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A Terahertz Molecular Switch
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We present time-dependent results describing the current through a molecular device, modeled as a
complex with two active centers connected to leads under bias. We show that, at a properly adjusted
external voltage, a passing terahertz electromagnetic pulse may cause a transition between states of
finite and negligible current, suggesting that the system might be useful as a nanoscopic switch in the
terahertz range. A phase diagram defining the bias region in which the transition takes place within a
short time is given. As described, the physical processes involved are of an entirely different nature than
those in ordinary photodetectors.
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Individual molecules as well as molecular complexes  experimental data of Chen et al [5] suggests that such a
are increasingly being perceived as possible electronic =~ mechanism may be at work in some molecules. Using this
device elements, constituting great promise in the process  two-site model, Han ef al found qualitative agreement
of miniaturization. Some successes have already been  between the model predictions and the experimental data
reported along this line [1-4]. Among recent examples [9]. A time-dependent approach for the analysis of the
are molecules that exhibit big on-off current ratios and a  same model allowed us to fit the data to an impressive
large negative differential resistance in two-terminal  degree of accuracy, and showed in addition that switching
transport [5,6], behaving much the same as some meso-  between distinct current states is possible, as reported
scopic semiconductor tunneling heterostructures [7,8].  below. Switching is extremely fast compared to that in
Such performance may be understood decomposing the  organic complexes, where the effect has been assigned to

system into coupled molecular subunits that transit col-  local structural disorder induced by the external electric
lectively through a conducting quantum resonance as the  field [12]. While in the latter switching times are of the
bias along the device is modified [9-11]. The current- order of 0.1 ws, we here report characteristic times in the

voltage profile is then determined by the properties of this ~ order of 0.1 ps, 6 orders of magnitude shorter. The device
resonance, which in turn may depend strongly on the is then sensitive to terahertz pulses, suggesting that the
dynamic accumulation of electronic charge in the various system is potentially useful as a nanoscopic detector of
subunits, thus affecting the tunneling rate for transport. electromagnetic radiation in the THz range.

When a pair of neighboring subunits of a different kind We consider a molecular complex connected to leads
are involved, an energy level associated with one site  subject to an external dc bias potential. As shown sche-
must reach alignment with one in the other site in order =~ matically in Fig. 1, the complex is modeled by two active
for a device resonance to be established. The narrow  sites, connected to left and right particle reservoirs at
voltage range in which significant current flows in the = chemical potentials w; and wg, respectively. The device
| is described by the Hamiltonian,

H= Z Eiliy +t Z (CIg-Ci-%—l,a' + Ci+1,lTCIg) + Z Eaqlly o + ULZ(C{I,U—CO,O' + Cg,g—c—l,o-)
i#0,1;0 i(#0,1);0 a=0,1;0 o

+ sz(cIo_cz,g + cigcl,g) + gZ(cg’acLJ + cf’gco,g) +U Z Moy Ma- €))
o o a=0,1

where c;rl, (c;) creates (destroys) an electron with spin o |
at site i and n;, = c;,c;, represents the occupation of ' applied dc bias, the latter represented by a classical
site i. The molecular sites are labeled 0 and 1 and have  term linear in the spatial coordinate i. Finally, the

intrinsic energies ejand &Y, respectively, and an intra-  effect of charge buildup at the molecular sites is ac-
molecular coupling g. The coupling strength of the  counted for by a nonlinear term with coupling con-
molecule to the left (right) lead is v, ), while 7 repre- stant U, the last one in the above expression. The

sents the hopping parameter within the leads. The total  time-dependent wave function that evolves according to
site energy €; includes the fixed intrinsic energy at the  this Hamiltonian can be expanded in a tight-binding
site, the external radiation-induced voltage, and the basis as

178302-1 0031-9007/03/90(17)/178302(4)$20.00  © 2003 The American Physical Society 178302-1



PHYSICAL REVIEW LETTERS

week ending

VOLUME 90, NUMBER 17 2 MAY 2003
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where |¢,,,) is a Wannier state of spin o localized at site 7, and the coefficients a¥ (7) obey the nonlinear equations
. daj, k k k :
lh dl'T = Sj(T)aj,g' + t(ajfl,o— + aj+],g') (.] :'é _1: 0) 1: 2);
. da]il(Z)o’ k k k . daéa’ k k k
zﬁidq_ 7 = 8,1(2)(7)07](2)‘0 T VLR Ag(r) e T 1853 0 in dqi = [eo(7) + Ulnp)ag,, + vat g, +8ai
. da]f,a k k k
il T [e1(7) + Ulny)laf , + vgas, + gag,. 3)

In this expression, the average site densities equal (ng) =
Siolab % (ny) = slat |2, where the sum over &, o
covers all occupied electron states. In writing Egs. (3), we
have adopted a Hartree model for the electron-electron

¥
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FIG. 1 (color online). Scheme of the device: (a) The mole-
cule is placed between leads at chemical potentials p; and wug.
It is characterized by two active sites with energies &§, &9,
which under bias (b) change their relative positions allowing
for the resonance condition to be established in a certain bias
range. The shaded areas show the amount of electron charge at
each site.
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interaction. As we will show in what follows, the terms
proportional to the site densities generated by this inter-
action, nonlinear in nature, are of key importance in the
behavior of the system.

Solutions are found discretizing Egs. (3) and using a
half-implicit numerical method, which is second-order
accurate and unitary [13,14]. It is assumed that the co-
efficients outside the structure are given at incident wave
number k by the expressions

gk, = (Ie"a + Rye~kinye=ierlh  (ja= L), (4)
a?){f — Tjeik/jaefisr/ﬁ (Ja > L)’ (5)

where the device is explicitly defined to lie between
sites —L and L, a is the lattice constant, and k' =
[2m(e — V)/h2]"/? is the wave number of the transmitted
particle, with V = u; — up. The incident amplitude 7 is
supposed to be spatially constant. Also, far from the
molecule the amplitude of the reflected and transmitted
waves R; and T; are supposed to be weakly dependent on
site j. This permits one to restrict the dependence to the
linear term, which is found to be an adequate approxi-
mation provided the time step taken to discretize Egs. (3)
is less than a certain limit value that depends upon the
parametrization of the system. In the numerical proce-
dure, the Wannier amplitudes obtained for one bias are
used as the starting point for the next bias step. Once
these coefficients are known, the current is calculated
from [14]

e k .
Jy=1 f "Im(d¥,ak, ) dk. ©6)

We apply the above formalism to a specific situation.
An excellent fit to the experimental /I-V curve at T =
60 K of Chen et al [5] is obtained in the absence of
radiation within this model, by choosing the parameters
ef =0.52, £/ =0.92, g =0.008, r =2.0, U = 0.8, and
intrinsic level broadenings I'; = I'r = 0.16, all in units
of eV. Here I'y(5) = wvi(R)p(O), with p(0) the density of
states at the Fermi energy. The energies at the active sites
are represented by &; = ¢ — [V + SEsinQwv7)]/2 (i =
0, 1), where 6E and v are the amplitude and frequency of
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the incoming THz radiation, respectively. Energies are
measured with respect to the Fermi energy at the emitter
contact (w7 ). Figure 2 shows our results, together with
experimental data points from Ref. [5] shown as circles.
The current has been normalized to the maximum value
in each case. Notice that the current peak is quite narrow,
and there is a steep fall in the upper critical voltage edge
V. =2.16 V. As the bias is increased and the first site
energy approaches the Fermi energy charge begins to
flow, first into site O, then to site 1 as well as shown in
the inset and, schematically, in Fig. 1(b). The effect of
this charge is to raise the local potential at each subunit,
thus affecting the transport coefficient of the overall
quantum mechanical structure. The abrupt fall at V, is
caused by a sudden loss of charge at site 1, and subsequent
break of the energy level alignment that allows for reso-
nant tunneling through the molecule.

Figure 3 shows the time evolution of the current flow-
ing through the system [Fig. 3(a)] and the charge density
at sites O (full line) and 1 (broken line) [Fig. 3(b)] when
electromagnetic radiation of frequency » = 10 THz and
strength 6E = 1.8 mV is turned on at time 7 = 0. The
offset bias 6V = V. — V has the value 0.2 mV. Before the
radiation enters the sample, the system is in resonance,
current flows, and both sites have significant charge. At
7 = 0, the external field is turned on and, after a time of
the order of a picosecond, site 1 loses its charge and the
current drops to a low value. This behavior illustrates the
fast switching response of the device as a THz pulse
passes by. The actual transition time is controlled by the
internal coupling constant, so that in our case T ~ /g ~
0.08 ps. There are small oscillations driven by the exter-
nal field, which we have found to become larger in am-
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FIG. 2 (color online). Current-voltage characteristic in the
absence of external radiation. Parameter values are given in the
text, and were chosen to fit the experimental data of Chen et
al [5]at T = 60 K shown as circles. The inset shows the charge
in each molecule site at different bias values.
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plitude when the signal strength is increased. The fact that
the system undergoes a few coherent oscillations before
falling suggests that the random fluctuations caused by a
finite temperature are not capable of overcoming the
inertia of the device. Notice that in the low current state
site 1 has lost its charge. This feature reveals that the
system is bistable very close to V.. When site 1 is charged,
the local potential is dynamically adjusted to keep the
system in resonance. A disturbance may cause the flow of
charge out of the site, however, with the result that the
resonance condition is lost and current stops.

Suppose now that the system is in a given state of
high current, biased slightly below V.. The transition
to a low current state is then possible provided the am-
plitude of the external field is large enough to bring the
system to criticality. Figure 4 shows the region in
which the transition happens within 2 ps time (labeled
“YES”), separated from that region in which the radia-
tion is too weak to cause the current to fall that fast, if at
all (labeled ““NO”’). The frequency is ¥ = 10 THz and the
bias is shown in terms of the offset from criticality 6V =
V. — V. A rough fit to the boundary is given by 0F =
0.014 X 8V'/2, all quantities in units of V. Our numerical
methods allowed testing frequencies up to order 1/T, and
within that range we found the boundary to shift to higher
values as the frequency increases. In the figure, the filled
circle is a point in the boundary for » = 20 THz while the
triangle is for v = 5 THz. This is to be expected since in
the low frequency limit one should have 6E ~ V.
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FIG. 3 (color online). Time evolution of (a) the overall current
and (b) the charge density in sites 0 and 1 at » = 10 THz.
Parameters used are as in Fig. 2.
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FIG. 4 (color online). Boundary separating the region at
which switching takes place within 2 ps of the arrival of an
external pulse, labeled “YES,” from the region in which the
well remains charged and current still flows beyond that time
interval, labeled “NO.” 8V measures the external bias relative
to the critical edge V., and §E is the radiation strength, both in
units of the lead hopping parameter ¢. Squares are for incoming
radiation of frequency v = 10 THz. The filled circle and the
triangle are for frequencies » = 20 and 5 THz, respectively.

In summary, we have shown that switching between
different current states in transport through molecules is
possible and may be triggered by a passing electromag-
netic pulse with characteristic times in the terahertz
range. Depending on the applied external bias, the pas-
sage of current is turned off by the radiation pulse, thus
allowing the device to act as a tunable detector of tera-
hertz radiation. Switching occurs because of the existence
of bistable states near the /-V characteristic high-voltage
edge. A similar bistable region is known to occur in
transport through GaAlAs double barrier resonant tun-
neling devices [14-17]. A single active energy level lo-
calized in the quantum well formed between the barriers
is responsible for the bistability in such a case. Near the
bottom of the emitter conduction band a current carrying
state through this level, lifted in energy by the charge
trapped in the well, may coexist with a state of no current
at the same bias with the well uncharged. In a two-site
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molecular device as the one treated here, the effect de-
rives from the dynamic coupling between the sites within
the molecule, and thus has a different physical origin.
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