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Use of polarons and bipolarons in logical switches based on conjugated polymers
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Considering impurity molecules functioning as switches, the charge-transport process on a single conducting
polymer chain is analyzed. The dynamics of polarons and bipolarons is studied with the time-dependent
unrestricted Hartree-Fock approximation using a combination of the Su-Schrieffer-Heeger and extended Hub-
bard models, extended to include the potential due to the dopants. A Brazovskii-Kirova-type symmetry-
breaking interaction is inserted in the Hamiltonian model. The polarons and bipolarons are put into motion by
a spatially uniform external electric field introduced through a time-dependent vector potential. The process of
charge transport through the sites with radicals that work like a switch is analyzed by the numerical resolution
of the equations of motion. The use of polarons and bipolarons as information carriers is analyzed. The results
show that the impurity molecule can work as a gate to the passage of charged polarons or bifiaarirtan
control of charge transportThe polarons and/or bipolarons can be trapped by the impurity molecule or can
pass through it, resulting in two configurations: closed and open logical switches. Such results show that
polarons and bipolarons provide good candidates to logical switching in molecular circuits of conducting
polymers. The energies involved are also discussed.
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[. INTRODUCTION work as pinning centers and barriers to the passage of non-
linear excitations such as solitoh& allowing or denying

The conjugated polymers have attracted much interest ahe passage through a certain region of the clain.
the academic community. Possible technological applications We consider the electron-electron interactions in the dy-
of theses materials show us a very promising field in thenamical simulations. Nevertheless, there has been a relative
future. The applications of conjugated polymers in severalack of dynamical simulation¥° even though there is a
areas, including electronic devicks, anticorrosion protec- very strong link between the electronic part and the moving
tion for metal? electromagnetic shieldinyand others, have bond-order configurations.
recently been realized. The basic properties of these systems A polaron has a spig and an electric charge e. In the
are also of current interest, especially the issues concerningase of bipolarons, they can be regarded as a confined pair
the microscopic mechanisms of charge and energy transpoomprising a charged soliton and a charged antisoliton. They
The importance of these materials lies in the peculiar pheare spinless with charge: 2e. A basic description of these
nomena induced by the presence of the nonlinear excitationsxcitations was given by the Brazovskii-KirovéBK)
These phenomena are associated with the prominent featuremdel® in which a symmetry-breaking term is added to lift
of electric conductivity that can vary by many orders of mag-the ground-state degeneracy in the Takayama-Lin-Liu
nitude with doping impurities. model?’

Electronic devices have been fabric&tédased upon The presence of trapped polarons in undoped
conjugated polymers. Although performance is modest relapoly(p-phenylene vinylenewas suggested by the electron-
tive to similar devices based upon inorganic semiconductorsjuclear double-resonance measurements in a dark'&tate.
these devices provide a test bed for investigation of charg®ther experiments have been performed in some conjugated
injection and transport phenomena. polymers describing the magnetic and optical propeffie¥’

Through different architecture, it would be possible to In the present work, our purpose is to establish the dy-
implement logical formal computation on molecular circuits namical effects of radicals bonded to a linear chain to create
as logical switches, binary decodifiers, and stack mem8riesmolecular switches with the use of polarons and bipolarons
Special molecules functioning as artificial neurons could banoving along the chain. Doping radicals are introduced to
linked in a net, with conducting polymers working as axonsalter the polymer-conduction characteristics, controlling the
and dendrites. Such circuits of molecular dimensions have eharge transfer throughout of the chain. To study the dynam-
real possibility of implementation considering the advancescs of polarons and bipolarons, a modified version of the
of the technique of tunneling microscopy. Su-Schrieffer-HeegelSSH modef*>?®is used, which is ex-

Traditionally, polymer materials have been used for proptended to include the influence of an electric field, Coulom-
erties other than electronic and optoelectronic. Particularlyian interactiongextended Hubbajd and impurity poten-
advantageous properties of macromolecular materials irtials to represent the radicals bonded to the chain. The
clude chemical inertness, electrical insulation, and especiallgifferent configurations for a molecular device are deter-
ease of processing. Conducting polymers play an importarrhined by varying the parameters of the doping radicals.
role in the understanding of the conduction mechanisms. The dynamics of charged polarons and bipolarons propa-
They are insulating materials that can be doped with theating on the conjugated polymers is studied numerically
presence of strong oxidizing or reducing radicals that carthrough the resolution of the coupled equations for electronic
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tions are numerically integrated over real time. Since we
consider a uniform electric field, the time-dependent vector
potential is independent of the space coordinate, therefore BN . I
periodic boundary conditions can be adopted to avoid edg hereh(t") is the electronic part of the Hamiltonid#(t) at

, . . .
effects. Here, the equations are solved in a self-consiste (znerttiza?id';r |fstrt]heti:;mev-orrid%rllngthci)perxat?r. 'Ii'h:]oggh ::e
way without any previous assumption on the form of the scretization ot the ime variable, this expression becomes

nonlinear excitations. Act)

In the foIIOW|'ng s'ect|on: we present the formallsm of the \Pk(tj-}-l):ex% _iAtTJj|q,k(tj)'
model and a brief discussion of the simulation method. Sec-
tion Il contains the results of the calculations. Finally, Sec.
IV is destined to a summary of results and conclusions.

wave functions and lattice displacements. The coupled equa- tht)
P (t)=Tex —iJ dt'T v (0),
0

Consider the expansion

Wy (t) =2 Ciei(t)),
II. MODEL AND METHOD OF SIMULATION I

Our model polymer is defined by the Hamiltonian includ- Where Cix= (| W) and{¢} and{e } are the eigenfunc-
ing impurities, tions and the eigenvalues of the electronic part of the Hamil-
tonianH(t) at a given timet;, respectively. The solution of
the time-dependent Schtimger equation can then be put

H(t)=— 2 [(tn_ ayn){exp(i VAS)C;,an+ 1sT H-C-}] into the form
n.s

“’Z (nm—%xnu—%)wEi (Do 1) \Ifk,s<n,t,-+1>=2| ; (M)W, (ML)

Xe*i(th/h)(ﬁl S(n!tj)' (2)
K 2 M. 2 T . . . ' .
+§n: EYnJF; §Un+§§ VpCp,sCps: (1) The lattice equations of motion are written as
_ Un(tj1) =Un(t)) + Up(t))At, @3
wherey,=u,;1,— U, andt,=to+ do(—1)". Here,t, is the
transfer integral between the nearest-neighbor sites in the ] . (1)
undimerized systemy, is the Brazovskii-Kirova symmetry- Un(tj11)=un(t)) + MJ At, 4

breaking terma is the electron-phonon coupling,, is the
displacement of theth CH unit from its equilibrium posi-  whereF (t;) is the force in thenth site in thejth time steg”’
tion in the undimerized phaS@;,s(Cn,s) is the creatiorlan-  Thus, using Egs(2), (3), and(4), the electronic wave func-
nihilation) operator of ar electron with spins on thenth  tions and the displacement coordinates at the {)th time
site, K is the spring constant of @ bond, andVl is the mass  step are obtained from th¢h time step.
of a CH unit.U andV are the on-site and nearest-neighbor We use the relevant parameters for simulation commonly
Coulomb repulsion strengths, respectivaly.is the strength  accepted for conjugated polymére?® t,=2.5 eV, K
of an impurity, which is located in thpth site. The param- =21 eVA2, a=4.1 eVA™!, U=050 eV, V
eter y is defined byy=ea/(%c), wheree is the absolute =0.25 eV,a=1.22 A and for the impurity potentials we
value of the electronic charga,is the lattice constant, ardl  take V,, ranging from 0.04, to 0.3Q, (bipolaron and from
is the light velocity. The relation between the time-dependeng.10 3t, to 0.2G,, (polaron. The bare optical-phonon energy
vector potentialA and the uniform electric field is given s ﬁw51=(4|</|\/|)1’2= 0.16 eV. Such parameters vyield a
by E= — (1/c)A. In the Coulomb repulsion terms, we use thegood qualitative description of the conjugated polymers of
electron-hole symmetry, since we are interested mainly irinterest:® We accelerate the charged polaron and bipolaron
nearly half-filled states. by applying the electric field. The field is kept on from
First, we prepare a stationary state, which is fully self-=0 to t=tys;. The field strengttE is fixed at 0.02&, for
consistent with regard to the degrees of freedom of both, théhe bipolaron andeE =0.005@, for the polaron, wher&j is
electrons and the lattice, as the initial conditions for thedefined by Eq=7%wq/ea=1.3X 10" V/m. This particular
calculations” Then, under the action of the electric field, the choice of electric field is based on the relative stability of
electronic and the lattice equations of motion are numericallyolarons and bipolarons to applied external electric fiélds.
integrated and the lattice equations of moffbare solved by  Periodic boundary conditions are assumed for the electronic
discretizing the time variable with a steyt. The time step wave functionsyy  and for the lattice displacements .
At is chosen so that the changeaugft) andA(t) are always In this study, the total number of lattice points on the
very small in the electronic scale during this interval. Thechain iSN=104. The total number of electrons &= 102
time-dependent Schdinger equation is analytically inte- for the bipolaron andN,= 103 for the polaron. Hence, all the
grated by introducing single-electron eigenstates at each maxcitations are positively charged.
ment. We have that The excitation charge is given by the expression
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FIG. 1. Stereographic representation of thendt dependences
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of the smoothed charged densjty in the case in which the radical
intensity V,=0.225 eV (bipolaron. The electric field is switched

g e FIG. 2. Time evolution of the energies involved in the process
off att,:=60 fs and the final time is 240 fs.

(bipolaron: (a) lattice energy(b) electronic energy(c) total energy,
(d) kinetic energy. The radical intensity i4,=0.225 eV. The elec-
p(n,t)=1— E ORI GRS (5) tric field is switched off at,¢;=60 fs and the final time is 240 fs.
’ S 1 , 1 .
k,s '

To study the position and charge distribution of the po- Figure 2 represents the energies involved in the process of

laron and bipolaron as a function of time, we introduce thecollision in Fig. 1 with the same impurity strength. Figure

smoothed excess-charge-density and bond-order variabl@é?) shows the lattice energy of the chain. In the dynamics of
expressed, respectively, by the collision, this energy has a oscillatory behadfoBuch

an oscillation might be related with phonon modes. The elec-

— :Pnfl+ 2pnt pn+1 tronic energy increases during the application of the electric

Pn 4 ' © field [see Fig. 2b)]. The small variation that occurs around
156 fs is explained by the collision of the bipolaron with the
— (=D"Yn-1=2ynt+Yn+1) radical linked to the chain.
Yn= 4 ' @) The total energy increases rapidly during the application

. 1 . of the electric field, as should be expecfege Fig. 2c)].
Atime step ofAt=0.00lug"=0.004 fs is used. We follow  afier the electric field is switched off, the total energy be-
the dynamics of the systems up to the 60 000th time SteRomes constant. A small variation of the total energy is ob-
Some simulations were carried out to 150000 time stepSyeryed over the time; it is thought to come from the discreti-
nevertheless, a trapped polaron or bipolaron only oscillategaion of the time variable. Since this variation is small

around the impurity position and the nontrapped ones congnqough, it is verified that the mesh adopted for the time is
tinue to move freely. Therefore, there is no point in 9oingguite good.

beyond 60 000 time steps. Each simulation took 90 h of CPU" 1,0 charged bipolaron acquires a velocity close to its

time on the DEC Alpha-400 work station. maximum possible value of around 75%fsThe subsequent
variations on the kinetic energy are thought to come from the
IIl. SIMULATION RESULTS interaction of the bipolaron with the net phonons present.

In the simulation considering the radical strength equiva-

We have performed simulations by systematically varyingent toV,=0.375 eV the charged bipolaron is confined after
the impurity intensity of the radical. the collision with the switching region around the molecule

First, we consider the case of one single positivelyponded to the chain. In this case, the system works as a
charged bipolaron initially present around the 20th site. Thewitch off in the interacting region. The presence of lattice
electric field is applied on the chain. One radical molecule isjibrations is evident here. In this study, such net perturba-
bonded at the 50th site. Figure 1 shows the stereographifons occur with larger intensity when compared to the case
tridimensional representation of the smoothed charge densigf the switch on. A charge spread is observed among the
pn(t) for the case in which the radical strength has the valueharged bipolaron and the surrounding sites. The final charge
V,=0.225 eV. From Fig. 1 it is observed that the the bipo-of the bipolaron is about 98% of the original value.
laron passes through the impurity. The defect passes through The energies involved in this case showed the same basic
the region where the radical is present, i.e., the radical worksharacteristics the preceding case.
as a switch on. The figure show us that there is a small Summarizing the bipolaron position versus time, Fig. 3
charge spread in the instant of the collision of the bipolarorpresents the time evolution of the bipolaron in motion in the
with the radical molecule. This spread is about 1%. The onlydirection of a radical switch. Considering the situations in
consequence of the presence of the impurity is a smallvhich the radical strengti, is varied from 0.05 eV to 0.75
charge-density oscillation. eV, we observed that whexi, is smaller than 0.3 eV the
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FIG. 3. Time evolution of the positively charged bipolaron po-  FIG. 5. Time evolution of the positively charged polaron posi-
sition. The radical strength is varied from 0.05 eV to 0.75 eV. Thetion. The radical strength is varied from 0.05 to 0.75 eV.
electric-field switch off occurs i, ;=60 fs.

bipolaron passes across the interaction region of the radicatl. t_Compbartlﬂg ]fr;ﬁ dyna;]mlcs of polartc)JIn and al_p_ctJIatron %).(C"l
When the impurity intensity is greater than 0.3 eV, the bipo- ations, both of them show comparable sensilivity to radica

laron is reflected or trapped by the impurity that forms aparameter for the switching.
barrier to the passage of the bipolaron. The reflected bipo-

laron is led to collide repeatedly with the impurity if the IV. DISCUSSION AND SUMMARY
external electric field is kept on the chain. Therefore, the _ ) ) )
threshold for trapping should be close to 0.3 eV. We investigated the propagation of a moving charged po-

Second, we perform the simulation of charged polarondaron and bipolaron on a single polymer chain, where a radi-
initially located at the 25th site. The electric field is applied cal molecule bonded to the chain works as a switch. This
on the chain. The radical molecule is bonded at the 50th sitgtudy was carried out through numerical calculations using a
and the radical strength is varied from 0.05 to 0.75 eV. Herecombined version of the extended Hubbard and SSH models.
the p0|ar0n is accelerated and reaches a constant Ve|oci]_\9’/e have used an electric field to accelerate the Charged ex-
close to its maximum possible valGBFigure 4 shows the Citations(polaron and bipolargnThe time-dependent Schro
stereographic representation of the smoothed charge densfjnger equation and the equation of motion for the time-
pn for the case of radical streng,=0.05 eV. Figure 5 dependent lattice displacements form a coupled set that was

represents the polaron-position evolution with time and raginumerically integrated over time in a seIf-conS|st9nt way.

cal intensities. Considering radicals with different intensities, The_ po'?‘for_‘ a_md b|_polaron passage or trapping on the
the polaron collision with the radical leads to two possibili- SW|_tch|ng_$|te is investigated when the re_ldlcal parameter Is
ties: the excitation is trappe(dr reflected by the radical or it varied. Initially the charged polaron and bipolaron are accel-
can pass through it. The polaron is trapped in the switchinﬁrated through the application of an electric field until they

region when the impurity intensity is around or greater tharf €3N @ _velocity close to their maximum possible
0.3 eV. velocities:

If we consider greater values of electric fields than those
adopted, stability effects should be considered.

In some experiment® the influence of radicals is very
important to the process of switching, which permits the fab-
rication of electronically configurable molecular-based logic
switches and gates.In these cases, the flow current of the
charge carriers is controlled through of the application of a
bias voltage across the switching device, obtaining two con-
figurations: closed and open states.

We have verified that the molecular switches on conju-
gated polymers are very sensitive to the radical parameter.
As a consequence, it admits two configurations: closed and

FIG. 4. Stereographic representation of thandt dependences opened logical switches. In the first, the radical permits the
of smoothed charged densipy, in the case when the radical in- Passage of the polaron and/or bipolaron working as a mo-
tensity is V,=0.05 eV (polaron. The time of switch off for lecular linear circuit, while in the second case, the radical
the electric field and the final time are, respectively,=400 fs  blocks the motion of the excitation. Therefore, the external
and 400 fs. control of the radical effect on the chair.g., optical con-
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trol) could lead to the implementation of molecular gates.
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the o-backbone structure of each polymer. Nevertheless, we

We have shown that the polaron and bipolaron excitationshink that the qualitative results obtained here are very robust

can be blocked up by controlling of impurity radicals in the

and valid for conjugated polymers, in general.

chain that function as molecular switches. Therefore, polaron The inclusion of interchain interactions on the chain back-
and bipOIaron excitations can work as information carriers irbone and the influence of several switches with the use of

the molecular scale.

magnetic field will be presented in a forthcoming paper.

Our results are certainly dependent on the numerical pa-

rameters used for the model. Changes in these parameters

change the physical parameters of the polaron and the bipo-

do
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