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Charge transport in a Tomonaga-Luttinger liquid: effects of pumping and bias
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We study the current produced in a Tomonaga-Luttinger liquid by an applied bias and by weak,
point-like impurity potentials which are oscillating in time. We use bosonization to perturbatively
calculate the current up to second order in the impurity potentials. In the regime of small bias and
low pumping frequency, both the DC and AC components of the current have power law dependences
on the bias and pumping frequencies with an exponent 2K — 1 for spinless electrons, where K is
the interaction parameter. For K < 1/2, the current grows large for special values of the bias. For
non-interacting electrons with K = 1, our results agree with those obtained using Floquet scattering
theory for Dirac fermions. We also discuss the cases of extended impurities and of spin-1/2 electrons.

PACS numbers: 73.23.-b, 73.63.Nm, 71.10.Pm

I. INTRODUCTION

The conductance of electrons in a quantum wire has
been studied extensively in recent years both theoreti-
cally [1, [2] and experimentally [3, 4, |5, 6, 7, [§]. For a
wire in which only one channel is available to the elec-
trons and the transport is ballistic (i.e., there are no im-
purities inside the wire, and there is no scattering from
phonons or from the contacts between the wire and its
leads), the conductance is given by G = 2¢2/h for in-
finitesimal bias. However, if there is an impurity inside
the wire which scatters the electrons, then the conduc-
tance is reduced. For a §-function impurity with strength
U, we obtain G = (2¢%/h) (1 — U?/v%), to lowest order
in U, where vp is the Fermi velocity of the electrons.
In the presence of interactions between the electrons, the
impurity strength U effectively becomes a function of the
length scale through a renormalization group (RG) equa-
tion [9, [10). The RG flow has to be cut-off at the smallest
of the three length scales of the system, namely, the wire
length, the thermal length which is inversely proportional
to the temperature, and a length which is inversely pro-
portional to the bias voltage Viis. If the latter length
scale is the smallest of the three, then the effective value
of the impurity strength is given by U%ﬁgl, where K
is a parameter related to the strength of the interac-
tions between the electrons as we will see later. Hence
the correction to the conductance due to the combined
effect of the impurity and the interactions is given by
AG ~ U?V2E=2,

The phenomenon of charge pumping and rectification
by oscillating potentials applied to certain points in a
system has also been studied theoretically [11-38] and
experimentally @, 40, |41, 42, ] For the case of non-
interacting electrons, theoretical studies have used adi-
abatic scattering theory ﬂﬂ, 18, @], Floquet scattering
theory , ], variations of the non-equilibrium Green
function formalism m, 26, ], and the equation of mo-
tion approach |38]. The case of interacting electrons has
also been studied, using a RG method for weak interac-
tions @], and the method of bosonization for arbitrary
interactions [45-55]. The analytical methods used in the

two cases typically treat the electrons in quite different
ways, with a non-relativistic Schrédinger equation or a
tight-binding model on a lattice being used in the non-
interacting case, and a massless Dirac model followed by
bosonization being used in the interacting case.

A clear comparison between the non-interacting and
interacting cases does not seem to have been made be-
fore. We plan to fill this gap in this paper and will study
the effects of electron-electron interactions (of arbitrary
repulsive strength) on the DC and AC components of
the current in a system with a bias and time-dependent
impurities.

In Sec. II, we discuss a massless Dirac model for non-
interacting electrons in the presence of several point-like
impurities. We use Floquet scattering theory [23, ] to
study the pumped and bias current in this model. In
Sec. III, we first review the calculation of the backscat-
tered current. Using bosonization @, @, @]7 we then
compute the DC and AC components of the current up to
second order in the impurity potentials , } We show
that these reduce to the results obtained using Floquet
scattering theory for the non-interacting case. The cases
of extended impurities [50] and of spin-1/2 electrons are
discussed briefly. We summarize our results in Sec. IV.
We will consider infinitely long wires and zero temper-
ature throughout the paper; hence the relevant energy
scales in the problem are set only by the bias and the
pumping frequency.

II. MASSLESS DIRAC MODEL WITH
IMPURITIES

In this section we consider a spinless and massless
Dirac fermion with no interactions between the fermions,
and use the Floquet scattering theory to compute the to-
tal current. The Hamiltonian in the presence of several
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point-like impurities is given by H=Hy+ ﬂimp, where

N ) 0 0
Hy = /dﬂf ivp (— w;% + 1#2%),

Himp = /dw Z §(x — xp) Up(t) T (x)(x),

U(z) = Pr(x) M7 + Yp(z) e 0T (1)

where 17, and ¥ g are the fermionic field operators of the
left and right moving electrons, vg is the Fermi velocity,
and kp is the Fermi wavenumber which originates from
some underlying microscopic model. For instance, one
may have a system of non-relativistic electrons with a
Fermi energy Er = k%/(2m) and vp = kr/m. (We are
setting Planck’s constant i equal to unity). The Hamilto-
nian Hy is obtained by linearizing the dispersion around
the two Fermi points given by k = £kp. Hjy, arises
from the time-dependent impurities which have strengths
Up(t); this Hamiltonian couples left and right moving
fields since

viy = hor + olor + Yhype RrT 4 1/;21/;342’“21).
2

We will assume that
Up(t) = Up cos(wt+ ¢p), (3)

i.e., all impurities vary harmonically in time with the
same frequency w. We will now use Floquet scattering
theory and carry out a perturbative expansion in the di-
mensionless quantities Uy, /vp.

The equations of motion in the presence of a single §-
function impurity é(x — x,)U, cos(wt + ¢,,) is as follows:

i % + v %

ot or
= §(x — xp) Upcos(wt + ¢p) (br + e 2krer),
; 9vL [

ot "F Ton
= d(z —xp) Upcos(wt + ¢p) (Yr, + ¢R6i2kpmp)'
(4)

If we define the linear combinations ¢4 = YreFTy 4
Pre= T and g = peres —apre~*r7s we find that

O Oy

o T Y

oY oY

i 8—t+ + ivp B = 26(x — xp)Up cos(wt + ¢p) V.

()

By integrating over a little region from x, — € to =, + ¢,
we find that 1 is continuous at the point = x,,, while
1_ has a discontinuity given by

v [V (zp+e) — Y_(zp—e€)] = 2U, cos(wt+op) 1/)+(fo))

We would like to note here that it is necessary to retain
the terms 7,/1;‘%1/13 + 1/121/% in Eq. (@) in order to have con-
tinuity of 14. In some papers, these terms are not taken
into consideration. One then runs into the mathemati-
cal peculiarity that ¢ and ¢_ are both discontinuous
at * = x,, and the discontinuity is taken to be propor-
tional to their values at that point; but those values are
actually ill-defined due to the discontinuity.

We can now solve Eqs. (@) along with the bound-
ary conditions in Eq. (@). For a single d-function im-
purity oscillating with frequency w at z = =z, let us
consider a wave coming from the left (zr < z,) with
energy Ey and unit amplitude. Note that we are mea-
suring energies with respect to a Fermi energy, so that
Ey = 0 corresponds to a fermion at the Fermi energy.
Due to the oscillating impurity potential, the wave will
be reflected back to the left with energy E, = Ey + nw
and amplitude S (E,, Ey), or transmitted to the right
(x > z,) with energy E,, and amplitude Sgr(E,, Eo),
where n = 0,41, £2,--- defines the Floquet side bands
[23]. Note that since we are considering a Dirac fermion,
there is no upper or lower bound to the energy FE,,, and
the velocity vp is independent of the energy. (This is
unlike the case of a non-relativistic fermion or a fermion
on a lattice where there is a lower or upper bound to the
energy, and the velocity is a function of the energy). To
be explicit, the wave function is given by

Yr = eihor=Bot) for gz < g,

> Sri(En, Eo) eFrm =0 for x>,

UL

Z Spi(En, Ep) e/ CRne=Enl) for o < g,

=0 for z>uz,, (7)

where k, = E, /up. Similarly, we can consider a wave
coming from the right with energy Fy and unit ampli-
tude; it will be reflected back to the right with amplitude
Srr(E,, Fo) or transmitted to the left with amplitude
Srr(En, Ep). Let us simplify the notation by defining

ron = Spn(En, Eo),
tr,n = Sri(En,Ey),

trn = Spr(En, Ep),
"R = Srr(En,Eo). (8)

Due to unitarity, we have the relations

D Ll + Jtral*]

n

Y Lrral® + lteal*]

n

|
\.)—‘

|
=

9)

The different Floquet scattering amplitudes 7, , and
ta,n can be found by using the boundary conditions in
Eq. (@). We will consider the case of several impuri-
ties labeled by the index p as in Eq. (). To simplify
our calculations, we will assume that w(z, — z,)/vr and
Eo(xp —xy)/vr are small for all pairs of impurities p and
r; the first condition corresponds to the adiabatic limit,



while the second condition implies that we are only con-
sidering states close to the Fermi energy. Keeping terms
only up to first order in Uy /vr, we find that only the first
Floquet side bands are excited, and

tpa = tp1 = — E Z Uy e~
tp1 = tp_1 = — i > U er
p
oy = — i zp: U, ¢i(2krer=ar),
rL,-1 = — ﬁ ; U, e2kreptos),
rra = — i zp: U, ei(~2krzp=on),
TR-1 = — ﬁ ; U, ¢(~2kreptoén) (10)

We also find that the unitarity relations in Eq. (@) are
satisfied up to second order in U, /vp, and therefore ¢, o
and tgo are given by

|7"R,71|2 - |tL,1|2 - |tL,—1|2,
Ire, -1 = tral® = ltr,-1]?,

(11)

ltrol? = 1—|rral” —

ltr.ol?

1—|rpal® -

to that order in U,/vp. Note that the amplitudes given
in Eqs. (IQL) are all independent of Fy under the ap-
proximations that we have made.

The dc part of the current in, say, the right lead is
given by [23]

Inge = 4 [ 525 [rnal® {falEs) = fu(Ew)

+ |trnl® {fL(Eo) — fr(En)} ],
(12)

where ¢ is the charge of the electron, and f,(E) =
1/[e(B=ra)/keT 1 1] is the Fermi function in the lead .
At zero temperature, fo(E) = 0(po —E), where (E) = 1
for £ > 0 and 0 for £ < 0. Note that in a non-relativistic
system, an expression like (IZ) would contain ratios of ve-
locities vy, /vg. Since we are considering a massless Dirac
fermion here, the velocity is independent of the energy,
and v, /vg = 1 for all n.

Let us define a frequency in terms of the bias voltage,
wo = qVhias = pbr — pr.- We will assume the bias to be
small so that wo(z, — xp)/vp is small for all values of p
and r. Using Eqs. (IQHIT), we find, up to second order

in Up/vp, that

IRde = — q;o [trol* + ltral® + [tr—1]"]
+ % [tral? = ltr,—1* + rral* = PR 1" ]
W W
- q27r0 4sz Z Uy
+ 2 Z UpU, cos(2kpayp) cos(¢rp)]
p<r
27% > UU, sin(2kpa,y) sin(dr,), (13)

p<r

where z,, = z, — xp and ¢rp = ¢ — ¢p. Eq. (I3)) shows
the effects of a bias (wp) and harmonically oscillating
potentials (w). For the pure pumping case with wg = 0,
Eq. ([@3) agrees with the results presented in Ref. [38];
note that the pumped current depends on sin(¢p).

It is interesting to note that the first term is just the
ballistic conductance of a clean wire multiplied by the
bias, the second term is a correction to the clean case be-
cause of the presence of impurities, and the third term is
the pumped current. In the non-interacting case, the bias
component and the pumped component separate out, but
for the interacting case, the current involves powers of
wo  w.

IIT. BOSONIZATION CALCULATION OF
BACKSCATTERED CURRENT

A. Backscattering current operator

We now compute the current in a system of interact-
ing electrons using the backscattering current operator
introduced in Refs. [45, 146, 147, 48].

Let us take the impurity potentials to be absent at
time t = —oo; then they are gradually switched on. At
the initial time, Hy commutes with the number operators
of the left moving and right moving fermions, Nz, and
Npg respectively. In the absence of any impurity poten-
tials, all the right movers originate in the left reservoir
which is maintained at the chemical potential py, and
all the left movers originate in the right reservoir main-
tained at the chemical potential ur. Hence, the system
is initially described in the grand canonical ensemble by
the chemical potentials py and pr which are the coeffi-
cients of the number operators Ny, and Ny respectively.
We will work in the interaction representation, taking the
chemical potentials to be part of the interaction. This in-
troduces time dependences into the fermionic operators
wL — z/JLei”Lt and and ¥r — Yre* Rt The operators
1/)L1/)R and 1/)R1/1L appearing in in Hjy,, (see Egs. (1) and
@) therefore pick up factors of etiwot,

If there were no impurities, there would be a cur-
rent flowing to the left given by Iy = ¢*Viies/(27) =
qwo/(2m). In the presence of impurities, some of this



current is backscattered to the right. The total current

flowing to the right is given by I = —Iy + I, where Ips

is the correction to the current due to backscattering by

the impurities. The backscattered current is defined as
R dNg
Iys(t) = ¢g —— =
bs(t) q dt

i > Uplt) [@hpn e/ott2rm) — e,

P

_iq [NR ) ﬁimp ]

(14)
The backscattered current at any time ¢ is given by
<fbs> = <O| S(_Oo;t) jbs(t) S(t; _OO) |0>7 (15)

where |0) denotes the initial state at ¢t — —oo, and S is
the scattering matrix arising due to the impurities,

t
dt' Himp(t)].

(16)

S(t; —o0) = ST(—o0jt) = T exp[—i/

— 00

We define a backscattering operator

By(t) = Up(t) ¢f g e'leott2hres), (17)

In terms of this, Ips(t) = iqu[f?p(t) — H.c], while

S(t,—00) = 1 =%, ' dt'[B,(t') + H.c] to first or-
der in Up,. Thus

he=a Y [ a0 B@B® - BIBO)]
| + He |0) (18)

to second order in U,,.

B. Bosonization

In one dimension, it is known that a large class of
fermion systems which are gapless and have a low-energy
dispersion which is linear can be written in terms of gap-
less bosonic systems [56, (57, 58]. These systems are called
Tomonaga-Luttinger liquids; for spinless fermions, they
are characterized by an interaction parameter K and a
velocity v. Non-interacting fermions have K = 1 and
v = vp, while K < 1 corresponds to repulsive interac-
tions between the fermions. To be specific, consider a
system with short-range density-density interactions of
the form

Hot = 5 [ [ dody p@)Vie-pots).  (19)

where V (z) is a real and even function of z, and the den-
sity p = 9T is given in Eq. (). We can write Eq. ()
in a simple way if V' (z) is so short ranged that the argu-
ments x and y of the two density fields can be set equal

to each other wherever possible. Using the anticommu-
tation relations between the fermion fields, we obtain

How = g2 / de Whrdl v, (20)

where g2 is related to the Fourier transform of V(z)
as g2 = V(0) — V(2kp). Defining a parameter v =
g2/(2mur), we have the relations

1o\ /2
)"
1+~
v = vp (1—42)Y2 (21)

In the absence of impurities, the bosonic action is given
by

1 [(96\> v [06\°
S = dtd. — | = - = | = . 22
/ o l 2v < 8t> 2 (6:10 (22)
Bilinears in fermion operators can be written in terms of
bosons and Klein operators |56, [57, 158], such as

FR 1 i .
T o AT A 2V K

1/)R¢L - 2o NRNL € d)v

A L v ovrKd

1/’21/)1% = % 772771% € ¢, (23)

where nr and 7 are the Klein operators, and « is a
short distance cut-off. We then obtain the ground state
expectation value of products of four fermion operators

as in Eq. (I8), namely,

<O| 1/’}3(%7 tl)d}L (I;Dv t’)‘/’} (xra t)d}R(xTa t) |O>
a2K—2

G (€ ER o s ) S e

for all values of K.
For the non-interacting case with K = 1, we can eval-
uate the above ground state expectation value directly

without using bosonization. We use the second quan-
tized expressions for the fermion fields,

< dk -
wR _ / = apk ezk(m—vlrt)7
m

— 00

< dk .
YL = / o5 Lk ethlmomort), (25)

— 00

where the creation and annihilation operators satisfy the
anticommutation relations {aRk,aTRk,} = {aLk,aTLk/} =
2r6(k — k). The ground state |0) is annihilated by
aRk,ary for £ > 0 and by aTRk,aTLk for k < 0. We then
find that the ground state expectation value agrees with
the result given in Eq. (24) for K =1 and v = vp.

In general, the backscattered current has two parts:
one independent of time which we call 1., and the other
varying with time, with frequency 2w to second order in
U,, which we call I,.. I,. does not contribute to any



charge transfer as its average over a cycle is zero. In the
next few subsections, we calculate the expectation value
of the backscattered current for various cases and study
them in different limits. To simplify our calculations, we
again assume that wx,, /v and woz,, /v are small and that
w > 0. It will be convenient to define the combinations

wy = wyp + w, and w_ = wy — w. (26)

C. Single impurity

This case has been discussed in Ref. [48]; we repro-
duce the results here for the sake of completeness. Some
details of the calculations are provided in the Appendix.

o qUﬁ (g)2K—2
bs,de 8mv2T'(2K) \w

X [sgn(ws) w270 + sgn(w-) Jw-[*F71,
(27)
[ qU; (g)2K—2
bs,ac T 8ry2l'(2K) cos(mK) \w

X [sgn(wy) |ws 2

X cos(2wt + 2¢, + sgn(wi)TK)

+ sgn(w_) |w_|*K1

X cos(2wt + 2¢, — sgn(w_)mK)],
(28)

where sgn(2) =1if Q> 0,0if @ =0 and —1if Q < 0.
In Egs. 27H28), we note that the currents become large
in the limit wy — *w if K < 1/2. Hence the perturba-
tive expansion in powers of U, breaks down when wy is
close to +w [48]. The region of validity of the perturba-
tive expansion can be estimated using a RG analysis as
discussed below.

Egs. (2028) imply that for the pure pumping case
with wg =0, I}?, = I;? .= 0. For a single impurity,
therefore, chargeﬁpumpinﬁg does not occur, whether or
not there are interactions between the electrons. For the
pure bias case with w = 0 and ¢, = 0, we have I}, +
I . ~ UZwi™ ~'. Thus the backscattering correction to
the conductance given by —Ivs dc/Viias = —qlps,de/wo is
proportional to Uﬁfo;Q.

In the presence of both bias and pumping, the correc-
tion to the differential conductance AG = —q01Ips 4c/Iwo
grows large as UZ|w+[*!~2 for wy or w_ — 0. This is
consistent with results based on RG calculations [9, [10].
Namely, the presence of interactions between the elec-
trons effectively makes the impurity strength U, a func-
tion of the length scale; this is described by the RG equa-
tion dUp/dInL = (1 — K)Up, to first order in U,(L).
Hence the value of U,(L) at a length scale L is related
to its value U, defined at a microscopic length scale (say,

a) as Uy(L) = (L/a)'"KU,. In our case, the length
scale L is set by v/|wy| or v/|w_]|. The effective impu-
rity strength U, (L) therefore increases as (v/|w+|)1 £ U,
for wy or w— — 0, and the correction AG grows as
[Up(L)]? ~ UZ|w+[*!~2. This divergence must be cut off
when AG becomes of order 1, in units of ¢?/(27). Restor-
ing the appropriate dimensionful quantities, we see that
the above RG analysis and perturbative expansion are
valid as long as U, /v << (a|w|/v) K.

D. Several impurities

We now consider the case of several impurities located
at x, with the phases of the oscillating potentials being
¢p. We again define z,, and ¢,, as in Eq. (I3). The
backscattered current can be written as Iy = Zp Ilfsp +

> p<r s - The dc and ac parts of ;] are given in the
previous subsection. Next, we find that

Vi _ quUT (g)?K—2
bs.de T 42D (2K) \w
x [sgn(wy) |W-|-|2K_1 cos(2krTrp + brp)

+ sgn(w-) lw-[** 7" cos(2kpry — ¢rp));

(29)
. qU, U, an 2K—2
TP = b (—) 2kpx,
bsac = 42T (2K) cos(nK) \v cos(2krry)
X [sgnwy) |wg 5
X cos(2wt + ¢p + ¢ + sgn(w)TK)
+ sgn(w_) Jw_|2K~1
X cos(2wt + ¢p + ¢ — sgn(w_)mK)].
(30)

For the pure pumping case with wg = 0, we see that
Iy ge ~ W sin(2kpa,p) sin(¢rp), while I}, . = 0. Eq.
[29) differs from the results given in Ref. [49] due to the
terms involving 2kpx,p.

We note that the currents given in Eqs. (27H28]) and
(29H30)) all reverse sign if we change wy — —wp and =, —
—z, for all p. This is a natural consequence of parity
reversal, i.e., interchange of left and right.

The dc parts given in Eqgs. @7) and (29) can be

combined to give a total current Ipsgc = Zp ..+

pr
Zp<r Ibs,dc7

I q an 2K -2
borde ™ Qru?T(2K) (5)

X [sgn(wy) w70 ) U Chreeton) 2
P

+ sgn(w_) |w_|[?K1| ZUpei(Qk”P*%) 2.
P

(31)



The above expression suggests that the current will be
maximized if either 2krx, + ¢, or 2kpz, — ¢, has the
same value for all p. This means that the potentials
in Eq. (@) should be of the form U, cos(wt — 2kpx,)
or Upcos(wt + 2kpxp); this describes a potential wave
traveling to the right or to the left. Such a wave has
been studied extensively for the case of non-interacting
electrons; see Refs. |20, 21, 22, [31), [32, 133, 134, 138] and
|40, 141, 142, 143].

An unusual phenomenon occurs if the interactions are
sufficiently strong, i.e., if K < 1/2. If there is no bias,
the DC part of the current generally goes as w?%~1 which
increases as w decreases. However, it is clear that if w
was exactly zero (time-independent impurities), then the
current would also be zero. These two statements imply
that the current must be a non-monotonic function of w,
and must have at least one maximum at some value of
w. Finding the location of the maximum requires us to
go beyond the lowest order perturbative results of this

paper.
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FIG. 1: (Color online) DC part of the backscattered cur-
rent as a function of the bias wo for several impurities,
when wi are small.  The red (dot), magenta (dash),
blue (dash-dot) and black (solid) lines show the results
for K = 1/4,1/2,3/4 and 1 respectively. We have taken
|Zp Upei(kawp+¢p)|2/| Zp Upei(%Fﬂcrép)|2 —92.1.

Figure 1 shows the dc part of the backscattered cur-
rent as a function of the applied bias, for a fixed non-
zero value of the pumping frequency w, assuming that
w and wp are small. We have used the expression in
Eq. (@BI) to plot the value of Ips ge(wo)/Ips,ac(wo = 0)
as a function of wp/w, for four different values of the
parameter K = 1/4,1/2,3/4 and 1, taking the ratio
1>, Upe'krapten)|2 /| > Upe'Pkrep=¢p)|2 = 2: 1 as an
example. For K = 1/4, the current diverges at wy = tw
as mentioned above. We also note the linear and piece-
wise constant dependences of the current on wq for K =1

and 1/2 respectively; this is discussed in Subsec. III. E
below.

If we relax the assumptions that wz,,/v and woz,p/v
are small, then the exact expressions (up to second order
in the impurity potentials) for the ac and dc component
of the backscattered current are given by

i quUr\/_I (g)QK*2 _2|pr| K
bs,dec 47.‘.1)21"([() v v
X [sgn(wy) |w+|K_1/2JK71/2(|W+wrp|/U)
X cos(2kprp + Orp)
+ sgn(w-) lw_ K72 Tx_1pa(Jw—app|/v)
X cos(2kpxrp — Grp)l,
(32)
pr _ quUrﬁ (g)?K—2
bs,ac 42T (K) cos(mK) \v
ol |\ /2K
% (M) cos(2kpx,p)
v

X [sgn(wy) |wp K712 Jr—12(lwyzrpl/v)
x cos(2wt + ¢p + ¢ + sgn(wi)TK)
+sgn(w-) lw-| "2 T 1 a(jw-zrpl/0)
x cos(2wt + ¢p + ¢p — sgn(w_)mwK)

+ {Jw| K12 J1j2—k (lwy | /v)

— o[ FTY2 Ty ok (Jw—rp|/0)}
X sin(2wt + ¢p + ér)]. (33)

The Bessel function J is discussed in the Appendix; us-
ing a power series expansion given there, we can show
that Eqs. (B2H33) reduce to Eqs. (Z930) in the limit
wtTrp/v — 0. We note that the expressions in Eqgs. 27
28) do not change if we relax the assumptions that w and
wp are small.

Figure 2 shows the dc part of the backscattered current
as a function of the applied bias for the case of two im-
purities, labeled 1 and 2, taking Uy = Us, 2kpx12 = 7/2,
¢12 = —7m/4, and wr12/v = 1; thus w and wy are not
small, in contrast to the case shown in Fig. 1. We
have used the expressions in Egs. @1) and B2) to
plot the value of Iy gc(wo)/Ips,dc(wo = 0) as a func-
tion of wy/w, for four different values of the parameter
K = 1/4,1/2,3/4 and 1. We see some oscillations in
Fig. 2 due to the appearance of the Bessel functions in
Eq. (2). For K = 1/4, we again see divergences at
wo = tw.

E. K=1and1/2

We now discuss the special cases K = 1 and 1/2 where
the expressions for some parts of the currents simplify
considerably.



FIG. 2: (Color online) DC part of the backscattered current
as a function of the bias wo for two impurities, when w4 are
not small. The red (dot), magenta (dash), blue (dash-dot)
and black (solid) lines show the results for K = 1/4,1/2,3/4
and 1 respectively. We have taken Uy = Ua, 2kpx12 = 7/2,
(2512 = —71'/47 and w:clg/v =1.

For non-interacting fermions with K = 1, we find from
Eqs. (2728) that in the single impurity case,

2
T wo
bs,dc 47”)%_‘ ’
qUp
LY. = 47mp% wo cos(2wt + 2¢,). (34)

The total current is given by I = —Io + I} ;. + I}y

bs,ac?

35
2 VR (35)

[ = &0 [_1 + (UPCOS(Wt+¢p))2

This is consistent with the fact that the transmission
probability across a static point-like barrier of height U
is 1 — (U/vp)? up to order U2. For the case of several
impurities, we find from Eqs. (29430) that

- qU, U,
.. = =" [wo cos(2kpxyy) cos(drp),
bs,d 2mv, P p
— w sin(2kpxrp) sin(érp) 1 (36)
U,U.,
lfzac = Lpor wo cos(2kpxrp) cos(2wt + ¢p + Py ).

2mv%,
(37)

Note that the dc part of the current is given by a linear
combination of the pure bias part and the pure pumping
part, and it agrees with the expression given in Eq. (13]).

For K = 1/2, we can obtain the different parts of the
currents by taking the limit K — 1/2 in Eqs. (27028)

and (29430). We find that

pp Uy
bs,dec ST [Sgn(w+) + sgn(w,)],
r qUpU,
II;JDs,dc = 47TpOé’U [Sgn(w+)cos(2kFxrp+¢rp)
+ sgn(w-) cos(2krxrp — Prp)],
pp Uy
0 = s {(sgn(ws) + sgn(w-)) cos(2ut + 20,)
2 W4
— In|—| sin(2wt + 2
+ = | sint +26,),
T U, Ur
I = T2 (sgn(wr) + sgn(wo)) cos(2wt + 6, + 1)

n % In | 5| sin(2wt + 6, + ér)].
(38)

Thus the DC parts of the currents do not depend on the
precise values of w and wy if they are unequal, and they
have a finite discontinuity when w crosses £wy.

To conclude, we see that the dc parts of the currents
are linear functions of wy,w for K = 1, and are piecewise
constant functions of wpy,w for K =1/2.

F. Extended impurities

The analysis in Subsec. III. D can be readily gener-
alized to the case where there is an extended region of
oscillating potentials [50]. Let us replace the discrete set
of potentials given in Eq. (@) by an oscillating potential
of the following form

U) = /dw U(z) cos[wt + ¢(x)] . (39)

We then see from Eq. (@BI) that the dc part of the
backscattered current is given by

I q an 2K -2
bode T 8T (2K) (5)

sgneos) o3 PK 1] [ do U(a) eihms et

X

4 sgn(w,) |w,|2K71|/d:1: U(:E) ei[2kpmf¢(m)]|2].
(40)

to second order in U(z). For the pure pumping case with
wo = 0, we find that

q a\2K-2
fesde = = BT ER) (5) W
X //d:z:d:z:/ U(z)U(z") sin[2kp(z — 2')]

X sin[g(x) — ¢(a")]. (41)

Eq. (@I) implies that the charge pumped per cycle,
AQ = (21/w)Iys ac, scales as w?K=2; for K < 1, this



grows large in the adiabatic limit w — 0. In this limit, we
saw earlier that the effective length-dependent impurity
strength diverges at small energy scales, which implies
that the impurity presents a very large barrier to the
electrons and the transmission coefficient is very small.
In this limit, it has been argued in Refs. [44, 147] that the
pumped charge AQ is quantized to be an integer multiple
of q.

G. Spin-1/2 electrons

For spin-1/2 electrons in one dimension, the phe-
nomenon of spin-charge separation occurs if there are
interactions between the electrons. The spin and charge
degrees of freedom can be separately bosonized [56, 158].
The two bosonic theories are characterized by the pa-
rameters (K, vs) and (K., v.) respectively. For a system
with SU(2) rotational invariance, K; = 1. The ground
state expectation value in Eq. (24]) then takes the form

<O| ¢lR($pv t/)1/}aL (I;Dv t/)wlL (:ET, t)woR(Irv t) |O>

~ 1
(zp — )2 — (vs(t/ —1t) — m)2]1/2
1
) [(xp —2r)2 — (ve(t' —t) —ia)2]Ke/2] (42)

where 0 =T, | is the spin label. The appearance of two
different velocities, vs and v., and two different expo-
nents, 1/2 and K./2, in Eq. ([@2) makes the expressions
for the backscattered current rather complicated. How-
ever, we can find the power law of the dependence of
the currents on the frequencies by a simple scaling argu-
ment. With the approximations made earlier, wz,,/vs ¢
and woZ,p/vs,c — 0, we see that the time dependence has
changed from 1/(# —#)2X in Eq. @4)) to 1/(#' —t)%<T!in
Eq. [@2). The dependences of the backscattered currents
on the frequencies therefore change from |wg 4 w[?% =1 in
the spinless case to |wp +w|%¢ in the spin-1/2 case. Since
K. is positive in general, the current no longer diverges
as wy — tw.

IV. DISCUSSION

We have considered the effects of a bias and a number
of weak and harmonically oscillating potentials on charge
transport in a Tomonaga-Luttinger liquid. We have com-
puted the backscattered current to second order in the
amplitudes of the potentials. For most of our results, we
have assumed the oscillation frequency and the bias to
be small, but we have relaxed that assumption in Egs.
B2133). For our assumption of a Dirac fermion with a
linear dispersion to be valid for an experimentally real-
izable system, we must of course assume that w and wq
are small compared to the band width of the electrons.

We find that the backscattered current is maximized
for a traveling potential wave in which the positions and

phases of the oscillating potentials are related in a linear
way. For spinless electrons, if the interactions are suffi-
ciently repulsive with K < 1/2, the backscattered cur-
rent diverges for special values of the bias, namely, for
wp — Fw. For any repulsive interaction, with K < 1,
the correction to the differential conductance diverges
for wgp — Zw. Finally, we have pointed out a pecu-
liarity which arises when several impurities are present
and K < 1/2; namely, the current must in general be a
non-monotonic function of the pumping frequency when
there is no bias.

It would be useful to generalize our results to the
case of one or more strong impurity potentials, or weak
tunnelings between two Tomonaga-Luttinger liquids; the
technique of bosonization can be used in such situations
also.
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APPENDIX A: SOME MATHEMATICAL
FORMULAE

We need to evaluate integrals of the form

e exp(£iQdr)
Lo

T +ia)?2 — 22)K’

(A1)

where Q = wy and © = 2, /v. Eq. (AJ) can be written
as the sum of integrals running from 0 to x and from z to
oo. We find that there are several integrals from 0 to x
which cancel each other. One is then left with integrals
running from z to oo in which one can take the limit
« — 0 in the denominator. We then use the following
results [59]

[ e - (5)ro-m

72— x2)K 2 Q
X JK,1/2(9$),
o cos(Qr) VT2 1/2-K
dr ——"~/ - _V_ (= I'l-K
[oeEe--5(5) m-o
X Yg_1/2(0), (A2)
where J and Y are Bessel functions of the first and sec-
ond kind respectively. The above equations are valid for
z,0 >0, and 0 < K < 1. We then use the power series
expansion [60]

2\Y — 2/2)2"
Julz) = (5) Z (_1)nn! I‘((n/—l—)l/—l—l)’ (A3)

n=0



and the relation

Yo(z) = [cos(mv) J,(2) — J_u(2)] (A4)

sin (7v)

which is valid for non-integer values of v.
Finally, the following identities involving Gamma func-
tions are useful [60],

T =2 I() = sinE:rz)7
I'(z) T(z+1/2) = 22—7; I'(2z). (A5)
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