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The electron mobility enhancement observed in heavily doped GaAs under
hydrostatic pressure is interpreted in terms of spatial correlation between
the donor charges within partially occupied system of impurities induced by
strong inter-donor Coulomb interaction. A simple analytic theory is given
for both DX and DX models of the impurity state. The mobility is shown
to increase together with pressure in both models. Estimates of the energy of
the DX level are strongly perturbed by the inter-donor Coulomb interactions.
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Introduction

It has been recently observed that the electron mobility in HgSe:Fe at low
temperatures may acquire anomalously high values [1-3]. The enhancement of the
mobility occurs in the mixed valence regime when neutral Fee+ and ionized F e3+
states of Fe donor (whose energy is resonant with the conduction band of HgSe)
coexist. This regime is reached either by doping with Fe to the levels exceeding
-1≈oC5r,inxsam3p1l8ew0th ounfFedrs,byaplictonfhe
hydrostatic pressure [4]. Following the hypothesis put forward by Jerzy Mycielski
[5] we were able to describe quantitatively the mobility enhancement by calculating
the momentum relaxation time resulting from the scattering of the conduction
electrons from the donor charges whose positions were not random but spatially
correlated [5, 7]. The correlation has its source in the Coulomb repulsion between
the charges in the partially occupied donor system. As a result of this repulsion
there exists a region surrounding each ionized donor where no other ionized donors
reside. The correlation may be viewed as an effect precursory to formation of
(49)
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Wigner-like glassy state of charges localized on impurities. The scattering centers
whose spatial positions are correlated yield longer relaxation times than randomly
distributed scatterers — part of the scattering events in the former case have
a coherent character and neither relax the momentum nor shorten the electron
lifetime.
It has been also very recently realized [8, 9] that the behavior exhibited
by low temperature mobility as a function of the hydrostatic pressure (applied at
elevated temperature) [10] in heavily doped GaAs containing DX centers resembles
the behavior exhibited by HgSe:Fe — by lowering the energy of resonant impurity
state by means of the pressure p one brings the Fermi level into coincidence with
the DX level. Then, some of the electrons, which at p = 0 occupy the conduction
band states, are captured at the DX centers and the concentration of band carriers
is seen to drop. At the same time the mobility shows an increasing trend with
pressure [9, 10] .
The analogy between GaAs with DX centers and HgSe:Fe is complete if
the model describing the DX state in GaAs is that of a singly occupied state,
known also as DX0 or U > 0 model (where U is the on-site electron-electron
interaction). Recently, a concept' of doubly occupied DX state was put forward
(DX or U < 0 model) where a strong lattice distortion effect makes a double
occupancy energetically more favorable [11, 12]. The correlation induced by the
inter-donor Coulomb interaction that have to be considered in the case of DX'
model is of a different nature. Namely, a positively charged ionized donor d+ tends
to have a negatively charged occupied donor (DX ) in its immediate vicinity, thus
forming a dipole-like object that scatters conduction electrons less effectively than
two independent charged centers, provided that the arm of such dipole is shorter
than the de Broglie's wavelength of the conduction electrons [13]. Correlation
of impurity charges analogous to that occurring in the DX- model, were made
responsible [14] for anomalously high values of the mobility (as well as its unexpectedly strong temperature dependence) observed in zerogap HgMnTe [15, 16]
and HgCdTe [17, 18] with the Fermi level trapped at the resonant acceptor state.
It is still a matter of debate which of the two models, DX° or DX , describes
better the observed properties of DX centers (it is not unlikely that both DX0
and DX states may even coexist). Therefore, both will be considered on an equal
footing in this presentation. In fact, an attempt was made to distinguish between
the two models using arguments involving analysis of the mobility vs. pressure
data [19]. The analysis [19], however, did not consider the correlations mentioned
above. As we shall show here they are of primary importance and when a proper
account of their existence is made the conclusions reached in [19] are no longer
valid [8].
In this paper we take the inter-donor correlation into account explicitly (not,
as suggested in [20], by means of an effective screening) by considering a simple,
though quite realistic, pair correlation function g(r) within a short range correlation model. The calculations will be carried out for both DX and DX0 models.
-

-

-

-

-
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2. Short range correlation model

We shall assume that the temperature at which the correlation sets in is very
low and it is fair to put T = 0. The validity of this simplification is discussed
further in the paper.
DX° model

According to this model the DX impurity exists in two charge states: neutral
DX° state when occupied by an electron and positively charged d+ state when
ionized. We choose the pair correlation function g(r) of d+ centers to have a
simple step like form: g(r) = 0 for r smaller than a certain correlation radius rc
(to be determined later) and g(r) = 1 for r greater than r - - see Fig.1a. The pair

correlation function reflects probability of finding an ionized donor at a distance
r from a site where there already is a given ionized donor. With this in mind we
see that the above form implies that there is a sphere around each ionized donor
where there are no other ionized donors. At greater distances g(r) = 1 means that
we neglect existence of any correlations for r > rc. It is not difficult to find an
equation relating the correlation radius to the concentrations of DX centers N and
conduction electrons n [7, 21]
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where V^ = 4πrc3/3. For VcN « 1 one can approximate the solution of Eq.(1) by

The pair correlation function is related to the structure factor S(q) that, in turn,
is needed in calculation of the momentum relaxation time due to the scattering
from the charged centers

where we assumed degenerate electron statistics, and where
The screening of the Coulomb potentials of the ionized donors by the conduction
electron gas is described by the screening radius λ which in the Thomas-Fermi
approximation is taken as [(πKħ2)/(4e2kFm*(ΕF)] Ι/2 (K is the dielectric constant
of GaAs, m*(EF) — the effective mass at the Fermi level, and kF denotes the
Fermi wave vector). For DX0 model, the concentration of scatterers, Ns in Eq.(3),
is equal to the concentration of conduction electrons n. The mentioned relation
between g(r) and S(q) is given by the Fourier transform

Using the simple form of g(r) defined above one obtains

Inserting this result in Eq.(3) and performing the integration numerically we obtain
1/τ which when used to calculate the mobility results in the curve labeled (a) in
Fig.2. For the sake of comparison we also show there (curve (b)) the values of the
mobility obtained when no correlation of the scattering charges is present, i.e., for
S(q) = 1. The correlation does indeed result in an increase of the mobility as the
number of electrons transferred from the conduction band to DX centers increases.
The increase is much stronger than that in the case without correlations when it
is solely due to changes of the screening parameter and the nonparabolicity of the
conduction band [22].
Let us consider now the total energy (per unit volume) of the system consisting of the electrons in the conduction band and on DX centers. We have
where ΕKin represents kinetic energy of the conduction electrons. The second term
in Eq.(6) is the exchange correlation energy of the conduction electron gas which
we take in the textbook form [23]
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with r3s =bR)*3e,i/nαgB(t*4hBπyf3ac*vdorusnefctiv
rydberg, respectively. EDX in Eq.(6) stands for the energy of electrons occupying
the DX state. The inter-donor Coulomb repulsion ΕC can be calculated in terms
of the pair correlation function

Note that the Coulomb interactions between completely delocalized conduction
electrons cancel exactly the interactions between those electrons and charged
donors. Using the piece-wise constant form of g(r) defined above we obtain

By demanding that ∂ ΕT otN∂w/n=0heidcrvtlaonbwed
can be used to extract the value of EDX (and its pressure coefficient) by fitting
the solutions to the experimental n vs. p dependencies. A result of such fittings
is shown in Fig.3 by solid lines. An important property of EDX values determined
in this way is that they are common for all samples doped with a given species
of a dopant. This is in contrast to the values obtained without considering the
inter-donor Coulomb interactions when the EDX were found to depend on the
concentration of DX centers [10].
DX model
-

In the DX - model the DX impurity can exist in two states: empty (d+) state
and doubly occupied state (DX - ). Both are charged (respectively, positively and
negatively) and, therefore, both scatter conduction electrons. Thus, to account for
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correlations between all types of donors we need three pair correlation functions:
g++(r), g--(r), and g+-(r) = g-+(r), where the subscripts correspond to the
sign of charge localized on a given center forming the pair. Formation of dipoles
invoked in the Introduction is described by g+_ (r). These correlation functions are
not independent. Since the dopants are distributed randomly in the crystal lattice
the properly weighted correlation functions must add up to unity,

where N+ and N_ are concentrations of empty and occupied DX centers

As in the previous section we shall take the pair correlation functions as
piece-wise constant, as shown in Fig.lb. Again, by considering the probability of
finding various types of donors (empty or occupied) within the volume Vd = 4πrá/3
defined as containing only one negatively charged DX center one finds in analogy
to Eq.(1)
-
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Retaining only terms linear in NVd one finds the solutions of Eq.(11), in analogy
to Eq.(2)

One can interpret rd as a maximum lenght of a dipole that forms due to Coulomb
attraction between DX' and d+ centers. Values of various g's for r < rd can be
determined by making simple considerations involving probabilities of finding a
donor in a given charge state within the volume Vd surrounding a central donor.
One obtains in this fashion

where α = NVd. Using the above two expressions and the sum rule, Eq.(10), one
concludes that g__ = 0 for r < rd.
Having thus determined all relevant pair correlation functions we may now
proceed to calculate the momentum relaxation time yielded by scattering from
variously charged donors. Elementary considerations lead to conclusion that S(q)
to be inserted in Eq.(3) reads in the case of DX' model

The mobility resulting from numerical integration of Eq.(3) with the above form
of S(q) is presented in Fig.2 by the curve labeled (c). It shows (contrary to that
obtained when the correlations are neglected in the DX model - curve (d) in
Fig.2) an increasing trend as the pressure is increased.
The donor-donor Coulomb interaction energy needed to calculate the total
energy can again be expressed in terms of the pair correlation functions. Using
Eq.(13) and (14) we obtain
—

Demanding that the total energy is at the minimum we obtain again the relation
between n and N. Fitting the values of EDX and its pressure coefficient in this
relationship we can reproduce the experimental n vs. p behavior. As in the case
of DX0 model we obtained a fair description of this behavior with a single value
of EDX for all samples doped with a given element, see, Fig.3.
3. Discussion
As seen from Fig.3 it is impossible to discern which of the two competing
models of the DX state is correct basing oneself on the n vs. p data obtained in
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heavily doped GaAs samples. Neither it is possible to distinguish between them
on the basis of the μ vs. p relationships — with inter-donor Coulomb interactions
both models predict an increase of the mobility with pressure in the region where
n is diminished by capture on DX centers.
The applicability of the extremely simple form of the pair correlation function
used in the previous Sections is confirmed by our computer simulations of the
system. The correlation functions obtained by such simulations are shown in Fig.1
by solid lines. The simulated curves show features which resemble those of liquid
substances.
Let us comment now on the legitimacy of the zero-temperature approach used
in our presentation. In reality, in GaAs the correlation is frozen at T 100 K. This
temperature corresponds to an energy 8.5 meV and is still smaller than the gain
in the Coulomb interaction energy (per one electron) due to correlation which, as
calculated using Eq.(9) and Eq.(16), is 20.2 meV in the case of DX — model and
10.3 meV in the case of DX0 model for N = 1.1 x 10 19 cm -3 sample at p = 10 kbar.
So, the temperature does not destroy the correlation completely at the freeze-in
temperature, particularly in the DX — model. Our estimates of the degree of the
correlation do, however, possess a character of an "upper limit" estimate and the
real correlation is certainly less pronounced (therefore our caution in regard to
drawing quantitative conclusions concerning which of the two models describes
better the DX state in GaAs).
4. Concluding remarks
We have shown that under conditions of incomplete occupancy of the donor
states a spatial correlation of donor charges, due to mutual Coulomb interaction,
appears. It results in an enhancement of the mobility compared to that expected
for random distribution of the scattering potentials. We showed here that this
mechanism is compatible with observations in GaAs containing DX centers subject to hydrostatic pressures. As mentioned the correlation of donor charges and
accompanying increase of the mobility is also observed in other systems of which
HgSe:Fe is the most notable. Without attempting to give an exhaustive list let us
mention also HgMnTe and HgCdTe with resonant acceptors already quoted in this
context, quasi twodimensional conducting layers of delta-doped GaAs [25] and,
probably, PbTe:Cr [26]. It is, therefore, not unlikely that use of resonant impurity
states will turn to be a general method of obtaining semiconducting materials with
mobility superior to that in samples with shallow hydrogen-like impurity states.
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