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Abstract. We investigate the transient-current characteristics of a quantum dot coupled to two
leads through two time-dependent barriers. A general formula for the time-dependent current
j(¢) is derived by using the nonequilibrium-Green-function technique. Two particular cases,
those of rectangular-pulse modulations and harmonic modulations imposed on the two barriers,
are studied in detail. For the rectangular-pulse modulations, a turnstile effect is obtained if the
full width of the resonant staté”) is much larger than the frequen¢y), i.e. T’ > w; and the
special behaviour of the transient curretit) is attributed to the phase coherence due to the
time variation of the barriers. For the harmonic modulations, we find that a new energy scale
hw emerges i’ < w, and the main resonant peak is split into two peaks.

1. Introduction

The study of quantum transport in mesoscopic systems has received considerable attention in
the past decade, not only because of the fundamental physics, but also because of the great
potential as regards the new generation of electronic and photonic devices. The transport
properties studied so far have been mainly related to steady-state processes. Recently,
time-dependent transport phenomena have begun to attract more and more attention. The
essential feature of the mesoscopic physics is the phase coherence of the charge carriers.
For the time-dependent processes, generally, the external time-dependent perturbation affects
the phase coherence differently in different parts of the system [1]. A new energy scale
hw in the time-dependent problem has been introduced. A multitude of new effects have
been observed, for example: photon—electron pumps, the sideband effect, turnstiles, the ac
response in resonant-tunnelling devices, and so on.

As regards the theoretical aspects, Tien and Gordon studied the effect of microwave
radiation on superconducting tunnelling devices back in the early sixties [2]. Since then,
different theoretical approaches have been developed, such as those of the time-dependent
Schibdinger equation [3-5], the transfer Hamiltonian [6, 7], the Master equation [8, 9], the
Wigner function [10], and the nonequilibrium-Green-function method [1, 11-13].

In this paper we consider a quantum dot coupled to two leads through two time-
dependent barriers, and study the time-varying characteristics of the current through the
system. Unlike in most of the previous work in which the time-dependent external fields
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are applied either to the leads or to the quantum dot [9, 14-16], here it is only to the
barriers that the time-dependent external fields are applied. We assume that the changes of
the heights of the two barriers do not affect the single-electron energies in the two leads and
the dot, i.e. that all of the single-electron energies are still time independent. It should be
mentioned that when time-dependent external fields are applied to the leads or to the dot, the
phase of the electron wave-function will change from exip[r —¢")] to exp[—i ftt, dny e(t1)]

[13]. However, when time-dependent external fields are applied only to the barriers, we
find in this work that two main differences occur: (1) when the electron tunnels through
the barrier, the phase changes from a time-independent value to a time-dependent one; and
(2) the time variation of the barriers affects the tunnelling probability, destroys the steady
state established originally, and produces an extra phase difference between the states on
either side of the barrier.

It has become possible to modulate the heights of barriers experimentally [17-19], and
an interesting effect—the turnstile effect—has been observed to occur when the barriers
change periodically [17, 19].

In this work we first use the nonequilibrium-Green-function method and the transient
transport theory of references [13] and [1] to derive a general formula for the time-dependent
current j(t). Then we study two particular cases: (1) a rectangular-pulse modulation is
applied to each barrier, but the two modulations are out of phase (with a phase difference
of m)—the turnstile effect is obtained if > w, and a special behaviour of the transient
current j(t) emerges which can be explained as a phase coherence effect due to the time
variation of the barriers; (2) instead of the rectangular-pulse modulations, two harmonic
modulations with a phase difference ofare applied to the barriers. We find that a new
energy scaléw emerges ifl’ < w, and the main resonant peak splits into only two peaks,
and not a set of peaks as for the usual sideband effect case [9].

The outline of this paper is as follows. In section 2, the model is presented and
the Keldysh nonequilibrium Green function is used to derive the time-dependent current
formulae. In section 3, we study the case with rectangular-pulse modulations. In section 4.
the case with harmonic modulations is discussed. A brief summary is presented in section 5.

2. The model and formulation

The mesoscopic system under consideration is a quantum dot coupled to two leads through
two time-dependent barriers. This system can be described by the following Hamiltonian:

H(t) = Hjeaa + Haor + Hr ()
where
Hjeaa = Zekalak + ngb;bp
keL PER
H;,, = 80CTC 1)

Hr(t) =Y Li(hafc+ Y R,(t)blc + He.
k p

H,., models noninteracting electrons in the leads, a}]dak) and b;, (b,) are the creation
(annihilation) operators of the electron in the left-hand and right-hand lead, respectively.
H,, describes the quantum dot. For simplicity, we only consider a single state in
the quantum dot, and neglect the intra-dot electron—electron Coulomb interaction. The
tunnelling part is denoted b¥r(¢), which is the only part with time-dependent behaviour.
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&k, €5, @andeg are the single-electron energies, corresponding to electrons in the left-hand
lead, right-hand lead, and the dot, respectively. We assume that these energies are not
affected by the time-dependent external fields applied to the left-hand and right-hand barriers.
In the following we derive the general time-dependent current formalaby using the
nonequilibrium-Green-function technique and the theory by Wingreen, Jauho and Meir given
in references [13] and [1]. The current tunnelling from the left-hand lead to the quantum
dot can be calculated from the evolution of the occupation number opeYater >, a,lrak
for the left-hand lead. One readily finds (in units in whick= 1)

ju(t) = —e(Ny) = —ie([H, N.]) = 2¢Re Y~ Li()G(t.1). @)
k

Here we have defined the Green functiGg, (r,t') asGg.(t, 1) = i(a,i(t’)c(t)). With the
help of the Dyson equation, it can be written as

G (t, 1) = f dry L (1) [Gholt, 1) g (11, 1) + Ggolt, 1) gf (11, 1)] (3)

whereGhy(t, 1) = —i0(t — t1){{c(t), c'(t)}), Ggo(t, 1) = i{ci(t1)e(r)), andgs and gf are

the exact Green functions of the electron in the left-hand lead without coupling between the
leads and the dot. Substituting the expressiondgy(z, ) into equation (2), the discrete
sum overk in ), can be changed into an integral with the help of the density of states in
the left-hand lead/ de p.(¢). Then the currenj, () becomes

t d .
jL(t) = —2e / dry / i Im {71 (e, 11, 1) [Ggo(t. 1) + f1.(6)Giolt, 11)]} 4)

whereI'l (¢, 11, 1) = 2mp.(e)L(e, t)L*(e, t1), and fi (¢) is the Fermi distribution function
of electrons in the left-hand lead.

In the following we assume that: (1) one can factorize the energy and the time
dependence of the tunnelling coupling Bée,t) = L)V, (¢) and R(e, t) = R(t)Vg(e);
and (2) the wide-band limit can be used in the calculation, which means that the energy
level width of the quantum dot due to the tunnelling between the dot and the two leads
can be taken as an energy-independent constantl'f.e:) = 2mp.(e)V.(e)V/(¢) and
I'R(e) = 2npr(e) Vr(e)Vji(e). Then the formula for the curreni (1) can be reduced to

jr@) = —e{lE ()N () + B(t)} (5)

wherel®(s) = I'*(¢, 1) = I'|a(@)|?, « = L, R, N(t) = Im Ggo(t, 1) is the occupation of
the electrons in the quantum dot, aBdr) is defined as

B(t) = FLIm/%fL(e)/ dry L* (1) L(1)€° ™V Gly(t, 11)

= —FLRe/% fL(s)/ dy L*(t1)L(t)

. "dr
x exp(l(e —&0)(t —11) — / 72 [T (r2) +FR(tz)]>. (6)
1
From the Keldysh equation fat g, which reads
Goolt. t') = / dry / dez Goolt, 11) X (12, 12) Golt2, 1) )

one finds
d d
N(t) = FL/—S fLlAL e, r)|2+er—8 frlAr(e, D[ ®)
21 2
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where fr(¢) is the Fermi distribution function of electrons in the right-hand lead, and
Ay (e, t) is a compact notational form, defined as

Ay(e 1) = —i/ dry a(r1) eXp{i(e —e0)(t — 1) —/ d—;z [TF () + FR(tz)]} ©)

o0 n

in which @« = L, R. From equations (5), (6), (8), and (9), we can evaluate the time-
dependent currenyt (¢) for the two barriers modulated by arbitrary time-dependent external
fields. In the following we shall study two particular cases: rectangular-pulse modulations
and harmonic modulations.

3. The response to rectangular-pulse modulations

3.1. Basic formulae

In this case a periodic rectangular-pulse external field, with pefipis applied to each
barrier, but the two fields are out of phase (with a phase differeneg-efL(¢) and R(¢)
are as follows:

Lt)=1R(t) =0 0<t<T/2
Lt)=0,Rt)=1 T/2<t<T.
Hencel'Z(¢), TR (¢) can be found:

r‘ey=rt, rf@ =0 0<t<T/2

10
‘@) =0,r%@) =1~k T/2<t<T. (10)

In the first half-cycle,'R(z) = 0, i.e. the height of the right-hand barrier -is>0; hence

the quantum dot only couples to the left-hand lead. Conversely, in the second half-cycle,
the height of the left-hand barrier #sco; hence the quantum dot only couples to the right-
hand lead. At the times = T/2 andr = T, the left-hand and right-hand barriers vary
simultaneously.

For simplicity we consider thaf;, = I'r = I'/2, i.e. the left-hand and the right-hand
barriers are symmetric in the absence of external fields, and the temperature is taken to
be zero T = 0 K). Since the temperature in the experiments is usually low, say 50 mK
[18-20], k3T /hw =~ 0.1 (the quantum regime), so settifg = 0 K is quite reasonable.
Becausej, (1) is a periodic function, we only need to calculgtg) for times in the range
0<t<T.

ForT/2<t < T, one findsB(t) =0, soj,.(¢t) =0.

For 0<t < T/2, by using equation (9) one can obtaip (e, t) as

1
Ae.1) = g —go+il/2
B exp[—t(ieo —ic + I'/2)] 1 (11)
e —eo+il)/2 1+ exp((—T/2)(ieo — ie + T'/2))
An(e.t) = exp[—t(io — i.a +T/2)] 1. . .
e—gy+il'/2 1+ exp(—(T/2)(ieg — ie + T'/2))

Substituting the expressions fdr (et) and Ag(et) into equation (8)N(¢) can be derived
as

NGO =T n=¢o gy 1 2T 1
®= /_oo 27 {xz S T4 T 21 T2/4 114 exp(T/2)(ix — T/2))2
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2Re expt(ix — I'/2)) 1
B [ x2+T2/4 1+ exp(T/2)(ix — I‘/Z))]}
L—&0 —I't
-T / tde e 1 . (12)
ney 2T X2+ T2/4 |1+ exp((T/2)(ix — T'/2))|2

Sincej, (1) — jr(t) = eN (1), and for 0< r < T/2 we havejg(r) = 0, thenj (r) = eN(z).
From equation (12), the time-dependent currgrt) can be obtained straightforwardly:

iy _er [T [ 2T 1
Jeli)=—e / 2 {x2+ [2/4 |1+ exp(T/2)(ix — [/2))2

: e[ (T — 2ix) exp(t (ix — I'/2)) “
(x2 4+ T2/4)(1+ exp((T/2)(ix — T/2)))

ne=eo dy 1 1
+ el ™ / — _ ;- (13)
up—eo 2 (x2+T12/4) |14 exp((T/2)(ix — I'/2))|
In the following two subsections we shall discuss the time-dependent characteristics of
the current;j (¢) for two specific conditionsu; = wg andu; > o > wg.

j; (t) (arb. units)

-0.2 +/

-}, 3

! i I !

4 & 8 10

Time(arb. units)

Figure 1. j; () for rectangular-pulse modulations of the two barriers, wheee 1, 7 = 10/ T,
and u; = ug = 0. The broken and solid curves correspondsgo= —I" andgy = T,

respectively.

3.2. The symmetric casei; = g
Whenu, = ug = u, the second term of equation (13) is zero. The curfgiit) becomes

) — o 1=to dy 2re It
O =—el fo o { (x? + T2/4)[1 + exp(T/2)(ix — [/2))]2
[ (T — 2ix) exp(t(ix — T'/2)) “
e : . (14)
()c2 + F2/4)(1 +exp((T/2)(ix —T'/2)))
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In equation (14) we have already changed the lower limit of the integral fremto 0. In

fact, by using the residual theorem one can prove that the integral fromnto O is zero.

The characteristics of, (r) versust are shown in figure 1:; () = 0 (for © = &), and

jL () # 0 (for u # o). Consideringu > g9 and during one period, the currepts) first

flows from the quantum dot to the left-hand lead, and then flows in the opposite direction.

Although the average currej, (¢)) is zero, j. (¢) is not even:uy = ug # &o. In fact the

time variation of the barriers will affect the phase of the electron wave-function differently

on the two sides of the barriers, cause interference, and make # 0. In order to

illustrate this rather complex phase change, we consider the following simple example.
The example is of the quantum dot coupled only to one lead (say, the left-hand lead),

with f () = §(0) (i.e. only one electron occupies the= 0 energy level in the lead), and we

set the height change of the left-hand barrier as follows: far0, the barrier is fixed at a

finite height " £ 0); for 0< ¢t < T, the barrier is maintained atoco (I' = 0); atr = T, the

barrier is reduced to the original height again, and maintains the height unchanged. Then,

whent < 0, the electron tunnelling between the lead and the dot reaches a steady state with

the occupation of the dot constant, and the curjgnt = eN(r) = 0. When 0< ¢ < T, the

dot and the lead are completely separatedNg0 is unchanged and the curreptt) = O.

But during this time interval, the change of phase of the electron wave-function is different

in the dot and in the lead, taking the valueg iand kz, respectively. So at= T, an extra

phase difference(éyp — )T will emerge, which affects the curreniiz) for ¢+ > T. In the

meantime, when > T, the quantum dot couples to the lead again. Due to the extra phase

difference mentioned above, a coherence effect will occur in the tunnelling process, which

breaks down the steady state established for the dot and the lead, and causes a nonzero

currentj(z) as shown in figure 2.

j(6t) (arb. units)

6t(arb. units)

Figure 2. j(8t) versusdr for a special system consisting of a dot coupled to only one lead,
wheredt =t —T, e0 =1,¢ =0, andl’ = 1. The curves plotted correspond o= = /4, r,
and 7r/4.
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0.6
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0.0
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Figure 3. The characteristics ofi. (¢), displaying the turnstile effect, where; = 3,
pur=-=3,andep =0. ()T =15/T; (b) T =10/T.

3.3. The turnstile effect

For u; > eo > ug andI’" > w = 27/T, the dot is coupled to the left-hand lead and
separated from the right-hand lead in the first half-period. Spage> &g, the electron
can tunnel from the left-hand lead to the dot. The situation will be completely reversed
in the second half-period. BecauEes> w, there is only one electron passing through the
guantum dot in every period, i.e. the turnstile effect occurs. This time-dependent feature of
the currentj, (¢) is shown in figure 3.

From equation (13), one can easily calculate the average curiefay). Notice that
the average of the first term in equation (13) is zero; one has

1 T
(ju() = ?/O Jjo(r) dt

_ el’ [e_rr/z _ 1] /M_SO dx 1
N T ug—co 27T (x24T2/8)|1+exp((T/2)(ix —T'/2))|2"
(15)
Forw =2n/T « T', equation (15) is approximately equal to
e MnL—&o
(jL()) = — arctan— (16)
T'r HKR—¢€0

If u;, —eo andeg— g are large enough comparedIto the average curreryj, (z)) reduces
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to
(o) = ; = ew/2m (17)

i.e. (j.(t)) depends only on the frequeneyof the external fields, and exactly one electron
passes through the quantum dot every period.

If T is small enough (or the frequency high enough), the two barriers will vary quickly.
Finally, when ¥T ~ T, the electron cannot tunnel—it does not have enough time for an
electron to tunnel through the quantum dot in a period of time—so the average current
(jr(@®)) will deviate downward fromew/27.

Experimental results showing the turnstile effect were reported in references [17] and
[19]; it was manifested as a set of plateaux in they curves. Here we present our
calculated time-dependent behaviour;j@f) versust (see figure 3), and the average current
(j(0)) versus IT (see equation (16) and equation (17)). Fo& (j(z)) versusv, only two
plateaux atl = tew/27 are obtained, because only one single-electron state in the dot is
considered.

4. The response to harmonic modulations

Now let us consider the case in which the external fields applied to the two barriers are
harmonic and out of phase (with a phase difference ofThena(r) andI'*(¢) are given

by

and (18)

L(1) = coswt r't(@t) = 't cod wt
R(t) = sinwt r'R() = TR sirf wt.

In the following we assume that the amplitudes of the left-hand and right-hand barriers are
equal L = I'* = T'/2) in the absence of external fields, and the temperature is taken to
be zero = 0 K). By using equations (5)—(9), one can get the time-dependent current
jL(¢). From equations (8), (9) and (18), one finds
R 2 2 2
N(t):F/M Og x*+T%/44+w
oo 2T a

(19)

. F/#L—Eo dr x2co wt + ((I'/2) coswt + w sinwt)?
w

w—so 20T a

in which ¢ denotesa = [(x + w)? + I'?/4][(x — w)? + I'?/4]. By using equation (6), we
obtain
1L —€o0
B@t) = —/ — T coswt
o0 T
(I'/2)(I'?/4 + x? 4+ w?) coswt + w(T'%/4 — x? + w?) Sinwt
X .
a

Substituting equations (19) and (20) into equation (5), the time-dependent cirentan
be written as

(20)

nL=eo ['2/4 + x2) sirf wt + w? cof wt — F'w COSwt Sinwt
jL([):ef —I‘Zcoszwt( At x)siner + @ @ @
MR—E0 a

TR g sin 2ot (21)

/“"’50 dx I'?/4 —x? + ?
+e
0 2 a
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0.3

(a) wt=7/4

i (t) (arb. units)

0.06

0.04

0.02

jL(t)(arb. units)

0.00

0 5 10 15 20
Time(arb. units)

Figure 4. j; (¢) for harmonic modulations of the two barriers. (g)(z) versuseg at different
times wr = 0 andwr = 7 /4), for uy, = —ur = 0.77, andw = 3I'. (b) j.(t) versust for
different values ok, for u; = —ur = 0.1I', andw = 0.3T": the two solid curves correspond
to &g = 0 andeg = 0.2I", and the broken curve shoWw¥- () versust.

Figure 4(a) showgy (r) versuseq at different times. The curves fqi (¢) versust for
different values ok are given in figure 4(b).
Now we consider two special examples.

(1) uy = g, or the source—drain voltage = u; — ug = 0. Then equation (21)
reduces to

r . r2/4 - 2
e—smwtln /4+ e ~ &0t )

=g T2/4+ (1 — g0 — w)?

(22)

and

HL—¢&o0 d)C
N(@) = F/ o (x2+T?/4+ 0 /a
o T

is time independent. Since the change of the barriers affects the phase coherence differently
in different parts of the systeny; (r) # 0 (for u; = ug # go). From equation (22) it is

clear that whem” « w, two peaks emerge at the locationssgf= 1, + w, i.e. the photon

is present and assists the tunnelling.
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0.04

w=0.5

0.03

0.02

0.01

<j(t)> (arb. units)

e (arb. units)

Figure 5. Average currentsj(r)) versuseg for harmonic modulations of the two barriers,
corresponding taw = 2I' andw = 0.5I", wherepu;, = —ug = 0.2I' and" = 1.

(2) The average currenfj (+)). From equation (21) we can derive the average current
(J(0):

2 pur—eo 2 2 2
o= de x®+30°+1%/4
WhenT < w, the main resonant peak is split into two peakstéin from the original

main peak which has now disappeared (see figure 5). This is different from the situation
studied in reference [9] in which two harmonic external fields are applied to the left-hand
and right-hand leads symmetrically, leading to the main peak splitting into a set of peaks. In
our situation only two peaks emerge. This can be explained by photon-assisted tunnelling,
i.e. the electron can tunnel between the lead and the quantum dot by absorbing or emitting
a photon. Since.(r) = coswt = (€' + e'')/2 andR(r) = sinwr = (€' — e71*")/2i,

the phase of the electron wave-function will vary betwesgmw: when the electron tunnels
through the left-hand or right-hand barrier, leading to only two peakscatway from the
original main peak. On reducing, these two peaks will approach each other, and finally
become one single peak—the original main peak.

(23)

jig—eo 27T a

5. Conclusion

In this paper, we have used the nonequilibrium-Green-function method to study the time-
varying behaviour of electrons tunnelling through a quantum dot with two time-dependent
barriers. The main result presented is the expression for the transient curgrfor

some special cases. We find that the transient curréntdisplays a diverse behaviour in
different situations, exhibiting a turnstile effect, photon-assisted tunnelling, etc. Except the
(j(2)) versusv turnstile effect, the results presented in this work have not been observed
experimentally.
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