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We have investigated the resistivity of a 2D hole system in GaAs in the temperature range 200 mK < T < 800 mK 
at zero magnetic field and low hole densities when the system is near the metal–insulator transition in the insulat-
ing side. We have found that the resistivity follows the Efros–Shklovskii variable range hopping (ES-VRH) law, this 
behaviour is consistent with the existence of a Coulomb gap. The resistivity scales with temperature and the prefactor 
has been found independent of temperature and density, thus confirming the dominance of hole–hole interaction. 
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1. Introduction

For several decades, condensed matter physicists 
have been able to build two-dimensional quantum 
systems, such as Si-MOSFETs, or GaAs/GaAlAs 
semiconductor heterostructures. In these systems, 
the idea is to trap electrons in a very thin potential 
well at the interface between two semiconductors 
(or between a semiconductor and an insulator), so 
that the movement of the carriers becomes strictly 
two-dimensional, in the plane of the interface. As 
the  manufacturing processes are not yet perfect, 
impurities and defects are randomly distributed 
in the material, hence the presence of a disorder 
potential in which the electrons move, correlated 
with each other by the Coulomb interaction.

In a highly disordered electronic system, each 
electron (trapped by the disorder) is assumed to 
be located at a single site, so that overlap between 

wave functions can be neglected. This brings us 
back to a  classic problem, without kinetic ener-
gy. In the  absence of interaction, the  system has 
a  constant density of states. On the  contrary, in 
the presence of interactions, the state density ρ(E) 
close to the Fermi level is decreased according to 
Eq. (1):

ρ(E) ~ (E–EF)
d–1. (1)

Here d is the  dimension of space. In other words, 
interactions deplete the  Fermi level. This is called 
the Coulomb gap, even if it is not a  real gap since 
the density of states cancels only at the Fermi level 
(E = EF).

The Coulomb gap is detrimental to the  trans-
port properties of the system. More precisely, Mott’s 
law [1] giving the ρ(T) dependence of resistivity as 
a  function of temperature in Anderson’s insulator, 
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without interaction, must be corrected. Whatever 
the dimension d, this law becomes

( )
1/2

0 ,~ exp TT
T

ρ  
 
 

 (2)

where T0 is the characteristic temperature. Eq. (2) is 
known as Efros–Shklovskii’s law.

Finally, taking kinetic energy into account can 
lead to the closure of the Coulomb gap if quantum 
fluctuations compensate for the  effects of inter-
actions. Typically, closure of the  Coulomb gap is 
expected for a  value of the  interaction parameter 
rs ~ 1 [2]. Thus in Anderson’s insulator, the temper-
ature dependence of resistivity is given by Mott’s 
law described by
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where T0 is the characteristic temperature.
The typical distance of hopping can be evalu-

ated by
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where a is the  localization length and 0
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where E0 is the average energy difference between 

neighbouring levels, and kB is Boltzmann’s constant. 

This typical distance varies as 
1 

1dT
−

+ , therefore in-
creases as the temperature decreases, just justify-
ing the  denomination of variable range hopping  
(VRH) for this conduction mechanism.

In this paper, we present the behaviour of hop-
ping resistivity in a  strongly localized state near 
the  metal–insulator transition (MIT) and we 
test the  VRH conduction models to determine 
the dominant hopping mechanism in 2D p-GaAs. 
The  experimental data which we reanalysed was 
obtained in 2D GaAs hole gas by Hamilton and 
co-workers [3]. The sample has a peak mobility of 
µ = 2.5 × 105 cm2 V–1 s–1.

2. Results and discussion

Fig. 1 shows the evolution of resistivity as a func-
tion of temperature in the insulating state near the 
insulator–metal transition for densities 3.2 × 1010, 
3.3 × 1010, 3.4 × 1010 and 3.5 × 1010 cm–2. We remark 

that the  resistivity increases monotonically when 

the  temperature decreases d 0
dT

 < 
 

ρ , and seems to 
tend towards infinity at zero temperature, which is 
characteristic of an insulator [4, 6].

At low density and for independent electrons, 
we are in the  limit kFle  <  1 and a  semi-classical 
model cannot be applied. The theory of transport 
between localized states by variable range hopping 
gives precise predictions on the expected tempera-
ture dependence. To test the validity of these mod-
els in our case, the ρ(T) curves have been fitted by 
the law [7–10]

( ) 0
0 ,exp

mTT
T

ρ ρ  =  
 

 (5)

where ρ0 is the  prefactor, T0 is the  characteristic 
temperature and m is the  characteristic exponent 
the value of which distinguishes different hopping 
mechanism.

The important parameter of this law is the  ex-
ponent m, which makes it possible to determine 
the transport mechanism of carriers in the insulat-
ing phase. The  curves in Fig.  2 show the  resistiv-
ity as a  function of T–m without distinguishing be-
tween the both hopping mechanisms (ES-VRH and 
Mott-VRH). In this representation, the  hopping 
law with the  exponent m and the  temperature-in-
dependent prefactor ρ0 gives a straight line for both 
cases (m = 1/2 and m = 1/3) without possibility to 
distinguish the  best exponent because of a  small 
range of the resistivity explored. These remarks are 
in agreement with measurements carried out on Si 

Fig. 1. The resistivity versus temperature for the GaAs 
heterostructure at different carrier densities.
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MOSFETs [4, 11–13], in p-SiGe [14] and p-GaAs 
[15] heterostructures which have shown that, at low 
carrier density, the law described in Eq. (5) is well 
followed with the exponent m = 1/2 (for T ≤ T0/4), 
[4]). The  exponent is therefore the  one expected 
for variable range hopping (VRH) in the presence 
of a  gap due to electron interactions. However, 
this behaviour is not specific to systems exhibiting 
the metal–insulator transition since it has been ob-
served in heterostructures that do not exhibit me-
tallic behaviour [16].

The values of the prefactor deduced from the fit-
ting of resistivity curves are shown in Fig.  3, and 
these values are found almost constant. This be-
haviour is similar to what has been observed in Si 
MOSFETs [4, 11–12], where a universal prefactor 
independent of temperature and density has been 
obtained, which is in agreement with the variable 
range hopping theory. The  prefactor is generally 
temperature dependent. We found in a  previous 

work a value of the prefactor close to the universal 
value 1 h/e2 [10].

The prefactor ρ0 obtained in Si MOSFETs [4, 11, 
13] is close to h/e2 and independent of tempera-
ture and density. In the  p-SiGe [14] and p-GaAs 
[15] heterostructures, ρi = 0.5  h/e2 is independent 
of density. These observations are inconsistent with 
a  mechanism where the  hopping is generated by 
the electron–phonon interaction, for which the de-
pendence of ρ0 on temperature and density is ex-
pected, and can be attributed to another hopping 
mechanism related to the electron interaction, con-
firming once again the  important role of interac-
tions in the studied systems.

In order to establish the  dominant hopping 
mechanism, we used the  method of percentage 
deviation Dev{%}. This method is widely used in 
statistics to evaluate the difference between the es-
timated values (ρi) and the value of linear fits (ρ) 
[17, 18]
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n being the number of experimental points.
As shown in Figs. 4 and 5, we have obtained val-

ues of the exponent 𝑚 close to 1/2 and far from 1/3 
which allows us, on the one hand, to exclude the Mott 
hopping mechanism where the hopping is assisted 
by phonons [10, 14–15] and, on the other hand, to 
confirm the existence of the Efros–Shklovskii hop-
ping where the  hopping is assisted by electrons. 
The exponent 𝑚 depends on the density, in fact, the 
more the density approaches the critical density of 

Fig. 2. Resistivity versus temperature for both cases: 
(a) ES-VRH and (b) Mott-VRH.

Fig. 3. Prefactor ρ0 versus density np.
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the insulator–metal transition which is estimated at 
npc = 4.6 × 1010 cm–2 [6, 19], the more the exponent 
𝑚 increases and tends towards the value 𝑚 = 1 that 
is characteristic of a hopping mechanism of the ac-
tivated type [20].

kii law ( )
1/2

0
0 exp TT

T
ρ ρ  =  

 
, with a prefactor inde-

pendent of temperature and density. The resistiv-
ity scales with temperature and the prefactor was 
found to be independent of temperature and den-
sity, which confirms the dominance of hole–hole 
interaction. In brief, the transport in the 2D GaAs 
hole system is most consistent with the forms for 
VRH with a Coulomb gap.
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