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Nonlinear conductance fluctuations in quantum wires:
Appearance of two different energy scales
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Using a nonequilibrium Green-function formalism we study numerically the conductance fluc-
tuations in a quantum wire as a function of the applied bias. This system is represented by a
tight-binding Hamiltonian with random site energies and the current through the wire is expressed
in terms of a transmission coefficient that can be computed by a recursive algorithm. We analyze the
fluctuations in the transmission and in the differential conductance for different degrees of disorder,
in the limit where the applied bias is much larger than the Thouless correlation energy E.. In addi-
tion to the expected fluctuations in the E. scale the conductance has also large random oscillations
in a second energy scale related to the motion in the transverse direction. Electron heating effects are
included in the model by means of an approximate self-energy, taking into account electron-electron
interactions. An estimate is given of the typical voltage scales at which the effects described in this
work might be observed in real metallic and semiconducting wires.

I. INTRODUCTION

The observation of universal conductance fluctuations
in 1984 (Ref. 1) was followed by many theoretical?™® and
experimental®!® works showing that this phenomena was
a remarkable manifestation of quantum coherence.

The fluctuations can be observed in mesoscopic sam-
ples of size L much larger than the elastic mean free path
and smaller than the phase coherence length Lg, as a
function of an applied magnetic field or, in the case of
semiconducting devices, by varying the Fermi energy. It
was also shown that the shape of the fluctuation pattern
is extremely sensitive to small changes in the impurity
potential !

The theoretical investigations of these effects include
diagrammatic perturbation approximations,?3 the the-
ory of random matrices,*% and numerical simulations.™8

On the other hand, the occurrence of random con-
ductance fluctuations as a function of the applied bias,
beyond the limit where linear response is expected to
be valid, has been the object of only a few investiga-
tions. In 1986 Larkin and Khmel nitskii,!? using dia-
grammatic perturbation techniques, predicted that the
current-voltage (I-V') characteristic of a mesoscopic sam-
ple should fluctuate around its Ohmic behavior with a
typical voltage scale V. ~ E./e, E. being the Thou-
less correlation energy. Their work is based on the dif-
fusion approximation, valid in the limit of weak disor-
der, and they obtain an integral expression for the con-
ductance autocorrelation function. On the experimental
side, Webb et al.l3 studied the conductance fluctuations
as a function of the injected current in small metallic
wires and rings, in a regime which corresponded to V >
V.. Although their results for the fluctuations amplitude
are in qualitative agreement with the theory of Larkin
and Khmel’nitskii, the behavior of the current correla-
tion scale remains unexplained. In another experimental
work, de Vegvar et al.'* observed second-harmonic gen-
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eration in quantum wires fabricated in GaAs-Al-Ga-As
heterostructures, in the limit eV <« E. where nonlinear-
ities are small perturbations away from linear-response.

At this point, numerical work would be of interest in
order to analyze in detail the nature of the conductance
fluctuations when linear-response theory is no longer
valid.

In this paper we present a numerical study of the non-
linear conductance of a disordered mesoscopic wire, rep-
resented by a two-dimensional tight-binding model with
random site energies. Our results may illuminate dif-
ferent aspects of the problem that cannot be handled
analytically. For example, we are not restricted to the
limit of weak disorder but may consider the case of strong
disorder as well. Also, the validity of the hypothesis of
equivalence between energy and ensamble averages, used
in most theoretical works, may be tested.

In order to obtain the total current through the system
for a given applied bias we employ the Green-function
formalism adapted by Keldysh!® to deal with nonequi-
librium situations. This technique was used by Caroli et
al.'® to obtain the tunneling current through insulating
barriers and has been used recently by some authors!?:18
due to the feasibility of including many-body effects in
a relatively simple way. The model and formalism used
are described in the next section.

The third section is devoted to the numerical results
and is divided into three parts. In the first we analyze the
fluctuations in the transmission coefficient introduced in
Sec. II. In the limit of linear response this is equal to the
conductance, but the applied electric field produces some
differences from the expected universal behavior. The
second part describes the fluctuations in the nonlinear
conductance as a function of the bias and the degree of
disorder. The amplitude and the relevant energy scales
in the conductance fluctuations are analyzed. Finally, in
the third part we present an approximate description of
the inelastic effects, with particular attention to the role
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of electron heating induced by the applied bias.

In the last section we give the concluding remarks
where we discuss some scaling arguments relating our
numerical results to the nonlinear conductance fluctua-
tions that might be observed in real semiconducting or
metallic wires.

II. DESCRIPTION OF THE MODEL
AND METHOD

The sample is represented by a rectangular strip de-
fined on a square lattice. This strip is N sites long and
M sites wide and we shall consider only the case N > M
for which a quasi-one-dimensional character is expected.

The system is described by a first-neighbors tight-
binding Hamiltonian with a constant hopping parameter
t taken as unit of energy. The disorder is introduced in
the site energies that are randomly chosen in the range
—W/2 to W/2 as in the usual Anderson model.

The ends of the sample are attached to semi-infinite
and wider regions on which the site energies are constant.
These represent the leads that fix the electrochemical po-
tential difference on the sample. A given bias V is im-
posed by taking the site energies on the left lead as zero
and equal to —eV on the right lead. On the disordered
central region the electrostatic potential is assumed to
drop linearly from zero to —eV. This is taken into ac-
count by adding a term —eV j/N to the site energies on
the transversal row j.

In the Keldysh formalism, besides the usual retarded
and advanced Green functions (G" and G%), two addi-
tional operators denoted by Gt~ and G~ are defined.
These are related to the occupation probabilities in the
nonequilibrium state. The total current through the sys-
tem can be expressed in terms of the elements of Gt~
asl6

N

h Tr [Gfy - Gg ] dE, (1)

— 00

where Tr indicates trace operation over all sites in a row,
and the notation Gj; denotes a M X M matrix whose
elements (Gjk)mm: are (jm | G | km').

At the steady state, the current must be equal on each
row and thus, for convenience, we choose to calculate it at
the interface between the left lead and the central region.

In order to obtain the relevant Green-function elements
the coupling between rows 0 and 1 may be treated as
a perturbation. The corresponding Dyson’s equations
are!®

Gt =1+ GG 1 +2°G* + Gt~ G?,
(2)
Gre = G(O)r,a [1 + Er,aGr,a] .
The appropiate self-energies in this case are

Bo¢ = t(80 61k + b1560k)
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and Z}'k_ = 0. As will be discussed later ¥~ is different
from zero only when many-body interactions giving rise
to inelastic effects are considered.

The unperturbed functions G correspond to two iso-
lated regions which are in thermodynamic equilibrium
(the chemical potential takes the value p on the left lead
and g — eV on the rest of the system). Thus, these func-
tions can be obtained using the usual techniques for sys-
tems in equilibrium.

As in a previous work!® we calculate GO)ra ysing the
recursive equations:

0 -1
GiY(z)=gi(2) = [ - Hn —t°gs]
(3)
2 -1 . .
gi(z)=[z—Hj; —t°gjpa] , J<J<N
where Hj; is the projection of the Hamiltonian onto the
subspace associated with row j. The input for these equa-

tions are the Green functions for the uncoupled leads,
which are obtained from the conditions

go(z) = [z — Hoo — thO]—l ,
(4)
gni1(2) = go(z +€eV)

that can be easily solved if the eigenvalues and eigenvec-
tors of Hgg are known.

On the other hand, the elements of G(°)*~ needed to
solve (2) for G}y and G{;” are given by

0)+- a r - a r
Gg)o)+ = fr(go — go) and G(SH = fr(g! — 81)
where fr and fg are the Fermi factors for the left- and
right-hand sides of the uncoupled system.

Taking into account Egs. (1), (2), and (3) we obtain
the following expression for the total current at zero tem-

perature:
9 [z
1= ——e/
h u—eV

T(E,V) = 2t"Tr([Im(g§)DoIm(g7) DG, ],

T(E,V)dE,

()

where Dj; = (1 —t?g;gk)~". This expression is a gen-
eralization to the case of many quantum channels of the
known result for the tunneling current in 1D systems.'®
A similar formula was derived by Martin-Rodero, Fer-
rer, and Flores?? for a one-dimensional tight-binding sys-
tem with many orbitals per site. Note that the function
T(E,V) can be considered as a transmission coefficient
from left to right, and thus (5) is equivalent to the usual
Landauer formula for nonlinear response.”".

It is worth mentioning that an equivalent but more
symmetrical expression, with respect to the left and right
leads, can be obtained assuming that the perturbation
involves the coupling between the central region and both
leads. In this case the resulting expression is

T(E,V) = 2t*Tr[Im(g) GInIm(gR+1)GR]  (6)

[see the Appendix for a direct proof of the equivalence
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between (5) and (6)]. Also let us mention that the con-
ductance can be calculated taking the derivative of (5)
with respect to V, which gives

or

G(V) = 32—2 [T(p —eV,V) + /“':v 6—VdE] . )

where the derivative g—%— can be expressed in terms of
%svl and %%,9, which can be obtained using a recursive
algorithm similar to that of Egs. (3). In the limit of small
applied bias we reobtain the well-known many-channel
conductance formula G = z—ziT.

To keep a reasonable computational cost the main re-
sults presented in next section were obtained for the case
N = 10M with M = 10.

III. RESULTS
A. Fluctuations in the transmission coefficient

The transmission coefficient T displays random fluctu-
ations as a function of the energy E and the applied bias
V. An example of the typical patterns obtained for T
is shown in Fig. 1. It can be observed that the fluctua-
tions amplitude is of order 1, as expected from the theory
of universal conductance fluctuations.? Also, in spite of
their complex structure, it is possible to distinguish wide
regions including several oscillations in a small energy
scale, separated by large dips in the transmission.

According to the ergodic hypothesis used in most the-
oretical approaches,? averages of any function of T over
the energy must be equal to an ensamble average over
many different realizations of the disorder. We thus start
our analysis by calculating the mean value (T') and the
mean-square deviation of T defined as

Trms =V <T2) - (T)IZ‘

where the angular brackets denote ensamble averaging.
We consider about 200 random configurations in our av-
erages and study the dependence of (T") and Tyms on the
disorder strength W and the voltage V.

2.00

(@)

0.50

.00
—-2.00 -1.50 -1.00 -0.50 0.00

E/t

FIG. 1.
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The results shown in Fig. 2 correspond to W in the
range 0.20 to 2.0 and values of V up to 2 (measured in
units of ¢/e). When W is small compared to V, both (T')
and Tns are sensitive to the applied field and decrease
with increasing V. In this case the system is near the bal-
listic regime and the electric field introduces reflections
in the band edges that reduce the transmission. On the
other hand, when W is sufficiently large both (7)) and
Trms become independent of V. The values of Tips for
1 < W < 3 are in good agreement with the value 0.36
predicted by the theory of universal conductance fluctu-
ations for a one-dimensional geometry.2

Another way to analyze the same results is to plot Tims
against (T). This should reveal if there is a universal
relation between both magnitudes, regardless of the de-
gree of disorder or the energy, as expected from a single-
parameter theory of localization. This plot is shown in
Fig. 3, where three regions can be clearly identified. For
large (T') ((T") > 3) there is no universal relation between
Tims and (T') because the field acts to suppress the fluc-
tuations and reduce (7T') in this region. In contrast, for
1 < (T) < 3, Trms is approximately constant and equal
to the theoretically expected value. Thus, this region
corresponds to what is called the diffusive regime.

Also for strong disorder ((T') < 1) the relation between
Trms and (T') seems to be universal, but here Tims tends
to zero almost linearly with (T'), as was found in previous
numerical works.”8

Another important feature in the fluctuations of T is
the energy correlation scale E.. In order to estimate E.
we have calculated the autocorrelation function F(AFE),
defined as

F(AE) = (T(E)T(E + AE)) — (T)?

but here the brackets include an average over the energy
for an energy range much larger than the expected E..
The half width in the autocorrelation peak at AE = 0
gives then a measure of E..

The results for F(AFE) are shown in Fig. 4(a). As
expected E, decreases for increasing disorder, going from

0.042 for W = 0.5 to 0.008 for W = 3. Like Tims, E.

(b)

0.00 0.50

1.00
V/t

Fluctuations in the transmission coefficient as a function of the energy (a) and of the applied voltage (b). These

results correspond to a given disorder configuration with W = 2, the system size being M = 10 and N = 100.
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was found to be rather insensitive to the applied field for
() < 3.

In this regime we also found a good agreement be-
tween the energy-averaged value F'(0) and the ensemble-
averaged value T2, ;. However, the dependence of T on E
is not completely random because, in that case, F(AE)
should tend smoothly to zero for AE > E.. In contrast,
as shown in Fig. 4(b), there are always some important
correlations on an energy scale much larger than E. and
a second peak clearly appears in F(AFE) for AE > E.,
as indicated by an arrow in this figure. Let us call this
second energy scale E.,. As will be shown in the next
subsection this has an important effect on the conduc-
tance fluctuations when V > F..

In the same sense as FE. is related to the time of dif-
fussion in the longitudinal direction, we may associate
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FIG. 2. (a) Mean value of the transmission coefficient (T")
and (b) root-mean-square deviation Tims against the applied
bias for different values of W. These results were obtained
averaging over 200 random configurations with £ = 0. The
dashed horizontal line indicates the universal value expected
for a 1D geometry.
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FIG. 3. Tims against (T') for different values of the applied

bias V. The dashed horizontal line has the same meaning as
in Fig. 2(b).

E., with the motion in the transverse direction. In a
perfect sample this gives rise to the appearance of one-
dimensional subbands with a typical spacing inversely
proportional to the sample width. We confirmed that
E., is related to this effect by computing the autocor-
relation function for different number of sites M, while
keeping the ratio M/N constant. The larger energy scale
E., was found to behave roughly as M~! while E./E.,
remained almost constant.

B. Nonlinear conductance fluctuations

In order to obtain the differential conductance we carry
out the numerical integration of Eq. (5) giving the total
current, at two nearby bias conditions such as AV < E..
A good accuracy is obtained taking the integration step
much smaller than E.. Alternatively, the conductance
may be obtained computing directly 7" and g—% and using
Eq. (7), but we found that both procedures give the same
accuracy and are similarly time consuming.

In the region of small V (V <« E.), where linear re-
sponse is expected to be valid, the conductance must
behave as the transmission coefficient. The more inter-
esting effects appear for large V, where the fluctuations
of G(V) are qualitatively different from those observed
inT.

In Fig. 5 we show some examples of the typical traces
obtained for G as a function of V for a particular dis-
ordered configuration and different values of W. In all
cases the main features of these curves are random oscil-
lations on a voltage scale corresponding to E., and with
an amplitude that increases for increasing V. From the
curves in Fig. 5 and also from the autocorrelation of the
transmission coefficient, E., can be estimated to be 10
to 20 times larger than the corresponding E..

On the other hand, when the disorder is large enough
((T) < 1) and when V > E. we find regions of



45 NONLINEAR CONDUCTANCE FLUCTUATIONS IN QUANTUM . ..

x
nunn
GO
ococow

©)

F(dE)/F
£

0.040

dE/t

0.060

0.020

FIG. 4.

14 193

N
0.200

00 0.050 0. 0.150 0.250

.100
dE /¢

(a) Autocorrelation function F(AFE) for the transmission coefficient. The energy correlation scale is determined

by the condition F(E.) = F(0)/2. (b) F(AFE) on a larger energy scale. The peak indicated by an arrow is used to define the

second energy scale E.,.

negative conductance as was suggested by Larkin and
Khmel’nitskii.!?

If we analyze carefully one of these curves we find that
the smaller fluctuation scale determined by E. is clearly
present at small V', but tends to disappear as V increases.
This can be observed in Fig. 6 where the conductance for
W = 2 is plotted with a larger resolution in the voltage
scale. It can be said that the applied bias produces a
self-averaging of the fluctuations on the smaller energy
scale for V > E., while the fluctuations on E., dominate
until V > E.,. Unfortunately, due to computational
limitations we are not able to analyze this limit (which
would require M > 10 in order to keep V smaller than
the total bandwidth). We expect however that a similar
self-averaging effect takes place in this case.

9.00

W =05

7.00

5.00

3.00

vt asa bty

~1.00 T :
0.00 0.50 1.00

FIG. 5. Typical traces obtained for the differential con-
ductance G(V) (in units of 2e%/h) with increasing disorder.
The distance between calculated points is AV = 0.05.

C. Inelastic-scattering effects

In real samples the conductance will always be affected
to some extent by inelastic scattering. Even when the
temperature is low enough (kT < E.), the applied bias
induces an effective electron heating, thus degrading the
phase coherence length.

This effect may be qualitatively described within our
model by means of an approximate self-energy taking
into account electron-electron or electron-phonon inter-
actions. We shall concentrate here on the case of electron-
electron interactions?? represented by a Hubbard-type
local repulsion term added to the one-electron Hamilto-
nian. To keep a simple picture it is necessary to assume
that this self-energy is short ranged in space so that it can
be well approximated by an on-site term. This should be
a rather good approximation for a local electron-electron
interaction.?4

In this condition Caroli et al.?3 have shown that the
total current may be split into two terms. First, an elas-
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"\’\ ,' v \ RN
N
1.00 ~ 1V N ’ N
\ 1 \
4 U N
\J
o
0.50
0.00
000 020 040 060 080 100 120 140
v/t
FIG. 6. Same curve as in Fig. 5 for W = 2 with a larger

resolution in the V scale (AV = 0.005).
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tic contribution given by expression (5), but with the
retarded and advanced propagators in T' corrected by a
term X7; and 2§ respectively added to the site energies.
This represents a mean-field potential giving a finite life-
time to the electronic states. Second, an inelastic contri-
bution due to the £t~ term in Eq. (3) for G*~, given
by

_ 2et?

5L
(8)

To proceed further we follow the prescriptions given in
Ref. 17 and neglect the energy and site dependence of X7,
£¢, and ©t-. This should be valid for a small applied
bias as compared to the total bandwidth. In this way,
the inelastic effects are included in our model by means
of a single parameter 7, such that £ = £¢ = in and

/I‘
p—eV

Note that 1 is nothing but an average of the self-
energies over the energy range between p — eV and p.

We are interested in the dependence of this parame-
ter with the applied bias. This can be estimated by an
approximate calculation to second order in the electron-
electron interaction.?® Assuming a rectangular density of
states this calculation yields!”

I

> Tr [GLBET Gl — GLBlTGh dE.

= 2et?

- Tr | (GL,GH)Imgg| dE. (9)

i

Uzv?
= 53
wy

where U is the on-site electronic repulsion and Wj is the
total bandwidth. For a metallic system U/W;, may be
assumed to be of order 0.1. Thus, as V increases the
inelastic contribution to the total energy increases and,
for strong disorder, it may be even larger than the elastic
contribution. At the same time, the fluctuations of the

A.LEVY YEYATI
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transmission coefficient and, consequently, of the conduc-
tance, will be damped due to the energy-level broadening
introduced by 7.

In Fig. 7(a) we show the rms value of T as a function of
V when inelastic effects are included. It can be observed
that Tyms remains almost constant when V is such that
n € E. and decays roughly as V! for larger values of
V.

The incidence of inelastic effects on the conductance
is rather similar. The dashed line in Fig. 6 represents
the conductance as a function of V when inelastic effects
are included. We observe that, except for the small-V
region, the oscillations are substantially reduced. The
rms value of G however has a smoother decay with V'
than Trms has, as can be seen in Fig. 7(b). The arrows
in this figure indicate the values of V for which n ~ E,
and n ~ E.,, respectively. Only when n ~ E., we find
that Grms is of the same order as Trms.

IV. CONCLUDING REMARKS

The main physical result of this work is the identifi-
cation of a second energy scale E., larger than F, that
plays an important role on the conductance fluctuations
when V > F..

In order to relate our model calculations to real exper-
imental situations, an estimate of F., and F,,/E, in real
devices must be given. An upper bound to E., is cer-
tainly given by the typical subband spacing in a perfect
wire. For a metallic wire like those used in Ref. 13, as-
suming that the number of occupied channels is approx-
imately given by Ne, ~ (L:/Ar)? (where L;, the trans-
verse length, is of order of 300 A, while Ap, the Fermi
wavelength, is about 1 A), we obtain E., ~ 20 ueV. This
has to be compared with the estimation of E. given in
the same reference, that is 1-2 peV. On the other hand,
the typical subband spacing for quantum wires fabricated
on Si MOSFET devices have been measured giving 2-4
meV,2¢ while typical values of E. in these systems are
0.1 meV.°

0.45 1 a
1 (a) (b) a
4 o a
B o
0.35 J a 8
! a
g ] - 8
- 3 a
O 3
g 0.25 F .,
o ]
| a
E ] .
= 015 ]
4 a
0.05 e " e s g e .
0.00 0.50 1.00 1.50 2.00 0.0 0.50 1 1.50 2.00

V/t

FIG. 7. Tims (a) and Gims (b) for W = 2 with (triangles) and without (squares) inelastic effects as explained in text. The
solid curve in (a) is a numerical fit that yields Tims ~ V09401 The arrows in (b) indicate the values of V' for which n ~ E.

and E.,, respectively.
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Thus, both estimations lead us to the conclusion that
E.,/E. is between 10 and 20 in metallic and semicon-
ducting wires, in agreement with our numerical results.
The nonlinear regime that we have studied in this work
might correspond to a bias voltage larger than 20 zeV in
metallic wires as those used in Ref. 13, and larger than
5 meV for semiconducting wires as those of Ref. 22. In
fact, the experimental data presented in Fig. (a) of Ref.
13 strongly suggests the appearance of the second energy
scale.

We must indicate that the occurrence of fluctuations in
two energy scales has recently been reported in a different
context, corresponding to large silicon inversion layers in
the variable-range hopping regime.?”

We have also shown how to include electron heating ef-
fects in our model, the main conclusion being that these
do not suppress the conductance fluctuations in both en-
ergy scales unless V is much larger than E. and E,,
respectively. This is due to the small factor U/W, that
relates V with the imaginary part of the self-energies.

Further experimental work would be of interest, espe-
cially on St MOSFET quantum wires, in order to confirm
the qualitative results presented here.
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APPENDIX

In this appendix we demonstrate the equivalence be-
tween Eqgs. (5) and (6). This equivalence is warranted by
the fact that both expressions are exact to order infinity
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in the coupling parameter ¢t. However this is masked by
their different mathematical form and thus a direct proof
of the equivalence should be desirable.

To proceed with the proof we first show that (6) may
be written as

T(E,V) = 2t*Tr [Im(g§) G] v/ Im(gR41) G ,

2<N'(N (A1)

Let us consider the case N’ = N — 1. From (3) it is
easy to show that

. -1 a1-1 .
21t21mg;-'+1 = [g;] - [gj] , 1<j<N. (A2)
We also make use of the following relations:
Gin =tGiN_18N>
(A3)

Gy, =tgnGN_11-

Replacing (A2) and (A3) in (6) we obtain (Al) for
N’ = N — 1. The same procedure may be applied re-
cursively to go from (A1) with N’ = N — 1 to the same
expression with N/ = 2. Using (A2) this may be written
as

T(E,V) = iTr [Im(gd) G, {[g2] 7 - [g1] '} G4 -
(A4)
Now the equivalence between (5) and (A4) [and there-
fore between (5) and (6)] is straightfoward if we first no-
tice that
G1, = Diogl,
(A5)

a __ a a
11 = 8101
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