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Abstract
The transport properties of lateral surface superlattices, a two-dimensional (2D) electron system
in a 2D periodic potential, are studied with a molecular-dynamics Monte-Carlo technique. Excellent
numerical energy conservation is achieved by adopting a predictor-corrector algorithm to integrate
the equations of motion. With increasing 2D potential amplitude, electrons show a transition, from a
mobile phase to an immobile phase where the radial distribution function has some characteristic
peaks, indicating the beginning of the long-range ordering of the electrons in the potential minima.
The velocity autocorrelation function shows a 2D plasma oscillation in the mobile phase, while in the
immobile phase the classical oscillation at the bottom of the potential well is observed. Raising the
temperature improves the transport since electrons are released from the constraint of the 2D
potential and Coulomb potential.
Introduction
Due to the rapid progress in semiconductor technology, a two-dimensional (2D) electron gas in
a 2D periodic potential with the period a ~ 0.1 u.m can now be achieved in lateral surface superlattices
(LSSLs) forming FET structures with meshed-gate electrodes [1,2]. A classical electron picture often
gives a successful explanation of the experimental results at temperatures above liquid helium [3].
However, most such studies have focused on a situation where the number of electrons in a unit cell is
so large that the Coulomb interaction between electrons is well screened, and as a result, a noninteracting, independent electron picture prevails. If we reduce the number of electrons in a unit cell,
the screening becomes irrelevant and all the electrons are more or less bound to one another through
the Coulomb interaction. The transport properties are profoundly influenced by the Coulomb
interaction. We study the effect of the Coulomb interaction on transport properties in LSSL
structures using a molecular-dynamics Monte Carlo technique [4].
Simulation method
The electrons are considered as classical particles moving in the 2D potential created in a GaAs
LSSL structure by V(x,y) = VQ[cos(2nx/a) + cos(2ny/a) +2]/4 with a = 0.16 u.m, following the
experiment [2]. The potential amplitude VQ is varied from 0 to 40 meV. The temperature is
assumed to be 4.2 K and realistic impurity and phonon scattering is included in the ensemble Monte
Carlo method in the usual way. The Coulomb interaction among electrons is treated in real space. At
each time step, the Coulomb force is calculated for all electrons and this is used to update the position
and momentum of each electron during the subsequent time step using the minimum image
approximation [5]. Typically 32 electrons in 3 x 3 unit cells (electron areal density 1.4 x 10 1 4 nr*)
are simulated and the periodic boundary condition is imposed for this square with the edge length L
= 3a.
In molecular dynamics, we update the position JC and momentum p based on the predictorcorrector method with the accuracy of (At)"2-, by
xQ+1) = x(i) + p{i)At +ftx(i)KAi)2/2 ,

(1)

p(i+\) =p(i) + {/[*(/)] +J\x{i+\)}}At/2 .

(2)

where x(i) and p(i) indicate the functional values of x(t) and pit) at the j'th time step with step period
At, and/is the force depending on the electron coordinate x (in the units of m = 1). Equations (1)
and (2) lead to five-digit accuracy in energy conservation throughout the simulation. Finding an
initial condition is not trivial because of the Coulomb interaction included. We have performed a
preliminary simulation to find an appropriate initial condition using a molecular dynamics Monte
Carlo code but with a slight modification. It consists of adding a command to scale the momentum
by (<£kin>/&B^)^ a t every ~ 102 time step so that the average electron energy is set to the
temperature without changing the direction of electron momentum. From an ensemble of real
simulations with initial conditions found by the above method, the raw data consist of each electron
position and momentum at each time step. Using these values, we can evaluate the velocity
autocorrelation function <vx(i)vx(0)>, the mean-square displacement <Ax2(i)>, and the radial
distribution function g(r). We have created an Einstein plot of the mean square displacement and
evaluated the diffusion constant D from its temporal gradient, which can apply to interacting particles,
rather than using the Grecn-Kubo formula.
Results and discussion
The case of Vo = 0 is studied at first, with sufficient impurity scattering assumed so that the
impurity limited mobility is /i = 1.3 x 10 m2/Vs and the diffusion constant is D = 4.6 x 10"3 m 2 /s.
Two results, the solid line with 32 electrons in 3 x 3 unit cells and the dotted line with 14 electrons in
2 x 2 unit cells are shown in Fig. 1(a). There show no essential difference and the original square of
32 electrons in 3 x 3 unit cells seems reasonable. The velocity autocorrelation function is an
oscillatory function with a strong decay. By Fourier transform with either a rectangular window or
Blackman window, an estimation gives the period as 3.5 ± 0.2 ps. The oscillation is attributed to the
2D plasma oscillation with the dispersion fi)2D= {e^n2T>ql2em ) ^ 2 at q ~ 0 E / J 2 D ) ^ 2 . where the
dispersion becomes almost fiat [6]. This is consistent with the fact that the 3D plasma oscillation has
a flat dispersion part around q ~ 0 and a single electron couples with this mode. The time period for
the present situation is estimated to be ~ 3.5 ps, consistent with the observed data.
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Simulation result with Vo = 0 meV. (a) Normalized velocity autocorrelation and (b)
radial distribution function.

The mean square displacement for these two cases shows a linear dependence on time with no
essential difference observable. The diffusion constant D is 6.7 x 10"4 m2/s, which is smaller than the
value with impurity scattering alone. This is a natural conclusion for the present case with the plasma
coupling constant r= e^li^neXk^T ) = 6.43 where X = {nn)'1!2 if we remember that the phase
transition from the mobile phase to immobile Wigner crystal phase occurs as r increases, at around F
~ 102 [7]. Figure 1(b) shows the radial distribution function where the distance is normalized to L.

The radial distribution has essentially zero value for short distances but rises rapidly and peaks
around 1/V32 = 0.177, which is the average distance assuming a perfectly uniform 2D electron gas.
As the distance increases, the radial distribution function approaches unity without showing an
oscillation. This is further evidence that the electrons are in a uniform, mobile phase.
Figure 2(a) shows the velocity autocorrelation for three potential values, 2.5 meV, 5 meV, and
10 meV. The velocity autocorrelation function begins to show an oscillation with shorter time
periods than that in the presence of the Coulomb interaction alone seen above. This oscillation can
be attributed to a classical oscillation in the potential. For VQ = 10 meV, a clear oscillation is
observed, which indicates electrons are beginning to be confined in the potential minima and the
major force dominating electron motion changes from Coulomb force to 2D potential force. The
Fourier transform shows a peak corresponding to the time period 2.2 ps. The classical oscillation
period in the potential well can be estimated numerically by integrating 1/v with respect to space. It
gives T c i ass = 2.43 ps, recovering the observed value. We have a linear time dependence of the mean
square displacement and the diffusion constant is D = 6.1 x 10"4 m2/s for VQ = 2.5 meV, D = 2.5 x
10 -4 m2/s for VQ = 5 meV, and D = 6 x 10-5 m2/s for VQ = 10 meV. Figure 2(b) shows radial
distribution functions. For clarity, the functions for VQ - 5 and 10 meV are offset by 1 and 2 units.
The first peak of the radial distribution function shifts to a smaller distance with increasing potential,
due to the increasing confining effect in a unit cell. The electrons do not prefer to stay around the
normalized distance of 1/6, where the potential barrier appears, with increasing potential. The second
peak for the normalized distance of 1/3 becomes higher and corresponds to the 2D potential period,
further indicating confinement.
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Simulation results with VQ = 2.5, 5, and 10 meV. (a) Normalized velocity
autocorrelation function and (b) radial distribution function.

When VQ = 40 meV, electrons have already made a phase transition to the localized state. They
oscillate at the bottom of the potential minima and none can overcome the barrier. The velocity
autocorrelation in Fig.3(a) has a clear oscillation period. The Fourier transform has a peak
corresponding to a time period 1.1 ps. We estimate the classical oscillation period at the potential
minima numerically and find T c i ass =1.10 ps. The mean square displacement is a bounded function
of time and therefore the diffusion constant is zero. The sum of average kinetic and 2D potential
energy is around 3.3 meV, which is much smaller than the saddle point energy of 20 meV.
Practically, it is impossible for electrons to overcome the barrier at this low temperature of 4.2 K.
Coulomb energy becomes the highest contribution because of the strong spatial confinement of
electrons in the potential minima. This is why the radial distribution function in Fig.3(b) shows a
high first peak corresponding to the mean distance of electrons in a unit cell, followed by an
essentially zero region due to high potential barrier, and the second peak corresponding to the 2D
potential period at the normalized distance of 1/3. The third peak at the normalized distance at V2/3
is due to the 2D square-ordered structure in the diagonal direction.

The effect of raising the temperature is obvious. As long as phonon scattering remains small, a
higher temperature causes improvement in transport since electrons have more energy to overcome
the 2D potential barrier or Coulomb potential barrier. In order to show this, wc have simulated
several temperature points between 4.2 and 22 K for Vo = 2.5 meV. The velocity autocorrelation
function begins to show a simple monotonic decay, rather than an oscillation with temperature. With
increasing kinetic energy, the coherent collective oscillation is disturbed and the oscillation in the
velocity autocorrelation function becomes weaker. The radial distribution function approaches that
of non-interacting particles with temperature. The diffusion constant is also getting larger with
temperature. By creating a plot of ln(D) versus inverse temperature 1/F, we can estimate an activation
energy. By calculating the gradient, the activation energy is ~ 1.0 meV, on the order of VQ.
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Simulation results with VQ = 40 meV. (a) Normalized velocity autocorrelation function
and (b) radial distribution function.
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