the function C;(t) with the same
color coding. Parameters: yy = 0.05¢p and a = 1/40.

Figure 4 shows all these features. The decreasing exponen-
tial behavior is clearly visible as well as the increase of the
QD level lifetime (2y)~' as interaction strength increases.
Function C(t), plotted in the inset, is characterized by a
global decrease while the interaction strength increases. It
also presents oscillations with a period given by 2w e, ! and
an amplitude damped by interactions. This fact is due to the
smearing of the Fermi function, which weakens the effects of
the Fermi sea.

Similar qualitative features are expected in the case of
nonlocal injection, where, however, the pulse will be less
localized. Bigger effects related to the nature of the injection
process manifest at the level of energy partitioning and
therefore will be discussed in more detail later. Although
challenging, experimental detection of such fractional charge
packets could be performed. High-resolution time-resolved
measurements are indeed possible in quantum Hall bars,
using a quantum point contact as a shutter on the ps scale
[74,75] that allows the study of charge-packet profiles [14].
Different measurement schemes, based on Hong-Ou-Mandel
interferometry [56,57], have also been used to detect charge
profiles.

IV. ENERGY DENSITY

The injected electron transfers into the helical edge not only
charge but also energy. We then start focusing on the evaluation
of the energy density [see Eq. (24)] variation, proceeding along
the lines discussed in the previous section. Considering Zo—
in Eq. (15) and the commutator relation in Eq. (BS), one can
derive the following expression:

Tr = 3 5 WrOntl: Guy@)? - ThO2)Da

n

L Z unA,,ﬁ(l a )
B = V2 \madi+(z - z5)?

X B (MO + MP) (49)
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with
M = (Wrr(y1.11) dyzy) V(2.2 (50)
MP = (r(y1.0) T (2.02) () - (51)

These average functions are evaluated in Appendix D with the
final result

5 n 1 a
L Croer)
n

n

(L - ! (52)
T a4 (z,—20)° ) atini, —z)) |

This formula allows us to express the total energy density
profile §H(x,t) in Eq. (13) as a sum of the left- and right-
moving contributions §H(x,t) = Z M, (zy), with

A2| 2 oo
Re/ dlz/ dt // dyldyz EG

x(m 173 )3( 21). (53)

A. Energy-density profile after local injection

SH,(zy) =

To highlight the effects of e-e interactions, we start by
discussing the local-injection limit. Integrating Eq. (53) over
space with £(y) = §(y), one obtains

2 |)\,|2
SHy(zy) =

t 15
Re / d, / dny B )B(n)
0 0
u u 242 +1 nx
Sl | — 3,8(tr—t+—
| 2ui <a+iu(t1—t2)> B (2 i “)
4 2A2 +2 nx
+— Slh—t+—)|.
a—+iu(ty —t) u

(54)

Similarly to charge, the two chiral energy density packets
share the same mirrored shape as long as local-injection is
concerned,
SHy(x,t)  SH_(—x,1)
A% A%
We then focus on the right-moving energy packet (n = +) by
analyzing the instantaneous energy power P, (t) = ud’H (1)

that flows through the “detection” point x . Integration of (54)
over t; leads to (t =t — xp/u)

Py (1) = A% yoeof(t) exp [—27y IRe[Cn ()], (56)
with
Cu(r) = 2

and C,,(t) (m = 1,2) given in Eq. (48).

In Fig. 5 the instantaneous energy power P, (7) is plotted
as a function of time for different interaction strength. As for
charge current, it reflects causality, ensured by 6(7), and the

(35)

Yo + %(1 —2A%)Cy(r) (57
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FIG. 5. Instant energy power P.(t) (in units of €) flowing
through the detection point xp, > 0 as a function of time 7 (in units
of €, 1). Different interaction strengths are considered: solid red line,
K = 1; dashed blue, K = 0.8; and green dotted, K = 0.6. Inset:
function Cx/(t) with the same color code for interactions. Parameters:
yo = 0.05¢y and a = 1/40.

exponential decay related to the QD level inverse lifetime 2y,
with analogous behaviors. The function Cy(7) (plotted in the
inset) features also a spike at T = 0, even in the noninteracting
case, reflecting the sudden turning on of the injection process
and the consequent excitation, at short times, of energy modes,
even higher than ¢.

B. Energy partitioning

To analyze energy partitioning phenomena, we now focus
on the total amount of energy that travels in a given direction
once the injection is concluded,

+o00
E, :/ dx §H,(x,t — o). (58)

oo

Using the expression (53) for 6’H,,(x,¢), one has

uA2|k|2 +00 +00
= ra / dlz/ dll// dy\dy,

X [E 26 =g 2G5 )g, +H.c.]7 (59)

where gni = A2jE + (1 &+ n)/2. In passing, we note that the term

I;_f ), present in Eq. (15), does not contribute to this integrated
quantity [76]. The above expression can be conveniently
represented in Fourier space (similarly to what has been done
in Appendix A) as

o KA%)/0<K&)2A2 1 /+°°d6
"7 2w \2¢) T(g)T(gHJo T

~ Ko +er .
X |/3(€+)|2€7 aq‘/ de_(e4 _|_67)gn—l

x (€4 —e_ ) VE (ko — e_/u)|. (60)

The key quantities to discuss are the energy partitioning factors
defined as

Ey ) (61)

Pr = 1 E
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(b)
0.3 K 1

0.3 . . . . . .

FIG. 6. Energy partitioning factor p,; as a function of the
interaction strength K. In panel (a) ko = 0, with & — 0 (solid red),
6 = 2 (dashed blue), & = 3 (dotted green), and & = 3.75 (dot-dashed
orange). Panel (b) shows ky = —1.2 with o — 0 (solid red), & = 0.9
(dashed blue), & = 1.5 (dotted green), and & = 1.95 (dot-dashed
orange). Parameters:yy, = 0.05¢p and a = 1/40.

They indeed represent the fraction of the total energy E =
E. + E_ that propagates in the direction n = %. Concerning
the total contribution E = E, + E_, we demonstrate in
Appendix E that £ = ¢y as long as y K €.

In the local injection limit £(k) =1 one has (see
Appendix E)

Al (1 +9K)?
2AK2+1)

loc

=T
Namely, energy partitioning has a “universal” character, i.e.,
p}]‘m does not depend on injection parameters but only on
interaction strength, in agreement with the partitioning of dc
energy transport found in Ref. [17]. We have thus shown
that this “universal” feature still holds also in the case of
time-resolved single electron injection from a mesoscopic
capacitor.

On the other hand, it can be shown that such universality
breaks down as the tunneling region increases. To quantita-
tively highlight this deviation, we present below results for
the right-moving energy fraction p, in Eq. (61), using the
Gaussian envelope £(y) [see Eq. (35)].

Figure 6 shows two representative cases of energy partition-
ing as a function of interaction strength. The “universal” limit
pl¢ (62) is drawn with a solid red line. Panel (a) has ko = 0,
and it shows deviations from the universal limit as & increases,

with 0.5 < p(K) < pLEC(K ). These deviations are even more

(62)
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FIG. 7. Illustration showing the strong direction separation of
energy (solid green) and charge (dashed orange) for K = 0.8, 6 =
1.95, and ko = —1.2. The majority of charge (80%) travels to the
right while most of the energy (about 65%) moves to the left.

striking for negative values of k(, as shown in panel (b) with
ko = —1.2. Here, it is even possible to achieve p,(K) < 0.5
for a wide range of interaction strength (dot-dashed curve).
This means that, due to interactions and nonlocal tunneling, an
electron injected into the right branch creates an energy packet
that mostly travels to the left, while the charge still continues
to move mainly to the right (¢ > g_). Figure 7 presents an
illustration of this opposite charge and energy propagation.

To clarify the physical interpretation of this effect, we
consider in Fig. 8 the energy partitioning factor p; as a
function of & for different interaction strength. In panel (a)
ko = 0, while in panel (b) ky = —1.2. For & — 0, one recovers
the “universal” behavior, while deviations from it become
relevant as & increases and reaches & 2 1. Comparing the
two panels, note that these deviations emerge at smaller &
when ky is significantly different from ko = 0. This fact can
be understood considering again the overlap between the
spectral function Ag(€,k) and the injected electron momentum
“spectrum” |£ (ko — k)|* represented as insets of the two main
panels in Fig. 8. Here, we sketched two typical situations with
the same interaction and momentum k¢ as given in the main
panel. Nonuniversal effects appear only when the red line does
not cover the whole gray region, whose extension at € = ¢ is
given by 2¢€oK /v [see Eq. (33)]. Therefore, if one considers
ko = 0 [panel (a)], it is necessary to have & => K~ in order
to break the energy partitioning universality. By contrast, for
a negative ko = —1.2 [panel (b)], a smaller & will be required
since the overlap is already smaller.

Note that all these deviations are much less pronounced
(and then not shown) for ky > O since even with extended
tunneling, the transferred momentum lies near the right elec-
tron branch, leading to p(K) > plfc. As a last comment, the
noninteracting limit K — 1 shows always p; = 1, regardless
of all the other parameters. Energy partitioning is indeed a
manifestation of e-e¢ interactions, and so, if they are absent, all
the energy added to the system after an R-electron injection
goes to the right.

In the end, we want to stress that the condition & ~ 1,
although challenging, is consistent with the boundary imposed
by the setup. Nonuniversal features of energy partitioning
can thus play an important role when a nonlocal injection
is concerned. In particular, it is possible to directly control
the energy flow after a single electron injection, being able
even to invert its direction with respect to the charge flow.
The energy flow, and its partitioning, could be inspected
by means of nanocalorimetric measurements [77,78]. Their
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0.1 . . . .
0 o 2.5

FIG. 8. Energy partitioning factor p,; as a function of the
tunneling region width &. Each line refers to a different interaction
parameter: K = 0.8 (solid red), K = 0.6 (dashed blue) and K = 0.5
(dotted green). In panel (a) ky = 0, while in panel (b) ky = —1.2. The
insets show the overlap, at the same interaction strength, between the
edge spectral function (in gray) and the momentum “spectrum” of the
injected electron (in red), along the lines of Fig. 2. The momentum
ko is the same as that of the hosting panel. Parameters: y, = 0.05¢,
and a = 1/40.

implementation within a time-resolved detection scheme,
analogous to the time-dependent charge measurements [14],
should also allow the study of the energy packet power profile
P, (t). Additional information on fractional excitations can be
obtained by measuring their energy distribution [17,79,80],
which, for example, can be probed with a QD detector acting
as an energy filter [81].

V. CONCLUSIONS

In this work, we have investigated the injection process
of a single electron from a mesoscopic capacitor into the
counterpropagating edge states of a topological insulator.
Particular attention has been devoted to the role played by
e-e interactions and how their presence affects the dynamics
of both charge and energy density. We have presented a
time-dependent density-matrix formalism to evaluate their
time evolution after a single electron injection. The charge and
energy profiles have been analyzed in the presence of local
and nonlocal tunneling. Fractionalization phenomena, due to
interactions, have been discussed, elucidating the differences
between charge and energy. We have found that the latter
is strongly affected not only by interactions but also by the
nature of the tunneling process itself. Indeed, we have shown

PHYSICAL REVIEW B 94, 035404 (2016)

that in the presence of nonlocal tunneling from a mesoscopic
capacitor, it is possible to have situations in which charge and
energy profiles flow in opposite directions and are completely
decoupled. These results shed new light on the single electron
injection into an interacting system, with relevant implications
for the field of electron quantum optics.
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APPENDIX A: CALCULATION OF
THE INVERSE LIFETIME

In this appendix, we explicitly calculate the inverse lifetime
2y defined in Eq. (30). Let us start from the result in Eq. (25),
which can be rewritten in the following form:

t Iy “+00 .
P_o(t) = 2]ARe / dts / d, / / dyidy, 91
0 0 —00

x W (yDw(2)G(i,t; y2.0). (AD)

It is now straightforward to perform the time derivative,
obtaining

. l +OO .
Pi_o(t) = 2|A|"Re / dty / / dyidy, """
0 —00

x w*(yDw(2)Gy1,t1; y2,1). (A2)

We now express this quantity in Fourier representation. First,
considering [82]

1 a 8 +oo - Ez Ea
—(—)/ dE E¢ le™iwe™ v,  (A3)
Le)\u/) Jo

the fermionic function G in Eq. (A2) becomes

1 14242 +00
e () [ ama
~ 2na T(AZ )F(A )

E\+E,
u

2m8G(2)

x ENEN e

e IN(E1+E)

Ey-E)

lt(EH-Ez) —iy B2 lel)’Z

X e (A4)

Then, we introduce the Fourier transform of w(y),

o0 '
w(k)=/ dy w(y)e'®

o]

+00
= / dy £(y) e ) = E(k + ko). (AS)

o0

Using (A4) and (AS) in (A2), we obtain
I?vl2 1

+00
F(A2>F(A2( ) / dé/,

x|w(—Eu*1)| (e + EY (e — By e

t
xRe/ ds e (€=
0

Pi_o(t) =

(A6)
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Recalling the definition (30) and using
+00 .
Re / ds e €07 = 18(ep — €), (A7)
0

we find

kK _<«a [aey 242
= —e u —_—
Y= AT 2u

+1
X / dy
-1
with yy = |A|?/(2ug). Thus Eq. (31) is proved, using the
expression in Eq. (33) for the spectral function and Eq. (A5).

Note that when £(k) = 1 (local tunneling), the above integral
can be evaluated analytically, yielding

2
w(—%)‘ A+ 00— 0", (A8)

+1 ) )
/ dyx 1+ 01— 0!

1
_ /ldx XA AZTHA?)
0 (1—x)-A2 (1 +242%)

This result leads to Eq. (34), which holds in the case of local
injection with o — 0.

APPENDIX B: CALCULATION OF Z,

This appendix is devoted to an evaluation of the average

function
T, = T9 — IO = (fr(y, A1), (), (B)

defined in Eq. (15) and necessary in order to compute the
density variation dn(x,t) in Eq. (13). Let us start with the
commutator in (B1), which can be written in terms of chiral
fields as

\/ Zn 93y (2). ¥k (2,12)].

(B2)

[0, f(y2,12)] =

with z, = x — nut. Using the bosonized expression (19) with
(20), one has

[0 By (2)s Uk (y2,12)]

1 o . . P
— X [ax(ﬁn(zn)’el~/2TT[A+¢+(Zz+)+A—¢—(Zz )]] (B3)
A ZLZTTa

with the boson fields satisfying c-number commutation rela-
tions [2,62]

a
rra2+(x )2

[0xhy (X). By (V] = in 8,y (B4)
This allows us to use the Baker-Hausdorff relation [2] among

two operators A and B (with a c-number commutator)
[A,eB] = [A,Ble?, arriving at

[8:by(20), Uk (y2,12)]
- ¢—< _a

(y2,12).  (BS)
T a? + (z, —zz) >1/1R i
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Then, using Eq. (37), we arrive at

[AQx, 1), k(2. 1)]

-2 [ +<zn—zz>

The average function Z, in Eq. (B1) is then given by
a
I, = Z an —2
+ (2 — 23)

As a final step, the fermionic Green function G =
(@R(yl ,H )17/;2()72,1‘2))9, is expressed using the identity [2]

:|1/fR(y2J2) (B6)

}xzf,e(yl,n)xﬁ;(yz,tz)m.

(e @h Wb — expla®Gl—n(x — y)I},  (B7)

with G the bosonic Green function defined in Eq. (28). In
writing Eq. (40), as long as a is the smallest length scale, it is
possible to approximate

N T (B8)
Ta+ (2 — 23)

Finally, we comment on the role played by the term

IO = —(PrO1. )V (2.2 D) (B9)

present in Eq. (15) for the evaluation of the total amount of
charge Q, that travels in the direction n after the injection. As
shown in Eq. (41), it is obtained integrating the chiral charge
density én,(z,) over the whole system. Since one has

+00
/ dx A(x,1)|R) =0, (B10)

[e¢]

it turns out that all contributions to Q, are due to Z\* only.

APPENDIX C: CALCULATION OF
THE TOTAL CHARGE Q

In this appendix, we calculate the total amount of charge
injected in the edge channels, starting from the expression
given in Eq. (43). Let us first introduce the Fourier transform
of the function B(¢):

» +00 ) 1
_ iEt __
ﬂ(@—/o dt p(t)e'™ = E—ea) iy (ChH

Taking advantage of the integral representation (A3), we write
Q as a double integral over energies:

|)¥|2 1 14242
27161 F(A2 )F(A )( >

~+00 A2 1
X /:/ dE\dE, E E -
0

~ 2 _aEl+E2
x |B(E| + Ep)|e

Moreover, since the energy level of the dot is well defined
(y < €p), the following approximation on the function S(E)
can be used:

Q=

~(152—E1)‘2
ol 22— =L
u

(623

B = N ga(E —e).  (C3)

Y2+ (E — €)?
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Inserting this é function in Eq. (C2), we are left with a single
integral,

Kyy _,« 1 aeo\ "
Q=——e" a5,
1% A°T2(A%)\ 2u

+1
x / dx (14070 = 0% w(—eoxu"P,
-1

(C4)

with yy = |A|>/(2vg). Recalling the expression of y found in
(AB), we conclude that Q = 1.

APPENDIX D: CALCULATION OF I3

Here we evaluate the average function

Tr = (Yr A, ¥ 02,00 (D1)

demonstrating the validity of Eq. (52), necessary in order to
evaluate the energy density fluctuations §H(x,¢). In particular,
we have to compute functions ./\/l%a/ » introduced in Eq. (49).
Focusing on M{®), we get

MO = (Jr(y1.0) y(z) Tr(y2.0))e
= L (VI VI A )
" 2ma Q
% av<e—i\/ﬁA,,¢3,,(z’ll) eiuqsﬂ(z,,) ei«/ﬁA,,J),,(zg))Q’v:O’
(D2)
where we have used Eq. (19) and the identity
$yx.1) = —id,e"PD| (D3)

By means of the Baker-Hausdorff identity, one can rewrite

MO (z,,75,25) = —iA27 GzE,25)

x [G(nzy — nz]) — G(nz3 — nzy)].
(D4)

where the bosonic Green function G and the fermionic
correlation function G have been defined in Egs. (28) and
(29), respectively. It is easy to show that M has the same
expression apart from a different sign in the argument of the
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second bosonic Green function. As a result, one has
MP + M = i A3 G(z5.25) [26 nz, — <)
—G(nzy — nz3) — G(nz3 — nzy)]-

Equation (52) can now be readily obtained simply by taking
the derivative of functions G.

(D5)

APPENDIX E: BEHAVIOR OF E,

In this appendix, we present details on the energy E, that
travels in the 5 direction. Such a quantity, defined in Eq. (58),
is expressed as in Eq. (60).

Let us begin by discussing the total energy E = E +
E_. In the limit y < €y, we can approximate |B(e;)> —
3(e4 — €o) m/y [see Eq. (C3)], writing

_\ 242 2 €
E :@(Q) _Le—’(ﬁ/JﬂJdG_
" 2y \2¢0)  T(g)T(gH) o

X (€0 + €)% (g — €)% T w(—e_/w)l>.  (El)
Recalling that gni = A% + (1 £ 1)/2, one then has

Kyo (Ka\*> 1
E=e-D(22) ———___ ,ka
y \ 2 A2T2(A%)

+1
x/ dx (1400 = 0" Mi(—eoxu="P.
-1

(E2)

By comparing this result with the behavior of the total charge Q
in Eq. (C4), we can conclude that E = €y Q = €, since Q = 1.
The “universal” limit present for local injection [£(k) — 1]
and given in Eq. (62) is recovered using in Eq. (60) the relation

e

€
e I'(g,)T(gr)
2 14242
= w—z (E3)
I'242A2)
We therefore have that E, = A%E with
o Kn(Ka 242 1
T 7 \e Q2 +2A2%)
*© 14242 = o K&t
X/ dey €, |B(e)| e 0 (E4)
0

independent of 1. Such an expression immediately allows us to
recover the energy partitioning factors pl]"c given in Eq. (62).
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