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We investigate the effects of two electronic bands at the negative electronic compressibility (NEC)
in a two-dimensional electron gas (2DEG). We use a simple homogeneous model with Coulombic
interactions and first-order multi-band coupling to examine the role of effective mass and relative
permittivity in relation to the critical carrier density, where compressibility turns negative. We
demonstrate that the population of a second band, along with the presence of inter-band coupling,
can dramatically change the cross-over carrier density. Given the difficulty in determining and
confirming multi-band electronic systems, this model provides a potential method for identifying
multi-band electronic systems using precise bulk electronic properties measurements. To help illus-
trate this method, we apply our results to the observed NEC in the 2D electron gas at the interface
of LaAlO3/SrTiO3 (LAO/STO) and determine that, for the known parameters of LAO/STO, the
system is likely a realization of a two-band 2D electron gas. Furthermore, we provide general limits
on the inter-band coupling with respect to the electronic band population.

I. INTRODUCTION

Complex oxides heterostructures have provided an
exciting platform for various physical phenomena for
over two decades, demonstrating the fascinating inter-
play between competing states depending on composi-
tion, doping, substitution, and structure[1, 2]. Highly
tunable electron-electron interactions at interfaces have
been shown to host states with charge, spin, and orbital
orderings[3–8] that emerge from the two-dimensional
electron gas (2DEG) at the interface.[9–14]

While there are many interesting properties of the
2DEG, we focus on the observations of negative elec-
tronic compressibility (NEC). NEC is produced through
electron-electron interactions, where the exchange and
Coulomb energies outweigh the overall kinetic energy of
the electronic system[15–19]. Electronic compressibility
is typically negative for dynamic, open 2D systems[15,
20–25] in non-equilibrium states, although recently, 3D
NEC systems have been discussed[26].

The 2DEG state of the complex oxide heterostruc-
ture LaAlO3/SrTiO3 (LAO/STO) exhibits a NEC. Over
the last decade, measurements of the quantum capaci-
tance have shown that the LAO/STO interface displays a
large NEC around a carrier density of 1013 cm−2.[27–29].
Aside from NEC, LAO/STO interfaces were shown to
host the possibly unconventional superconducting states
at Tc ∼ 0.2 K[30–32], which has led to fundamental ques-
tions about the nature of the superconducting state and
its relation to the nature of the normal state.[33–38]. It
is also known that superconductivity can be enhanced to
0.3-0.4 K by applying an electric field[33, 34] and is ob-
served to increase with strain[39, 40]. Therefore, there is
an exciting possibility that NEC and superconductivity
might be related.

Observations point to the very robust superconducting

interactions in STO that are controlled by doping and di-
mensionality. Literature has shown that the electron mo-
bility observed at the interface is related to the electronic
states within STO alone and is not dependent on the ad-
jacent material[29, 35, 37, 38, 41–45]. Furthermore, while
still controversial, recent experiments have also found
strong evidence that the maximum Tc in the heterostruc-
tures is achieved once an extra electron band becomes
occupied[46]. Currently, there are a few proposals that
the superconductivity in LAO/STO may be a realization
of a multi-band system[29, 35, 43–46], where band struc-
ture calculations have illustrated the role of split bands in
electronic transport as a function of doping[47]. However,
this is not without controversy, as some reports indicate
that this not the case [32, 37, 38, 48], while others the
claim of multi-band electronic structure still need to be
looked at carefully [3–5].

The determination of a multi-band superconduct-
ing state is quite complicated as the multi-band phe-
nomenon’s conclusive evidence can take decades due the
difficulty in resolving the small energy gap between bands
which is not well resolved by most techniques. However,
not long after the theoretical basis[49], multi-band su-
perconductivity was discovered in transition-metal super-
conductors, including Nb-doped STO[42, 50, 51]. In the
case of Pb superconductors, the theory suggested that
two-band superconductivity was possible in 1965[52], but
it was not experimentally confirmed until 2000[53], de-
spite earlier experimental evidence[54]. Detailed ab-
initio calculations supporting the multi-band scenario
were performed in 2009[55].

This paper aims to examine the differences in elec-
tronic compressibility between one- and two-band mod-
els and hopes to provide clarity and guidance for under-
standing the nature of collective electronic states at 2D
interfaces (i.e., multi-band superconductivity). There-
fore, in this study, we examine the one and two-band
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FIG. 1. (Color Online) Illustration of the two-bands with the
(a) µ < µc and (b) µ > µc. (c) The DOS as a function of n
for the two-band system. (d) dD(EF)/dn as function of n.

models of a 2DEG and investigate the onset of negative
compressibility. Using a homogeneous 2D electron model
and a two-band description of the electron interactions,
we examine the dependence of the negative compressibil-
ity crossover point with respect to the carrier density. In
general, we find the increases in effective mass leads to
the rise in critical carrier density for NEC. In contrast,
an increase in the relative permittivity of the 2DEG leads
to a decrease in the critical carrier density. Furthermore,
the addition of a second band lowers the overall crossover
carrier density, where the presence of inter-band coupling
will dramatically reduce the polarizability of the 2DEG.
The analysis presented in this work establishes features
in the bulk electronic properties that allow for the pos-
sible identification of multiple bands in 2DEG systems.
Additionally, through the comparison with previous ex-
perimental results for LAO/STO[27–29, 45], we find that
the NEC of LAO/STO is consistent with a two-band
model of the 2DEG, which provides further evidence that
the LAO/STO interface electron states may be a realiza-
tion of a multi-band system. Our findings also provide a
straightforward method for the identification of electron
band populations and coupling between the bands.

The structure of the paper is as follows: after the Intro-
duction, we discuss the general attributes of the negative
compressibility state in Sec II. In Sec. III, we revisit the
electron gas free energy calculation for the multi-band
case. In Sec IV, we discuss our results in the context
of LAO/STO interface and conclude in Sec. V with a
summary of the results.

II. ELECTRONIC COMPRESSIBILITY

Electronic compressibility, the response of the chemical
potential to changes in the carrier density, is given by

κ =

(
n2 dµ

dn

)−1

(1)

where µ is the chemical potential and n is the carrier den-
sity. Typically, an increase in the carrier density produces
a positive increase of the chemical potential[20, 28]. Be-
cause of standard thermodynamic constraints, electronic
compressibility tends to be positive. However, if the sys-
tem is interacting, in some cases, the compressibility shift
is negative, resulting in the so called negative electronic
compressibility[56]. NEC is typically found in 2D materi-
als due to topological effects[15, 20, 21, 23, 24]. Recently
it has also been suggested in 3D materials[26].

If we assume a two-band model with simple parabolic
dispersion (as shown in Fig. 1), then as the chemical
potential increases to µ/µc = 1, the second band becomes
populated and the carrier density will increase. At a
critical density, one will see a dramatic increase in the
Density of States (DOS) D(EF) (shown in Fig. 1(c)) as
a result of second band being populated.

We start with inverse compressibility κ−1 being pro-
portional to dµ/dn, and can be written as

dµ

dn
=

dµ

dD(EF)

dD(EF)

dn
. (2)

where dD(Ef )/dn is essentially δ(D(EF) − n). Given a
standard experimental width, dD(EF)/dn will resemble
Fig. 1(d).

For a two dimensional electron gas (2DEG) at T = 0,
the chemical potential is equivalent to the Fermi Energy
EF[15]. Using a standard parabolic dispersion,

µ = EF =
~2k2

F

2m∗
. (3)

where kf is the Fermi wavevector and m∗ is the effective
electron mass. For a 2D system, the number of states per

unit area N =
k2F
2π . Thus the DOS is well known as

D(EF) =
dN

dEF
=

m∗

π~2
(4)

From this relationship, we can infer that

dµ

dD(EF)
=
dk2

F/2m
∗

dm∗
= −π~

4k2
F

2m∗2
. (5)

This result provides an important clue about the origin of
a negative contribution to the compressibility: negative
sign appears as chemical potential decreases with the ef-
fective mass per same carrier density. Therefore, to gain
an understanding of when the electronic compressibility
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for a two-band system becomes negative, we need to un-
derstand the free energy of electron gas in the system.

Chemical potential is defined as the change in free en-
ergy over the change in the number of electrons Ne,

µ =
dF

dN
=
df

dn
, (6)

where f = F/A is the free energy divided by the area.
One can relate the chemical potential to the density by
normalizing the system by the area A, which allows us to
define the electronic compressibility in terms of the free
energy and the carrier density since dµ/dn = d2(f)/dn2,

κ =
(
n2 d

2f

dn2

)−1

. (7)

Since most experimental measurements examine the
dµ/dn, we will use inverse compressibility κ−1 to discuss
the crossover between positive and negative compressibil-
ity.

It is important to note that, in many systems, the effec-
tive mass and Fermi wavevector are direction dependent.
Here, we assume a simplified isotropic model.

III. 2D ELECTRON GAS FREE ENERGY

Focusing on carrier density dependence of the
free energy[15], we decompose f into kinetic[16, 17],
exchange[22, 57], and Coulomb components[58, 59] (f =
fk + fex + fc) using an analytic model[60], and examine
each component individually for each band. Based on a
homogeneous 2D electron model,

fk =
∑
i

πn2
i ~2

2m∗i

fex = −
∑
i

√
2n3

i

π

e2

3πεeff

fc =
∑
i

n2
i

αaBe
2

2εeff
−
∑
i

√
n3
i

π

e2

2εeff
,

(8)

where the Coulomb or electrostatic term is broken into
in-plane and out-of-plane components. Here, εeff = εrε0
(the effective dielectric constant), and e is the electron
charge, αaB is the effective distance between layers, aB is
the Bohr radius 4πε0~2/m∗e2 and α is a phenomenolog-
ical tuning parameter for the out-of-plane electrostatic
part of free energy. The out-of-plane electrostatic con-
finement term is needed for 2DEG materials with strong
polarization. Overall, the full free energy is summed over
i bands, where i = 2 is the specific case we consider. This
free energy is a general analytic model and is meant to
examine the general nature of the 2DEG in the absence
of more complicated interactions. Therefore, we are us-
ing this model to detail qualitative features understand
the differences between one- and two-band systems.
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FIG. 2. (Color Online) The inverse electronic compressibility
for the one-band model plotted as a function of carrier den-
sity for various effective masses and out-of-plane electrostatic
parameters α = 0 (a), 1.25 (b), and 6.25 (c). The quoted
relative permittivities are given a the permittivity needed for
the crossover carrier density to be nc = 1×1013 cm−2.

A. One-band model

Using the free energy for a one-band 2DEG, the inverse
electronic compressibility can be shown to be

κ−1 = n2
(π~2

m∗
+

4απ~2

m∗ εr
− 3e2

8
√
nπεeff

−
√

2

nπ3

e2

4εeff

)
,

(9)
where the effects of the parameters are shown in Fig.
2. Here, we present the inverse electronic compressibil-
ity as a function of the carrier density for various effec-
tive electron masses and relative permittivities as well
as with and without the presence of out-of-plane elec-
trostatic confinement. Here, we have chosen parameters
for the effective mass and relative permittivity that will
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provide a crossover carrier density of 1.0 x 1013 cm−2

for various values of out-of-plane electrostatic parameter
α. The crossover points indicate carrier densities where
electronic compressibility switches from positive and neg-
ative. These densities correspond to regime where which
provides the general a second band is populated. When
compared to experimental results, it is not just the value
of crossover carrier density value but also the line’s over-
all slope through the point that also matters. The slope
of the electronic compressibility through the critical point
appears to be greatest when effective masses and permit-
tivities are lowest, which indicates a greater increase in
chemical potential with carrier density.

Since the inverse electronic compressibility is propor-
tional to the change in the chemical potential with re-
gards to n, we can determine the critical crossover carrier
density nc for the one-band model by solving dµ/dn = 0,
and show that

nc =
(3π + 2

√
2)2

64π3(εr + 4α)2

(m∗e2

πε0~2

)2

(10)

Here, the crossover carrier concentrations depend on
the square of the effective mass over relative permittivity
for the 2DEG. The addition of an out-of-plane electro-
static confinement field lowers the carrier density for neg-
ative electronic compressibility (shown in Fig. 3), where
it is demonstrated that the crossover carrier density is
controlled by effective mass, relative permittivity, and
z-axis electrostatic potential. Within the general under-
standing of electrodynamics, an increasing effective mass
will increase the number of states at the Fermi level, low-
ers the overall kinetic energy of the electronic system, and
increases the critical carrier density for the transition.

Figure 3 shows that an increase in the relative permit-
tivity leads to the decrease the critical carrier density.

FIG. 3. (Color Online) Crossover carrier density for the one-
band model as a function of effective mass and relative per-
mittivity for α = 0 (blue - top), 6.25 (red - middle), 12.5
(green - bottom).

The plots for larger values of α follow the same trend as
the α = 0 curve with an overall lowering of the critical
carrier density. We interpret this effect being due to a
decrease in the exchange and Coulomb interactions. This
effect is also accompanied by increase of the out-of-plane
electrostatic confinement.

These changes in the permittivity with carrier density
are consistent with the general understanding of elec-
tronic structure. The lower the carrier density, the more
insulating the material becomes, resulting in enhanced
polarizability for the material. It is also shown that in-
creasing the effective mass will also increase the needed
permittivity due to the reduction in the conductivity,
which will localize charge and allow for higher polariz-
abilities.

B. Two-band Model

Since the crossover carrier density of 2DEG is a mea-
sure of band population, there should be distinct dif-
ferences in the effects of a one-band system regarding a
two-band system. Therefore, we generalize the previous
analysis to a two-band case and slightly alter the model
by adding the first-order coupling between bands.

Assuming a two-band model (i = 1,2), we have:

f =
(π~2

2
+

2πα~2

εr

)( n2
1

m∗1
+
n2

2

m∗2

)

−
√

2
π3

e2

εeff

(
1
3 + π√

23

)(
n

3
2
1 + n

3
2
2

)
+

λπ~2

2
√
m∗1m

∗
2

n1n2,

(11)
where λ provides a first-order coupling between the two
bands within a Ginzburg-Landau approximation, where
this term is considered isotropic to help reduce the over-
all number of parameters. Since the interaction can be
either repulsive or attractive, λ can be either positive or
negative. Here, the total interaction energy between two
bands can be expanded as an ordered series of terms. We
are considering only the first-order term, which is linear
in both n1 and n2. Higher-order terms and other in-
teractions could also be included, but they are typically
system-specific and move us away from this more general
model.

From the free energy model, the inverse electronic com-
pressibility κ−1 can now be written as

κ−1 = n2
[(
π~2 +

4πα~2

εr

)( η2

m∗1
+

(1− η)2

m∗2

)
− e2

4εeff
√
n

(√
2
π3 + 3

2
√
π

)(
η

3
2 + (1− η)

3
2

)
+

λπ~2
(
η−η2

)
√
m∗

1m
∗
2

]
.

(12)
Here, we define the total carrier density n = n1 + n2 and
relative population factor η, where n1 = ηn and n2 = (1−
η)n. Therefore, η provides a simple gauge that changes
the electron population from one band to the other and
is assumed to be independent on the carrier density. In
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FIG. 4. (Color Online) The inverse electronic compressibility as a function of carrier density for the 2-band system with various
coupling interactions λ = -1, 0 and 1 and density ratios η = 0.25, 0.50, and 0.75. Within each plot, the inverse electronic
compressibility is plotted for different effective masses. The out-of-plane electrostatic factor and the relative permittivity has
been selected to make nc = 1.0 ×1013 cm−2 (α = 0.0) or 0.5×1013 cm−2 (α = 12.5).

case of η = 1 or 0 the carrier population is solely in
the first or second band. Any fractional concentration
ratio describes carriers shared between bands; η = 0.5
corresponds to both bands being equally populated.

As shown for the one-band model, Fig. 4 shows the
inverse electronic compressibility as a function of the
2D carrier density for the two-band system with various
coupling interactions λ, density ratios η, and effective
masses. To illustrate the effect of α, the data with crit-
ical crossover points at 1.0x1013 cm−2 have a value of α
= 0, while 0.5x1013 cm−2 have a value of α = 12.5.

Similar to the one-band model, the lower effective
masses produce a sharper slope of the curve through the
critical points. The addition of a second band enhances
the slope further as λ or α are increased, where the dra-
matic increase in slope requires a lower effective dielec-
tric constant. A general effect of the two-band model
the need for lower overall polarizability to achieve the

same crossover carrier density, which leads to the sugges-
tion that the combination of effective mass and dielectric
measurements can help distinguish between one- or two-
band systems.

To examine these effects further, we focus on the
crossover carrier density for the inverse electronic com-
pressibility, given by

nc = (3π+2
√

2)2

64π3(εr+4α)2

(
m∗e2

πε0~2

)2(
η3/2+(1−η)3/2

1/γη2+
√
γ(1−η2)+λη(1−η)

)2 (13)

where γ = m∗1/m∗2. Here, it is clear that the first part
of the equation is the one-band model, and the second
part details the second-band adjustment. In a similar
manner as the one-band model, Fig. 5 shows the critical
carrier density as a function of relative permittivity and
effective mass of the second band with different values of
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FIG. 5. (Color Online) The critical carrier density as a function of εr and m∗
2 for different values of λ and η with m∗

1 = 0.5 and
α = 0. The color scales for each row of plots are set by the λ = -1 column to detail the the shift in carrier density.

λ and η. Here, the first band’s effective mass is set to 0.5
and α = 0. Similar trends in the one-band system also
can be observed. Larger critical carrier density occurs in
systems with larger effective masses and lowers relative
permittivities. Fig. 5 illustrates the effect of λ and η on
the critical carrier density as a function of εr and m∗2.

In Fig. 6, the effects of η and λ on the crossover carrier
density with m∗2 = 0.5 and 1.0 and α = 0.0 and 12.5
are detailed. Here, m∗1 is held at 0.5 and εr = 50, and
shows that the sharing of carrier density between the
bands increases the critical carrier density. This effect
is illustrated best when the effective masses are equal.
Here, the critical carrier density is symmetric about η =
0.5, and η results in shifting of electrons towards one band
regime and produces higher carrier density regions with
increasing effective mass. It is important to note that the
critical carrier density continues to increase beyond the
λ = -1 plane. Therefore, with respect to a given λ, the
critical carrier density will peak at a given η, but for a
given η, there is no global maximum.

From Eq. 13, we see some overall trends: i) as the
density ratio is shifted from the equal point of η = 0.5,
the electronic system requires an overall increase permit-
tivity and becomes more apparent with a negative λ. ii)
as λ increases in value, the needed relative permittivity
is decreased. While the overall dependence of the critical
carrier density from the effective permittivity and masses
is similar to the one-band model, examining the combi-
nation of measured parameters can help determine the
likelihood of either a one- or two-band system.

By looking at the η = 0.5 and λ = 0 case in Fig. 4, the
critical carrier density response is quite similar to that
of the one-band model. If one includes band interactions
the crossover points shift depending on the type of inter-
action and strength: for increasing λ, the critical point
shifts as the required permittivity decreases.

To futher examine the effects of multi-band interac-
tions, we focus on the example of the LAO/STO inter-
face, where some experiments have indicated that the
system is possibly in the multi-band regime[42, 46, 61].
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FIG. 6. (Color Online) The effects of η and λ on the crossover carrier density with m∗
2 = 0.5 and 1.0 and α = 0.0 and 12.5.

Here, m∗
1 is held at 0.5me and εr = 50.

IV. RELEVANCE TO LAO/STO INTERFACES

The interface of LaAlO3 (LAO) and SrTiO3 (STO) has
become a textbook example of the emergence of com-
plex phenomena at complex oxides’ interfaces where two
band insulators produce a 2DEG, which becomes super-
conducting at 200-300 mK[30–32]. Studies into the na-
ture of the superconducting state at the LAO/STO in-
terface has revealed the potential for a multi-band elec-
tronic system[29, 35, 43, 44, 47]. On the other hand,
there is a significant body of literature that seems to in-
dicate that the interfacial electronic states correspond to
a single band [62–65]. Therefore, to provide a method
that could help identify mutli-band electronic systems,
we present an approach based on observable properties
of the normal electronic states. However, the difference
occurs in the material parameters’ values, which is one
reason multi-band systems are challenging to identify. It
is not in the curvature or functional form of the potential,
but a precise analysis of measured parameters.

Electron-doped n-type STO exhibits a distinct tran-

sition into a superconductor with a peak Tc = 200
mK. Moreover, theoretical and experimental studies have
shown that the superconducting transition can be dra-
matically enhanced under pressure[39, 40]. In Fernandes
et al.[35] we described multi-band aspects of this super-
conductivity and discussed the similarities between bulk
STO and the LAO/STO interface. In the present work
we adopt this two-band model for general case of nor-
mal state 2DEGs to LAO/STO interface to determine
the most relevant features.

To make a relevant comparison we would need to deter-
mine values of dielectric constant for interfaces. For the
bulk systems, LAO has a measured dielectric constant
of about 18-24[66, 67]. In contrast, STO can have a di-
electric constant upwards of 25000 at zero electric fields,
and drops to around 300 (with an electric field or at high
temperatures)[66, 68]. Since the 2DEG exists in the STO
layer with a typical depth of 5-7 nm[69], the results of the
analysis of the two-band model depend greatly on the
measured value of the dielectric constant and the effec-
tive mass. To be specific, we assume a range of dielectric
constants between about 70 and 150[6, 7, 45, 70–76] and
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FIG. 7. (Color Online) The critical cross-over carrier density is plotted as a function of relative permittivity and effective mass
for the one-band model with α = 0 (a) and 12.5 (b). The shaded region illustrates the regime where most measurements of
the relative permittivity and effective mass of LAO/STO are performed. Within our model we conclude that for the known
LAO/STO parameters does not fall within the predicted behavior of a one-band model.

an estimated effective masses for the LAO/STO range
from 0.5me-0.7me for the first band and 5.0-14me for
the second band[70].

In LAO/STO, the critical carrier density is very device-
dependent and seems to fall between 0.5 and 1.0 x 1013

cm−2.[27]. With these ranges in mind, Fig. 7 shows
the carrier density as a function of relative permittiv-
ity and effective mass for two different electrostatic pa-
rameters for the one-band model. The parameter ranges
for LAO/STO have been shaded in grey. Through the
middle, the brown contour shows the permittivity and
effective mass range for the general critical carrier den-
sity range of LAO/STO. In Fig. 7(a), the measured
LAO/STO parameters come very close to falling into
the carrier density range for α = 0. However, suppose
one includes an out-of-plane electrostatic energy (Fig.
7(b)), which is needed for the polar heterostructure of
LAO/STO. In that case, the parameters become even
further apart. Therefore, given the wide range of device-
specific measurements, it seems that the one-band model
is not applicable.

Figure 8 shows the carrier density as a function of rela-
tive permittivity and effective mass for two different elec-
trostatic parameters for the two-band model. The main
issue is that we do not know the relative population of

the bands nor the coupling constant. Therefore, by us-
ing the closest parameters from the one-band model (εr
= 70 and m∗1 = 0.7me) and instituting a second-band
effective mass of 14me, we show the range of η and λ
needed to provide critical carrier density of between 0.5
and 1.0 x 1013 cm−2 for α = 0.0 and 12.5 (without and
with electrostatic confinement).

We conclude that the band filling never falls on η
= 1 or 0, hence we assume that a two-band model is
needed to account for the measured electronic parame-
ters of LAO/STO. Furthermore, if the system demon-
strates larger effective mass or a lower permittivity, then
the LAO/STO interface may reduce back to a one-band
model (as shown in Fig. 7), which why we have chosen
parameters that appear to be on the limits of measured
quantities for this system. Therefore, our model provides
a useful tool for experimentalists to investigate the multi-
band model.

Our approach demonstrates that effective masses for
the 2DEG must be reasonably small for the first band
to produce a similar compressibility slope and dielectric
constant. We find more flexibility with the inter-band
coupling and variable carrier density within a two-band
model.

Overall, the proposed two-band 2DEG model demon-
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FIG. 8. (Color Online) The critical cross-over carrier density is plotted as a function of λ and η for the closest LAO/STO
parameters (εr = 70, m∗

1 = 0.7, and m∗
2 = 14) for the two-band model with α = 0 (a) and 12.5 (b). The blue/brown cone

region denotes the LAO/STO critical carrier density region and provides a multi-band parameter space for experimentalists to
investigate the presence of the two-band electronic states in these devices.

strates that stronger inter-band coupling lowers the re-
quired εr for the system. The coupling of the bands pro-
duces less electron screening. It makes the system less
metallic, consistent with Fernandes et al.[35], where it
was shown that a weakly interacting two-band model
adequately describes the 2D STO system. Our our
analys indicates that, within the 2DEG model, a two-
band or multi-band system is adequately describing the
LAO/STO interface [35, 42]. We also mention multiple
experimental observations suggesting multiband natire of
2DEG [29, 43–45].

It should be mentioned that this analysis is done
with an isotropic model. However, in the LAO/STO
system, the second band being occupied a doubly de-
generate band with a fairly anisotropic effective mass
that can range from 5 to 14 me depending on the
orientation[46, 48]. Therefore, in our analysis, we have
chosen to use a large effective mass of 14me for the sec-
ond band, which illustrates that the system still prefers
the multi-band model over the single band.

V. CONCLUSIONS

In this paper, we provide a general method for deter-
mining the effects of multi-band interactions on a two-

dimensional electron gas through electronic compressibil-
ity. Using a 2D electron gas model with a first-order
inter-band coupling between the carrier densities, we ex-
amine the dependence of negative compressibility of the
2D electron gas on critical carrier density, dielectric con-
stant, and effective mass and compare the results to
the interface of LaAlO3/SrTiO3. Our calculations show
that the presence of inter-band coupling has an effect
on the polarizability and the critical carrier density of
the 2DEG. Furthermore, we find that the bands’ effec-
tive masses have a distinct and dramatic effect on the
negative compressibility.

Given recent suggestions that the LAO/STO interface
is a multi-band electron system[29, 35, 43, 44], we re-
late the negative compressibility to inter-band and intra-
band interactions and to the effective electron masses in
the bands. We find that a one-band model does not re-
produce the LAO/STO interface’s critical carrier density.
On the other hand, using a two-band model, we find the
critical carrier density for the negative compressibility
crossover of LAO/STO within the parameter range that
consistent with the observations.

Among future applications of the model presented
here, we mention the effects of dynamics on electronic
properties like transport and compressibility. For ex-
ample, the role of dynamics and pumping in producing
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transient negative compressibility regime in multi-band
2DEG would be an interesting problem to pursue. We
also point to the important questions about the nature
of the superconducting state, seen in LAO/STO, in the
presence of two coupled electronic bands.
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