
Variable resistance at the boundary between semimetal and

excitonic insulator

Massimo Rontania,*, L.J. Shamb

aINFM National Center on nanoStructures and bioSystems at Surfaces (S3), Via Campi 213/A, 41100 Modena, Italy
bDepartment of Physics, University of California San Diego, La Jolla, CA 92093-0319, USA

Received 6 July 2004; accepted 12 July 2004 by the guest editors

Available online 5 January 2005

Abstract

We solve the two-band model for the transport across a junction between a semimetal and an excitonic insulator. We analyze

the current in terms of two competing terms associated with neutral excitons and charged carriers, respectively. We find a high

value for the interface resistance, extremely sensitive to the junction transparency. We explore favorable systems for

experimental confirmation.
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1. Introduction

The concept that excitons can condense in a semimetal

(SM) and form an excitonic insulator (EI), if the energy

band overlap is small compared to their binding energy,

dates back to the sixties [1]. Experimental evidence has been

put forward for the exciton phase [2], but the EI state

remains a mystery. Moreover, the possibility of experimen-

tal discrimination between the EI and the ordinary dielectric

has been called into question [3]. We demonstrate that, if an

EI exists, it develops unusual transport properties that make

it qualitatively different from an ordinary insulator.

Elsewhere [23], we considered, in a two-band model, a

junction between a SM and a semiconductor, whose small

gap originates from the renormalization of the SM energy

bands due to: (i) hybridization of conduction and valence

bands, (ii) electron–hole pairing driving the EI conden-

sation. Carriers incident on the interface from the SM side

with energies below the gap are backscattered again into the

SM, possibly into a different band. We found that interband

scattering only occurs for (ii), due to the proximity of the EI

which broadens the interface potential profile.

Here we focus on the latter case only. We analyze the

current generated by a bias voltage across a clean SM/EI

junction as two competing terms associated with neutral

excitons and charged carriers, respectively. Below the EI

gap, carriers are backscattered by the interface with energy

band branch crossing. The formalism is similar to that for

the metal/superconductor (NS) interface [4], and indeed we

find the same dependence of transmission and reflection

coefficients on the quasi-particle energy u. However, while

electrons below the superconducting gap are Andreev-

reflected as holes, carriers reflected below the EI gap

conserve their charge and the electric current is zero. Above

the gap, when charge transmission is allowed, an unusually

high electrical resistance remains. We find that the electrons

that are backscattered from one band to another are

equivalent to incoming holes correlated with the incoming

electrons. When such pairs enter the condensate they are

converted into an exciton supercurrent, in such a way that
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the electron–hole flow across the sample is conserved. The

latter exciton channel is preferred with respect to charge

transmission, even if u is just slightly above the gap.

Therefore, the additional resistance arises due to the

competition of exciton and charge currents, reminiscent of

the interplay between electric supercurrent and heat flow at

the NS junction. The effect is smeared as an insulating

overlayer is inserted at the interface, spoiling the transpar-

ency of the junction: in the tunneling limit, exciton transport

is suppressed. We further discuss physical systems which

could show the effects our theory predicts.

The paper is organized as follows: In Section 2 we

describe the solution of the electron transmission through

the interface in terms of the two-band model of the SM/EI

junction and in Section 3 we analyze the transport in terms

of charge and exciton currents and examine the role of the

exciton coherence. Then we study the interface differential

conductance (Section 4), and lastly we review candidate

experimental systems (Section 5).

2. Transport across the interface

We consider a junction made of a semimetal and an

excitonic insulator. Specifically, the EI band structure

originates from the renormalization of the SM energy

bands, driven by Coulomb interaction. The EI gap

corresponds to the binding energy of the electron–hole

pairs which form a condensate. The interface discontinuity

is solely brought about by the variation of the electron–hole

pairing potential, D(z). This kind of junction could be

experimentally realized by applying a pressure gradient or

by inhomogeneously doping a sample grown by means of

epitaxial techniques (see Section 5).

The electron and hole Fermi surfaces of the SM on the

junction left-hand side are taken to be perfectly nested, the

effective masses of the two bands being isotropic and equal

tom. The quasi-particle excitations across the interface must

satisfy the mean-field equations
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with kF Fermi wave vector and ZZ1: The amplitudes f and g

are the position-space representation of the electron quasi-

particle across the interface: jfj2 (jgj2) is the probability for

an electron of being in the conduction (valence) band, with

energy uO0 referenced from the chemical potential, which

is in the middle of the EI gap due to symmetry. We assume

D is a step function, D(z)ZDq(z).
In the elastic scattering process at the interface, all

relevant quasi-particle states are those degenerate—with

energy u—on both sides of the junction. We handle the

interface by matching wave functions of the incident,

transmitted, and reflected particles at the boundary. In the

bulk EI, there are a pair of magnitudes of k associated with

u, namely
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The total degeneracy of relevant states for each u is

fourfold: GkG. The two states GkC have a dominant

conduction-band character, while the two states GkK are

mainly valence-band states. Using the notation

JðzÞZ
f ðzÞ

gðzÞ

 !
(3)

the wave functions degenerate in u are
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with the amplitudes u0, v0 defined as
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possibly extended in the complex manifold. With regards to

the SM bulk, DZ0 and the two possible magnitudes of the

momentum q reduce to qGZ ½2mðk2F=2mGuÞ�1=2; with wave

functions
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for conduction and valence bands, respectively.

The effect of an insulating layer or of localized disorder

at the interface is modeled by a d-function potential, namely

V(z)ZHd(z) The appropriate boundary conditions, for

particles traveling from SM to EI are as follows: (i)

continuity of J at zZ0, so JEIð0ÞZJSMð0ÞhJð0Þ.

(ii) ½f 0EIð0ÞK f 0SMð0Þ�=ð2mÞZHf ð0Þ and ½g0EIð0ÞKg0SMð0Þ�=

ð2mÞZKHgð0Þ, the derivative boundary conditions appro-

priate for d-functions [5]. (iii) Incoming (incident), reflected

and transmitted wave directions are defined by their group

velocities. We assume the incoming conduction band

electron produces only outgoing particles, namely an

electron incident from the left can only produce transmitted

particles with positive group velocities vgO0 and reflected

ones with vg!0.

Consider an electron incident on the interface from the

SM with energy uOD and wave vector qC. There are four

channels for outgoing particles, with probabilities A, B, C,

D, and wave vectors qK, KqC, kC, KkK, respectively. In

other words, C is the probability of transmission through the

interface with a wave vector on the same (i.e., forward) side

of its Fermi surface as qC (i.e., qC/kC, not KkK), while
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