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We study spatial correlation of donor charges in HgSe:Fe,Ga using a few
simple quantities (mean electrostatic energy of various donor sites, fluctua-
tions of the electrostatic potential). The study uses Monte Carlo simulation
techniques. We are able to indicate general trends in the behavior of the
correlation when proportion of correlating (Fe3+) and noncorrelating (Ga)
charged centers in the sample is changed.
PACS numbers: 71.55.-i

1. Introduction

Despite the fact that spatial correlations of positions of charges on dopants
in a mixed valence regime in HgSe:Fe and similar materials are studied since
considerable time [1-4], our knowledge of the correlation process is far from being
complete. The reason is that correlation is a complicated, many-body phenomenon,
occurring in a system with internal disorder. The general description is very dif-
ficult, and analytical models work reasonably well only in certain limiting cases.
For example, for weak correlation one can use an analytical short-range correlation
model [3, 5]. Another possibility is the impurity self screening approach [4]. For
strong correlation, however, only numerical simulations are practical [2, 6]. These
are unfortunately time consuming and require big computers.

The description of the correlation is usually based on only a few functional
characteristics of the system: the pair correlation function g(R), the stucture
factor S(q), the density of states (DOS) [4]. Some of the models are capable if
yielding only some of these quantities (e.g., the short-range correlation model
gives g(R) and S(q), but not DOS).

As a result, it is rather difficult to obtain an insight into general properties
of the spatial correlation process. We would like to concentrate on a few quantities
characterizing the correlation, which would make a comparison between different
systems possible. In this work we present results of a series of Monte Carlo sim-
ulations aimed at a description of the correlation in a system containing both
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correlating and noncorrelating donor species (e.g., Fe and Ga in HgSe [7]). To this
end we investigate the average values and the amplitude of fluctuations of the elec-
trostatic potential energy at various lattice sites (respectively, the first and second
moment of DOS). Both quantities are important: the changes of the mean value
of the potential govern the Fermi energy of the system, whereas the fluctuations
determine scattering of carriers [8].

2. Definitions

The model Monte Carlo (MC) system studied in this work may be described
as follows: of 1000 sites distributed randomly within a MC cell 400 are assumed to
be neutral, 600 — to be positively charged. In the latter group some are considered
fixed, i.e., they do not change position during the simulation process, remaining
in the initial, random configuration. The rest of the charged sites may take part
in the correlation process, through exchange of positions with neutral sites. The
three types of sites correspond to various donor sites in the HgSe:Fe,Ga system:
neutral sites — Fe2+ ions, mobile charges — Fe3+ sites, fixed charges — Ga+
sites. We study the behavior of the system for various proportions of fixed and
mobile charges. By keeping the number of all charges constant, we are able to
concentrate on effects of correlations in the system. The details of the Monte Carlo
simulation technique may be found in our earlier publications [9]. Our simulations
are performed for T = 0.

We study the electrostatical potential distribution (which is directly related
to the single particle density of states) on various donor sites in the system: neutral,
charged — mobile and fixed. Our work concentrates on the mean potential value
Emean and potential fluctuations, given by the second moment of the distribution
of potential values, σ. It should be noted here that the mean energy may be
obtained from two-particle correlation functions g(R), whereas the fluctuations
require knowledge of higher-order correlations.

3. Results

The main results of our study are presented in Figs. 1 and 2. Figure 1 shows
the behavior of the mean potential energy at various donor sites (Fe 2+, Ga, and
Fe3+) as a function of the number of the neutral sites. In addition, the mean
energy of all charged sites (Ga and Fe 3+) is also plotted. The continuous line
presents mean energy of all charged sites calculated from analytical short-range
model [2]. The difference between mean energies of charged and neutral sites is a
sign of the presence of correlations in the system. For a truly random system the
values would be the same for all types of sites. An inset shows the behavior of
DOS configuration with 300 mobile/300 fixed/400 neutral sites. Figure 2 presents
the dependence of the fluctuations of the potential energies, σ, as a function of the
number of fixed charges in the system.

For both studied quantities, the behavior for low and high content of the
fixed sites is interesting. We can see that an admixture of a small number of the
fixed sites practically does not change neither the mean energies nor the fluctu-
ations. This is due to the fact that when there are only a few fixed charges they
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are usually far from each other so that their interactions are small. The mobile
charges adjust their positions taking the presence of the fixed charges into ac-
count, and the ordering in the system is almost as good as it is in the case of
only mobile charges/neutral sites. This description is supported by MC results of
the pair correlation functions. Our results thus confirm assumptions used earlier
in the analytical short-range model for a mixed HgSe:Fe,Ga [2, 7]. Another inter-
esting result is that although the average energy of the charged mobile Fe 3+ sites
decreases with their decreasing number, the corresponding σ remains practically
unchanged.

We turn now to the behavior of the system when there are only a few mobile
charges, the rest remaining fixed and randomly distributed. As may be seen from
Fig. 2 even a small number of mobile charges decreases significantly both the mean
energy of charged sites and fluctuations of the potential. This means that the effect
of correlation is very strong, even when the number of particles taking active part in
correlations is small. It should be noted here that in the limit when all charges are
fixed and distributed randomly the average energy is equal to zero (compensated
by the uniform neutralizing charge of the conduction band electrons). At the same
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time σ calculated from simulations agrees with analytical formula for a random
system [5].

4. Conclusions

In this work we propose a simple set of numerical parameters which are
at the same time significant physically and intuitively understandable, and which
allow us to compare the properties of different systems where spatial correlations of
charges occur. The quantities described in this work are related to the distribution
of electrostatic potential energy at impurity sites in semiconductor. The splitting of
energy distributions for various types of sites is a characteristic sign of the presence
of correlations, and diminishes with increasing proportion of random fixed charges.
There is a continuous transition from a system where all charges take part in the
correlations to a system where there are no correlations and charges are distributed
randomly in space. We show that even a small number of correlating charges may
significantly lower the potential fluctuations and mean energy of the charged sites.
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