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Charge transport in molecular systems

In this Chapter, a basic description of the conductance properties of molecular junctions is
given. First, | briefly introduce charge transport at low length scales, leading to the concept
that conductance can be described in terms of electron wave transmission. Next, the
transmission function T(E) of a molecular junction and its relation to the molecular orbital
structure is discussed, specifically for spin transition compounds.
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Chapter 2

2.1  Charge transport on the macroscopic scale

To appreciate molecular charge transport as a quantum phenomenon, let us start on the
macroscopic scale. The classical Ohm’s Law states that the current I, running through a
macroscopic conductor, is linearly related to the applied voltage bias V via I = V/R.
The proportionality constant between the two is the resistance R. This simple law holds
for metal wires within the classical Drude picture. Here, the charge carriers (electrons)
are seen as small diffusing particles scattering off defects and phonons in an atomic
lattice. This gives rise to a mean free path, I, and a finite conductance G = 1/R. The
question naturally arises what happens to the conductance if the conducting wire is
reduced to length scales shorter than the mean free path.

2.2  Charge transport at reduced length scales

Let us next consider a junction for which the mean free path exceeds the length of the
‘wire’ L. Moreover, we will consider that L < I, 1,, where 1, is the phase coherence
length. In that case, the wavelike properties (phase) of the electrons become relevant
and the conductance needs to be described from a quantum mechanics perspective. The
‘wire’ in this case could be a single gold atom (diameter ~2.5 /f\) or a molecule
(typically a few nanometers in length) contacted by two electrodes. However, it may
also be a narrow constriction (quantum point contact) defined in a two-dimensional
electron gas [1, 2].

If there is virtually no scattering within the wire, the conductance will only be limited
by the constriction itself. Sharvin [3, 4] approximated this problem in a semi-classical
way, assuming A << L << I, l,,, where /¢ is the Fermi wavelength. This case is
comparable to that of a diluted gas flowing through an opening of radius r under a
slight pressure difference between the chambers left and right of the constriction. When
the potential difference is eV, the electrons will change their velocity by Av = +eV /pg
when passing the opening. (Here pg = fike = h/A¢ is the Fermi momentum, h is Planck’s
constant and % = h/2z). Now, the net current will be 7 = neAvS, where S = ar? is the
area of the orifice. Taking into account Fermi-Dirac statistics for the electron density n,
the conductance for a circular ballistic point contact becomes:

65 () =5 (7). @1
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Note that the conductance found is independent of the length of the wire, as expected
for ballistic transport. It is only determined by the electron density (via pg) and the
orifice’s radius r. Interestingly, the constant Go = 2e%/h = (12.9 kQ)™ emerged in this
equation. Often denoted the quantum of conductance, it will generally appear in
equations describing quantum charge transport.

The Sharvin approach is semi-classical and will break down as the width of the
constriction approaches the electron wavelength. To describe charge transport in a fully
guantum mechanical way, we follow R. Landauer [5]. He was the first to realize that
electrical conductance can be described in terms of transmission and reflection
probabilities of electron waves. To appreciate this, let us again assume a constriction in
a metal conductor (with length L and width W), contacted by two electrodes (see Figure
2.1(a)). The lateral confinement, will only allow for a discrete number of transverse
states with energy below the Fermi level of the conduction electrons in the leads.
Intuitively these eigenstates or modes can be seen as those for which a transverse
standing wave is formed, i.e. they have iA/2 = W, where i is an integer and A is the
electron wavelength. Landauer realized that each of these states gives rise to a so-called
conductance channel. Incoming electrons coupling into a state i will hence be
transmitted with a certain probability T;. The maximum transmission equals 1 (no
reflection), which gives rise to a conductance of exactly Go = 2e*h (assuming spin
degeneracy).

More generally, the conductance is obtained by summing up the transmission values
connected to all N conductance channels in the scatterer, i.e.

2 2
G= =% T, 2.2)

where 0 < T; < 1 denote the transmission values of each of the N channels.

Interestingly, this formula also holds if an elastic scatterer is present in the constriction
(see Figure 2.1(b)). In that case, a scattering matrix is used to connect outgoing states
and ingoing states phase coherently [4, 6]. This matrix can hence be written in this
form:

s=( L), (23)

t r

where t and t represent the transmission amplitudes to the right and left electrodes
respectively. Similarly, r and r’ represent the reflection amplitudes toward the left and
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Chapter 2

right electrodes respectively. As a result of conservation of current, tt" + rr’ = t't7 +
r'r'’. Now, the eigenvalues of tt' correspond to the transmission probabilities T; in
equation 2.2.
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Figure 2.1: (a) Schematic representation of a ballistic channel of length L, width W and height H. The
electrons travel through this narrowing channel while they are confined in the y- and z- directions.
Here, only transversal wavelengths are allowed with 1, = 2W/i and /4, = 2H/j (here i, j are integers).
The channel separates the two electrodes with electrochemical potentials 4 and w,. (b) Schematic
representation of the transmission formalism, where the channel is assumed to be connected to the
electrodes. Here, the channel can be viewed as a quantum wire with multiple subbands. The one-
channel scatter can be defined by a S-matrix that relates the incoming and outgoing amplitudes. The
presence of a scatterer in one transverse channel gives rise to transmission and reflection eigenstates.
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Experimentally, conductance quantization was discovered using constrictions in two-
dimensional electron gases. As the constriction was gradually closed (using negatively
polarized side gates), the number of transmission channels decreased discreetly and
hence the conductance went down stepwise. Such experiments formed the first clear
proof of the Landauer formula in equation 2.2 [1, 2, 7].

2.3 Charge transport through a molecular junction

After reviewing the charge transport properties of a nanoscopic metal conductor, let us
focus on charge transport through a molecular junction. Here, two metal electrodes
called the source and the drain (also called contacts or reservoirs) are connected by a
molecule with a specific length L. Charge transport through such a device is dominated
by the molecular energy levels, by their coupling to the reservoirs and, in some regime,
by the charging energy E¢ of the molecule (if coupling is weak). In general, the energy
level separation for organic molecules is much larger than the thermal energy kgT, even
at room temperature, emphasizing the need to describe molecular charge transport as a
form of quantum transport.

For a free molecule, the energy level (eigenvalues connected to the molecular orbitals)
are discreet and well-defined. This can be understood within the Heisenberg
uncertainty relations. Electrons have no way to hop off the molecule, i.e. the residence
time zis very high, and as a result the uncertainty in the energy of a level is very small.
This changes once a molecule is coupled to electrodes. In that case, electrons can
coherently move in and out of the molecule, decreasing r and hence leading to a
significant uncertainty of the energy level value. This is referred to as level broadening.
Note that this is the case even with no bias present (V, = 0). Level broadening plays an
important role in charge transport, as we shall see below. Note that in a more chemical
picture, level broadening can be understood in terms of hybridization between a
molecular level and the bands in the metal electrodes.

To describe transport, we next need the electron distribution in the electrodes. It is
given by the Fermi-Dirac function:

folE — 1) = —5—, (2.4)

1+e kBT

where x denotes the electrochemical potential at an electrode. At 0 K, the states below
w1 are occupied, so fo = 1, whereas bands with energy above u are empty, i.e. the
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Chapter 2

distribution is a step function. But at room temperature (kgT ~ 25 meV) the distribution
is smeared out around x and 0 <fy <1 [8, 9].

electrical shielded |

Figure 2.2: Scheme of the transfer of electrons through a molecular junction connected to the source
and the drain. The molecular junction considered has a sharp energy level and symmetric coupling to
the leads. The orange arrows display the net flux of electrons in and out of a one-level molecular
channel.

By applying a bias V, between the source and drain metal electrodes, the
electrochemical potentials, u; and u, respectively, will differ by:

P — Hy = eV (2.9)

Now, there can be a net electron flow towards the anode. However, electrons can only
flow from an occupied energy level in one electrode to an unoccupied state in the other
contact, via a broadened molecular level. If coupling to the electrodes is relatively
strong, electron waves will be delocalized over the junction and charge transport can be
considered coherent. In the case that the metal Fermi levels line up with a molecular
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level, one speaks of resonant charge transport. In that regime, transmission can be near
unity. More generally, however, transport is via the tails of the broadened molecular
energy levels. This is referred to as off-resonant transport. Clearly, this calls for an
extension of Landauer’s formula in order to include a continuous energy dependence of
the transmission.

To do so, let us consider level broadening in more detail. Following Figure 2.2, we
denote I'1/A and I»/7 as the rate constants from which an electron on energy level E(N)
will move in and out of the source and the drain electrodes respectively. Hence, I ; has
the dimension of energy. Broadening gives rise to a Lorentzian density of states (DOS)
for a level at energy £[9]

D.(E) = _om (2.6)
‘ E-e2+(T/)" '

Here, I' = I'; + I», i.e. the level broadening is due to coupling to both electrodes (see
Figure 2.3). Now, the current flowing through the junction is given by integrating over
all possible electron energies, incorporating the DOS and the coupling factors, i.e.:

l—'11—'2

=17 De(B) 22 A(E) — f(E)dE. .7

This incorporates a spin degeneracy in the energy levels, giving rise to the prefactor 2.
At 0 K, then f,(E) - f,(E) = 1 for uy > E > i, , which gives:

Imay = o1 [1 De(E) dE, (2.8)
where again y; — u, = eV,
For resonant tunneling, the energy level ¢ will be between x4 and u,, even at low-bias.

Hence, a maximum conductance will be obtained for symmetric coupling (i.e. T'; = T',):

28NN _ 2, (2.9)

1
G=L= =
Vb h ([14T3)? h

Having noted that the maximum conductance value for a molecular junction is the
quantum of conductance, we can extend to the general case. Let us therefore define a

so-called transmission function T(E), related to the DOS via D (E) Ll iT(E),
2

(at steady state conditions). With this identification, we find the so-called extended or
energy-dependent Landauer formula. It describes transport in terms of transmission,
summing over all possible electron energies:
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Z[C2TE) [AE) - f(E)dE (2.10)

Vi

®

Figure 2.3: Schematic level diagram for a molecule coupled to two electrodes. In this case, the
molecular level depicted is close to the electrodes’ Fermi level. It broadens to a Lorentzian due to the
electronic coupling to the leads. When a voltage bias V is applied, transport is described by the
energy-dependent Landauer formula (see equation 2.10). In the case displayed, we have near-resonant
transport.

In words, the transmission function denotes the probability [10] of electrons with a
certain energy E to be transmitted through a molecular junction.

Finally, we consider the value of the potential on the molecule itself. This is
determined by capacitive coupling and is given by [9]:

U =2 (—eV}), 2.11)
Ce
assuming there is no further potential drop within the molecule. Here Cg is the total

capacitance, the sum of the capacitance to the source and the drain (Cg = Cs + Cp). If
electrostatic coupling is symmetric, the voltage drop from the left electrode to the
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molecule will equal the voltage drop from the molecule to the right electrode. In that
case, the electrostatic coupling parameter 7 has a value 7 = 1/2, while in general 0 < 7
< 1. Asymmetric electrostatic coupling will generally lead to asymmetric 1(V)-curves,
unless the transmission function is perfectly symmetric around the electrodes Fermi
level. Note that electrostatic coupling should not be confused with electronic (overlap)
coupling, as denoted by Iy ,. There is at best a qualitative relationship.

The transmission function can be calculated by various means, ranging from a simple
tight binding approach to methods based on Density Function Theory (DFT) and non-
equilibrium Green’s function techniques (NEGF).
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Figure 2.4: Transmission plot of a single spin crossover Fe(S-BPP), molecule coupled to gold leads
[11]. The low-spin (LS) and high-spin (HS) transmission of this SCO is simulated by NEGF using
B3LYP as XC-functional (calculation by Dr. V. Meded; see Chapter 6 for details).

Figure 2.4 shows the transmission function of both the low-spin and high-spin varieties
of the spin crossover molecule introduced in Chapter 1 (see Figure 1.5). Note that the
Fermi level of the electrodes is defined to be at 0 eV. Unfortunately, it is difficult to
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independently determine the precise position of Egr for a molecular junction. The
peaked nature of T(E) is clearly related to the molecular energy levels. Below 0 eV, the
highest occupied molecular orbital (HOMO) is marked by the first transmission peak.
Above 0 eV, the first peak represents the lowest unoccupied molecular orbital (LUMO)
in this nanoscale device. From the figure, it is clear that broadening varies per level. It
depends on the exact electronic overlap that a particular molecular orbital has with the
electrodes. Moreover, it also depends on the molecule’s spin configuration. For
example, the LUMO of the low-spin state is more broadened than the LUMO of the
high-spin molecule. In fact, this difference in broadening is one of the reasons that
theoretical predictions on how the conductance of SCO molecules should change
during spin transition vary. In practice, two effects compete. On the one hand, the
energy gap between the frontier orbitals (HOMO-LUMO gap) tends to decrease upon a
LS to HS transition, as seen in Figure 2.4. This is intuitively expected to increase
conductance, as the distance from Fermi level to the nearest level will generally
decrease as well. On the other hand, the electronic coupling between the ligands at both
sides of the Fe? ion decreases when going from the LS to HS state. In first
approximation, the related decrease in wave function overlap should lead to a reduced
transmission peak width and hence reduced conductance, as also seen in the figure. In
the case of Figure 2.4, the overall effect is that the conductance is predicted to decrease
for a LS to HS transition. In general, however, it is not a priori obvious if one should
expect a conductance increase or decrease upon spin transition for a particular type of
molecules. This in itself emphasizes the need for experimental data, as discussed in
Chapter 6.
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