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Temperature dependence of polarons in a harmonic quantum dot
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The temperature and the size dependences of the self-trapping energy of a polaron in a harmonic quantum dot are studied. It is
found that the self-trapping energy of the polaron and the transition energy between the ground state and the low-lying excited
state are a decreasing function of temperature, and the temperature effect becomes obvious in small quantum dots.

Recent developments in semiconductor fabrication enable the realization of a system in which free electrons

are confined to zero dimension, called guantum dots [1-5]. These quantum dots are often referred to as ar-
tificial atoms with the atomic potential replaced by the artificially constructed dot potential. The novel physical
effects and potential device applications for these zero-dimensional structures are a subject of growing exper-
imental [1-5] and theoretical [6-10] interest.
-~ The interaction of electrons with longitudinal-optical (LO) phonrons in guantum dots has been investigated
by various authors [4,5,7.9]. Recently, Roussignol et al. [4] have shown experimentally and explained the-
- oretically that phopon broadening is quite important in very small semiconductor quantum dots. Degani and
Farias [7] found that the polaren effects of the interface phonons are important and cannot be neglected in
quantum wires and dots. In a recent paper, Zhu and Gu [11] have investigated the polaronic states in a har-
monic quantum dot at zero absolute temperature.

In recent years there has been renewed interest in the temperature dependence of the properties of polarons
[12-15]. BrummeH et al. [12] have studied the temperature dependence of the effective mass of the polaron
in Ga,_,Al . As/GaAs heterojunctions by cyclotron resonance measurements, Using Feynman’s path-integral
polaron thecry, Wu et al. 113] evaluated the polaron mass for arbitrary temperature with the inclusion of full
dynamical screening. Li and Gu [14] investigated the polarons in a polar crystal slab at finite temperature and
find that both the effective mass and the self-energy decrease with increasing temoperature. To our knowledge,
there has been 1o investigation of the temperature dependence of a polaron in quantum dots until now. In the
present paper, based on ref. [11}, we shall investigate the temperature and the size dependences of the self-
trapping energy of a polaron in a harmonic quantum dot. For the sake of analytic simplicity, we shall model
the relevant vibrational modes by the corresponding bulk modes. This assumption has been used by Schmitt-
Rink, Miller, and Chemla [16] and Bockelmann and Bastard [17] to treat the phonon broadening of optical
spectra and the phonon scattering in quantum dots. Taking into account the effect of phonon confinement will
certainly vary the resuits in comparison with those of the butk- phonon model. We shall treat this effect i ina
forthcoming paper.

The electrons are much more strongly confined in one direction ( taken as the z direction) than in the other
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two directions, Therefore, we shall confine ourselves to consider only the motion of the electrons in the x—yp
plane. Kumar et al. [8] have shown that the evolution of energy levels in a quantum dot with increasing mag-
netic field is similar to that for a harmonic potential. These results make the harmonic confining potential
model very appealing. We shall use this harmonic confining potential model in the present work.

We assume that the confining potential in a single quantum dot is harmonic:

Vip)=im*wip?, (1)

where r* is the bare band mass and p is the coordinate vector of a two-dimensional quantity. The Hamiltonian
of the electron~phonon system in a harmonic gquantum dot is given by

H=Ho+H,, ~ (2) -1-
1
Ho= 5 p*+im*wip?+ T hwnobl b, | OF B
q
Hy= 3 [Voexp(igr)b+Vexp(~ig-r)b} ] . @
q .

where b creates a bulk LO phonon of wave vector g, ¢=(g,, ¢.) and r=(p, z) is the coordinate of the electron,

Vy=i(hono! g) (A 2m*weo) V4 (dmat/ V)2 (5)

At finite temperature, we choose |n,» for the wave function to describe the phonon state, in which the #, rep-
resent the number of LO phonons. When the temperature is lower than room temperature, even though the -
phonon frequencies will decrease with increasing temperature, we can still take them as a constant because of
the small relative change of the frequencies (about 1%) [12]. On the other hand, the interaction energy be-
tween the electron and phonons is much smaller than the phonon energy, except in the strong-coupling case.
As a consequence we assume that the eigenvalues of b b, in the phonon state are approximately equal to the
thermal equilibrium values [4,14,13], that is

(nyy =[expl{hino/keT)—1]"", | (6)

where kg is the Boltzmann constant.
The energy levels of the unperturbed Hamiltonian H, are given by [18,19]

EQ =+ |mi+ DA+ T, (1) oy, ' M

where m is the angular quantum number, m=0, 1, +2, .., and # is the radial quantum number, n=0, 1, 2,
... The corresponding wave functions are given by

] * 1/2 .
In,m,Qozﬁexp(imﬂ)(Mﬁ) XL () exp(— bx7) gy ®

where x=p{m*we/H)'/?, L™ are associated Laguerre polynoniials.

Since the electron-phonon interaction is weak in Ga, .. ,Al,As/GaAs or similar systems, in the sense that the
Frohlich coupling constant (e} is of the order of 0.1, we shall use the second-order Rayleigh-Schridinger per-
turbation theory to obtain the electronic self-energy shift, 3E,,,.. given by

i/ .
8= ~a(hno) {5t ) T T Qo () 1) (1200 =)+ (| = ) Tty o}
. 1.O nom

+ Qon gy {[2(n —n)+ (im’ | =~ | m| )}fzwt}“ﬁwlxj}“;) s (9)

where
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(i p——— j dgy [ Ve m (@112, : (1)
o

n'lnl
(n'+im' a+im| )

1200
Vnmn-m'(Q‘u)"—’z( ) jdxx”"'“’i"_‘“"‘L};""(xz)L,‘,’”i AW o (—gelox) (1)
)

where lo= {fi/m*wy)'/? and J, are the Bessel functions of the first kind.

In eq. {9), the first term corresponds to the emission of a virtual phonon during the electron~phonon in-
teractions, and the second term represents the absorption of a virtual phonon in the process of electron-phonon
interaction [15]. The numerical results will show that the two processes must be considered at finite
temperatures.

We put n==0 and m=0 and the ground-state energy correction is given by
-1

4 1/2
5Em=”aﬁww(m) D) [Qmu'm'(<”q>+1)((2”'+ 1 +1)

v ]
'{“Qoen'm'("g)((zn"?' |m*i);"—f’; —1) ] a2

When only the lowest energy level is vecupied, the selection rules allow only two excitations, from the state
{0, 0) to (0, 1), and from (0, 0) to (0, 1) {20,21]. Consequently, the correction 8y, to the excited Ievel
(0, 1})-is given by

ﬁ 172 ' -1
SEDI =“aﬁwL0(§m) ; z [Qﬂin‘m'(<n¢> +1 )((2’1, + im' ; “l)ﬂffg + 1)
-1 )
+an»m-<n¢>((2n'+im'|-l)fL—“o—-1) ] (13)

and the correction 8E; ., to the excited level {0, —1} is given by
-1

1/2 : ’
SEO,_,zmaﬁwm( ) ZZ{Qﬂ,——in’w((f"q)'*'l)((2n’+imfl"1)%+l>

Zm*ano
wl -
+Qo,-m-m,<n,>((zn'+|m's—1)-0‘,%~—1) } (14)

The relevant transition energy for the (0, 0} (0, 1) transition is given by

AEqy = (Eoy + 8Eo1) = (Eoo +5Eu) - . 15)
The relevant transition energy for the (0, 0)— (0, —1} transition is given by

AEy = (Ep.1 +8Eg 1)~ (E+8Ep). ' (16)

The numerical results of the temperature and the size dependences on the ground-state energy correction and
the transition energy between the ground state and the low-lying excited staie in GaAs harmonic quantum dots
are presented in figs. 1-4. Figure 1 shows the absolute values of the ground-state energy correction in GaAs
harmonic quantum dots as a function of temperature for three effective confinement lengths of the quantum
dots (/= 1.7ro, 2.0r and 2.57,, where ry is the polaron radius and fp =426 K is the Debye temperature). From
fig. 1 we can see that the absolute values of the ground-state energy correction decrease with increasing tem-
perature. That is to say, the self-trapping of the polaron will be weakened with enhancement of temperature.

115

At




Volume 171, number 1,2

100 §

Ig = LTrg

3
2
2
£
1
=
lnﬁz.fﬂ‘o
8.70 |
——— ]
6.60 | ‘ 4
9.50 x .
0 0.1 0.2 KR 0.4 0.5
T/ép

Fig. 1. The ground-state enérgy correction (in units of afiewy o)
in GaAs harmonic quantum dots 2s a function of temperature for
three effective confinement lengths of the quantum dots. {ro== (#/
2m*wi 0 )*? is the polaron radius, fp=426 K is the Debye
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Fig. 2, The ground-state energy correction (in units of chw o)
in GaAs harmonic quantum dots as a function of the effective

confinement length of the guantum dot for two temperatures,
(ro={A/2m*w5) " "? is the polaron radius, f =426 K is the De-

temperature. ) Dye temperature. }

The figure also shows that as the size of the quantum dots becomes small, the change in the ground-state energy
correction with temperature will be obvious. This result indicates that the temperature effect is quite significant
in small quantum dots. Figure 2 illustrates the absolute values of the ground-state energy correction as a func-
tion of the effective confiriement length of the quantum dot for two temperature values {(T=0K and 0.456,).
It is shown that the ground-state energy correction increases with decreasing effective confinement length of
the quantum dot. The result indicates that the polaron effect is also quite important in small quantum dots
at finite temperature. The figures also show that the self-energy at 7'=0.456,, is smaller than that at T=0 K,
especially for small quantum dots. Figures 3 and 4 present the relevant transition energy for (0, 0)—(0, 1)
and (0, 0}~ (0, — 1} as a function of temperature for four effective confinement lengths of the quantum dot,
We can see that the transition energies shrink slowly with enhancement of temperature. With decreasing the
size of the quantum dot, the temperature effects on the transition energies become more obvious. From figs.
3 and 4, it is noted that the transition energy for (0, 0)— (0, 1) and the transition energy for (0, 0)— (0, —1)
are nearly identical, but slightly different, since Qg is not equal to o, 1o (58 egs. (10), (11)}).

In conclusion, we havé investigated the temperature and the size dependence of the self-trapping energy of
a polaron in GaAs harmonic quantum dots. It is found that the absolute values of the ground-state energy cor-
rection and the transition energy between the ground state and the low-lying excited state in GaAs harmonic.
quantum dots décrease with increasing temperature and increase with decreasing the effective confinement
length of the quantum dot at finite temperatures. The results also indicate that the temperature effects become -
obvious in small quantum dots. In addition, in the present paper we also show from the numerical results that -
the virtual-phonon absorption process and the emission process must be considered at the same time for finite
~ temperature. The absorption process will weaken the self-trapping of a polaron, while the emission process will
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Fig. 3. The transition energy for {0, 0)—{0, 1) (in units of Aiu o)
in GaAs harmonic guantum dots as a function of temperature for
four effective confinement lengihs of the quantum dots, (rp=(#/
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Fig. 4. The transition energy for {0, 0)—= (0, ~1) (in units of
fio o) 1n GaAs harmonic guantum dots as a function of temper-
ature for four effective confinement lengths of the quantum dots.
{ro= {A/2m*wy ) 2 13 the polaron radius.)

always strengthen the self-trapping of a polaron, which agrees with the results obtained in ref. {13]. It should
be emphasized that the use of the 2D disk approximation for the electronic wave function is not an essential
restriction of this paper, it has been done only for the sake of analytic convenience. Introduction of the finite
width of the electronic wave function in the z direction inio the above formalism is straightforward and will
reduce the effective electron-phonon interaction [22]. But the qualitative features in this paper are indepen-
dent of this approximation.
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