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Cooling effect of thermal bias on a current-carrying nanodevice
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We investigate the heat generation in a quantum dot (QD) coupled to two normal leads with different 
temperatures. It is found that heat in the QD can be conducted efficiently away through electron–
phonon interaction in the QD when the QD is coupled stronger to colder lead than to the hotter one. 
As temperature of the colder lead is close to zero, the current through the QD peaks at the very QD level 
position, where the heat generation is zero, which helps to keep the stability of a working nanodevice. 
Then an ideal condition for nanodevice operation can be found.

© 2014 Elsevier B.V. All rights reserved.

The heat generation in nanoscale devices has attracted increas-
ing attention in recent years due to the miniaturization of elec-
tronic devices. For heat generation in a solid-state device, the 
electron–phonon interaction (EPI) is the main cause. An electron 
tunnels into the device and left with diminished energy, with 
the loss energy being transferred to the ionic degree of free-
dom through the EPI. Even though the characteristic size of a 
nanodevice is smaller than the electronic coherence length, the 
heat generation is still substantial owning to the huge density of 
current-carrying electrons. Such local heating has been observed 
experimentally by Huang et al. [1,2] and Schulze et al. [3] by mea-
suring the bond rupture force of individual molecule junctions and 
by measuring the electron current required to thermally decom-
pose the fullerene cage. The temperature increase is relevant for 
a nanoscale device, because such temperature increase may affect 
the normal behavior of devices [2].

In the past decade, studies have been carried out to investigate 
local heating in nanoscale junctions [4–17]. Sun et al. [4–7] re-
searched the current-induced heat generation in a QD containing 
EPI. They found that the heat generation is not proportional to the 
current for a fixed voltage bias and a threshold bias voltage V onset

is required to generate heat at low temperature. These character-
istics are unique properties of nanosystems, absent in macroscopic 
systems. Chen et al. [13] reported the first-principles calculations 
of local heating in nanojunctions, and they obtained that if the 
external bias V is below V onset , heating can still be noticeable 
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when the background temperature is on the order of approxi-
mately e(V onset − V )/κB (where e is electron charge and κB is the 
Bolzman constant). They also reported that for various alkanethiols 
sandwiched between metal electrodes, the local temperature of the 
alkanethiols is relatively sensitive to their length [14]. When ex-
amining a vibrating free junction, Entin-Wohlman et al. found the 
phonon population of the junction is determined by bias voltage 
[15]. Experimentally, Huang et al. [1] discovered that the effective 
local temperature of a molecular junction varies with the applied 
bias voltage and the molecular length. Similar phenomenon was 
also observed by Ioffe et al. [16]. Cahill et al. [17] measured the 
local temperature of a carbon nanotube, and found it varying with 
the distance along and across the nanotube.

Lately, increasing attention has been paid to the idea of local 
cooling of nanojunctions [18]. R. D’Agosta et al. [19] predicted that 
at sufficiently large biases, the electron heating effect lowers the 
effective temperature of the ionic degrees of freedom in a nanos-
tructure. This prediction has been confirmed experimentally [1,16]. 
McEniry et al. [20] studied a model system consisting of an adatom 
bonded to an atom wire. They found the vibrational energy of such 
a system may decrease under bias due to the anti-resonance in 
the transmission function. Galperin et al. [21–23] obtained that 
current-induced vibrational cooling can be realized for a nanojunc-
tion, containing EPI, when the junction is properly voltage biased 
that phonon absorption is favored over phonon emission. A two-
terminal junction can be cooled under applied bias when it cou-
ples more strongly to the cold side, the high-voltage side, than to 
the other [21]. Apparently, the bias voltage plays an important role 
in the cooling effect mentioned above. In this paper, instead of 
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discussing the influence of bias voltage on cooling effect, we study 
the local cooling in a nanojunction resulting from thermal bias.

In order to stress the effect of thermal bias, we ignore the 
electron–electron interaction in the nanodevice and model the sys-
tem as simple as possible. Consider a lead-quantum dot (QD)-lead 
system, where the QD has one electronic energy level that is cou-
pled to a local single-phonon mode. The Hamiltonian of this sys-
tem is (hereafter e, ̄h = 1)

H = εdd†d + λ
(
a† + a

)
d†d + ω0a†a +

∑
k,α

εkαc†
kαckα

+
∑
k,α

(
Vαc†

kαd + V ∗
αd†ckα

)
. (1)

Here, the first three terms represent the Hamiltonian for the QD, 
with ω0 the phonon frequency and λ the coupling strength be-
tween the electrons and the phonons in the QD. d† and a† create 
an electron and a phonon, respectively, in the QD. The last two 
terms describe the electronic reservoirs (α = L, R represents the 
left and right lead respectively) and the electronic coupling be-
tween the QD and the leads, with Vα the coupling strength. The 
same Hamiltonian has been used to investigate the thermoelectric 
transport through a molecular bridge [24].

The heat generation Q in the QD per unit time at time 
t is Q (t) = 〈dE ph(t)/dt〉, where E ph(t) = ω0a†(t)a(t). With the 
equation-of-motion technique, we get [4]

Q = ω0λ
2[2Nph Im Gr

A A(ω0) + iG<
A A(ω0)

]
, (2)

where, the Gr
A A and G<

A A are the retarded and lesser components 
of the electronic two-particle Green’s functions for the QD and 
governed by the Hamiltonian in Eq. (1). In order to solve these 
two-particle Green’s functions, we need to make a unitary transfor-
mation H̄ = U HU †, with the unitary operator U = exp{(λ/ω0)(a† −
a)d†d}. After some algebra, we obtain

H̄ = ε̄dd†d + ω0a†a +
∑
k,α

εkαc†
kαckα +

∑
k,α

(
V̄αc†

kαd + V̄ †
αd†ckα

)
,

(3)

where, ε̄d = εd − λ2/ω0 and V̄α = Vα X , with X = exp{−(λ/ω0)×
(a† −a)}. When replacing the X approximately with its expectation 
value 〈X〉 = exp{−(λ/ω0)

2(Nph + 1/2)}, the EPI is decoupled and 
then the Q can be given in terms of the electronic single-particle 
Green’s functions for the QD in the frame of H̄ . This approxima-
tion has been used in previous works [4–6] and is only valid when 
Vα � λ.

In terms of the single-particle Green’s functions governed by 
the Hamiltonian H̄ , the Q is now given by [4–6]

Q = ω0λ
2

Γ̄ 2

∫
dω

2π

{
Γ̄LΓ̄R( f L − f R)( f̄ L − f̄ R)

+ 2Γ̄
∑
α

(Neα − Nph)Γ̄α( f̄α − fα)

}

× Im Ḡr(ω) Im Ḡr(ω − ω0). (4)

Here, Γ̄ = (Γ̄L + Γ̄R)/2 and Γ̄α = Γα〈X〉2 (α = L, R), with Γα =
2π

∑
k |Vα |2δ(ω − εkα) being the linewidth function and assumed 

to be independent of energy ω. Nx = 1/[exp(ω0/κB Tx) − 1], with 
Tx the temperature of lead α (when x = eα) or of the phonon 
bath (when x = ph). fα and f̄α represent fα(ω) and fα(ω − ω0)

respectively, and fα(ω) = 1/{exp[(ω−μα)/κB Tα] +1} is the Fermi
distribution function in the lead α. Ḡr(ω) = 1/(ω − ε̄d + iΓ̄ ) is the 
retarded component of the electronic Green’s function for the QD.

Fig. 1. (Color online.) The heat generation Q (thick solid line) and the current I
(dash dot line) as a function of the effective QD level ε̄d , with the left and right 
chemical potentials, in unit of ω0, μL,R = ±0.8 and the strength of EPI λ = 0.6.

Previous research works have shown that the relation of Q ∝ I
(I the current flowing through the QD) fails in nanosystems [4–6,
25]. Therefore it is significant to give the current [26],

I = ie

2h

∫
dω

{
( f LΓL − f RΓR)

∑
n

LnḠ>(ω − nω0)

+ {
(1 − f L)ΓL − (1 − f R)ΓR

}∑
n

LnḠ<(ω + nω0)

}
. (5)

In Eq. (5), Ln ≡ exe y In(2(λ/ω0)
2
√

Nph(Nph + 1) ), with x =
−(λ/ω0)

2(2Nph + 1), y = nω0/(2κB T ph) and In(z) the n-th Bessel 
function of complex argument. Ḡ<,>(ω) are the lesser and greater 
Green’s functions governed by H̄ , and are obtained as Ḡ<(ω) =
i 
∑

α Γ̄α fα/[(ω − ε̄d)
2 + Γ̄ 2], Ḡ>(ω) = −i 

∑
α Γ̄α(1 − fα)/[(ω −

ε̄d)
2 + Γ̄ 2].
In the following numerical calculation, we set the phonon fre-

quency ω0 = 1 as the energy unit. Generally, an electron can tun-
nel elastically through the QD, an electron of energy ω in one lead 
arrives at the other lead and enters an empty state of the same en-
ergy ω. The process of emitting (or absorbing) a phonon can take 
place when there are an occupied state at ω and an empty one at 
ω − ω0 (or at ω + ω0).

Fig. 1 shows the Q and I as a function of the effective QD 
level ε̄d , with the chemical potentials of the left and right leads 
μL,R = ±0.8 and the strength of EPI λ = 0.6. One can see in 
Fig. 1(a) that the Q is always positive when the phonon bath and 
leads have the same temperature, T L,ph,R = 0.5, and the Q and I
reach their peak values at the same level position. As we lower 
the temperature of the right lead to zero, T R = 0, and at the same 
time increase T L to 1.0, negative Q arises for some QD level po-
sition, as seen in Fig. 1(b), indicating that energy is transferred 
from phonon bath to electronic reservoirs, i.e., heat in the QD is 
conducted away. In Figs. 1(a) and 1(b), the QD is coupled sym-
metrically to both leads, Γ̄L = Γ̄R = 0.1. If we strengthen coupling 
to the colder one, the right one, then the magnitude and the en-
ergy range of negative Q increase, as seen in Fig. 1(c), Γ̄R = 0.3, 
and Fig. 1(d), Γ̄R = 0.5. What’s more, the zero heat generation lo-
cates at the very level position where the current peaks. The ideal 
working condition for a nanodevice. The vanishing heat generation 
helps to keep a nanodevice in a constant temperature and then in 
a steady working state. If the current through the QD is induced 
solely by the voltage bias, in the absence of thermal bias, the Q is 
always positive [4,5].



Download English Version:

https://daneshyari.com/en/article/1866889

Download Persian Version:

https://daneshyari.com/article/1866889

Daneshyari.com

https://daneshyari.com/en/article/1866889
https://daneshyari.com/article/1866889
https://daneshyari.com

