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Abstract

We investigate the electromigration forces for weakly bonded adsorbates on graphene by using
density-functional based calculations. We find that the nature of electromigration forces on an
adsorbate critically depends on the energy level alignment between the adsorbate state and the
Fermi level of the graphene. For a resonant adsorbate, whose frontier orbitals lie close to the Fermi
level, the electromigration force is dominated by the electron wind force that is strongly enhanced
along the electron flow direction, irrespective of the sign of the adsorbate charge. For a
nonresonant adsorbate, the electromigration force is essentially the direct force that depends on
the adsorbate charge. We also show that the magnitude of electromigration forces can be
continuously tunable through electrostatic gating for resonant adsorbates. Our results provide new

insight for understanding and controlling how nanoscale objects behave in or on host materials.



Surface functionalization of graphene through atomic and molecular adsorbates offers a highly
effective way to control the electronic and transport properties of graphene [1-3]. Among various
adsorbates, tetrafluoro-tetracyanoquinodimenthane (F,TCNQ), a well-known electron-acceptor
when placed on graphene [4,5], is particularly interesting because it displays a plethora of
intriguing atomic-scale behaviors such as molecular self-assembly, correlation effects, and
molecular shift register [6-8]. In addition, a recent experiment has demonstrated that the spatial

arrangement and concentration of F,TCNQ adsorbates can be reversibly controlled by electrical

gating [9].

Electromigration is the movement of atoms arising from electrical currents [10]. It provides a
convenient way to electrically control the position of atoms or nanoscrystals in nanostructures. In
particular, current-induced motion of various metallic nanocrystals in carbon nanotubes has been
intensively investigated [11-14]. Also, electromigration of Al and Au clusters on graphene has
been observed [15]. Previous theoretical studies focused on the electromigration mechanism for a
static potential scatterer and pointed out the dominant role of the electron wind force arising from
impurity scattering [16,17]. However, a resonant scatterer, such as F,TCNQ, has a highly energy-
dependent impurity scattering strength [18], and its role on the electromigration mechanism was

not addressed in the previous studies.

In this Letter, we investigate electromigration forces for weakly bonded adsorbates on graphene
by using density functional theory combined with a nonequilibrium Green’s function formalism
(DFT-NEGF). We consider three kinds of adsorbates: F,TCNQ, tetrathiafulvalene (TTF), and
atomic Cs [4,19]. F,TCNQ and TTF are resonant adsorbates whose orbital energy levels are close
to the Fermi level. The. They show strong electromigration forces in the electron flow direction.

In this case, the force direction does not depend on the sign of the adsorbate charge. In contrast,



an atomic Cs only feels a weak direct force related to its charge. For resonant adsorbates, we show
that the magnitude of the electromigration force can be continuously controlled by tuning the

position of the Fermi level relative to the resonance energy via electrostatic gating.

First, we investigate the electronic structure of graphene with an adsorbate by performing
pseudopotential density functional calculations as implemented in SIESTA [20]. We use the VV10
non-local van der Waals functional [21], norm-conserving pseudopotentials, and a localized
pseudoatomic orbital basis [22]. A real-space mesh cutoff of 500 Ry is used. We employ a7 x 7
supercell of graphene with a single adsorbate. The supercell is 25 A thick along the vacuum
direction. The supercell Brillouin zone is sampled by 3 x 3 x 1 k-point grid and the Fermi-Dirac
smearing function is used with the electronic temperature of 300 K. We optimize atomic positions

until the force on each atom is less than 0.01 eV/A.

Figures 1(a), 1(c), and 1(e) show the local atomic structure of a single F,TCNQ, TTF, and Cs
adsorbate on graphene, respectively. We choose the most energetically favorable adsorption site
for each case. The electronic structure calculations show that the lowest unoccupied molecular
orbital (LUMO) of F,TCNQ is 0.25 eV below, and the highest occupied molecular orbital
(HOMO) of TTF 0.15 eV above the Dirac point energy of graphene [Figs. 1(b) and 1(d)].
Consequently, F,TCNQ and TTF induces hole and electron doping to graphene, respectively.
Importantly, the adsorbate states lie very close to the Fermi level of the system, so both molecules
act as a resonant impurity [18,23]. In contrast, Figure 1(f) shows that the 6s state of Cs is located

far above the Fermi level.

Now, we investigate the current-induced electromigration forces on the adsorbates. The

electromigration force is usually analyzed in terms of the direct force and wind force, although



this decomposition is not necessarily always rigorous because some ambiguities exist in the
definition of adsorbate charge [10]. The direct force is denoted as F; = eZE., where e > 0 is the
elementary charge, Z is the net charge of an adsorbate, and E.; is an external electric field. Hence
its direction depends on the sign of adsorbate charge. On the other hand, the wind force F,, arises
from the scattering by the current-carrying electrons, thus the direction of the wind force is in the

direction of the net electron flow, which is schematically indicated in Figure 2(a).

To self-consistently calculate charge density and electromigration forces under a finite bias, we
perform two-electrode DFT-NEGF calculations as implemented in TranSIESTA [24,25]. Figure
2(a) shows the atomic structure for our NEGF calculations with a F,TCNQ adsorbate as an
example. The center scattering region contains an adsorbate on graphene, and we use pristine
graphene as the left and right electrode. The system is periodically repeated in the y direction,
which is along the zigzag direction of graphene. We sample three k points along the y direction,
and 50 points along the x direction in the bulk electrode calculations. A finite bias voltage V is
applied across the scattering region by raising (lowering) the chemical potential of the left (right)
electrode by eV /2. Consequently, the net flow of electrons is along the +x direction. Then, we
calculate the electron current density J from the transmission probability [24,25]. Figure 2(b)
shows the calculated electron current densities for each adsorbate. For all three adsorbates, a
similar amount of electron current flows through the scattering region. In our calculations, the

current flows through graphene and passes through the adsorbate as well.

In the DFT-NEGF calculation, the electronic contribution to the force on the ith atom located at

R; is given by

oH(V)
oR; |’

F,(V) = —Tr lﬁ(V) (1



where H(V) is the electronic Hamiltonian, and p(V) is the electronic density matrix at a finite bias
V [24-26]. At a given bias, the current-induced nonequilibrium part of the atomic force is given
by Freqi(V) = F;(V) — F;(V = 0) [27,28]. Then, we obtain the electromigration force on the
adsorbate by summing the nonequilibrium forces on the atoms that belong to the adsorbate:

Fu@) = ) Fagi() @)
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Figure 2(c) shows the electromigration forces on the adsorbates along the transport direction. We
find that the forces are linearly proportional to the applied bias in this low-bias regime.
Interestingly, both F,TCNQ and TTF show strong electromigration forces along the electron flow
direction, in contrast to Cs where the force is an order of magnitude weaker and in the opposite

direction.

The strength of electromigration forces can be characterized by an effective charge Z* defined as
Fem = eZ"Eoy = —eZ7) /o, where E.y = —] /0o is the bulk electric field required to generate the
electron current density J through the channel, and o is the bulk conductivity of graphene. Figure
2(d) shows the effective charges of the adsorbates as a function of graphene conductivity. Although
F,TCNQ and TTF have the opposite sign of adsorbate charges [Fig. 1(a) and 1(c)], they both have
large negative effective charges. This clearly indicates the electromigration force is dominated by
the wind force arising from strong impurity scatterings. In contrast, the effective charge of Cs has
the same sign as the real charge, and it is an order of magnitude smaller than that for the resonant

adsorbates. This means the wind force is ineffective for Cs and the direct force is dominant.



Microscopically, the wind force can be related to the current-induced electron density variations
near the adsorbate [10,28,29]. Within the DFT-NEGF, a low-bias expression for the wind force

can be derived [28]

Fyi=— f Sp(r) Vg, v'(r) dr + Z 5ij(¢j|VRivz§lsl|¢k> ) 3)
I

where 6p(r) is the current-induced changes in the valence electron number density, Vg, v!(r) and
Vg, v{}sl is the gradient of the local part of DFT potential and non-local part of the pseudopotential,
respectively, and ¢; is the pseudo-atomic orbital basis for electron wavefunctions. This expression
provides a microscopic understanding of the electron wind force. First, the current-induced density
variations can be conceptually divided into two components (§p = §p; + dp,). When electrons
are flowing from the left (—x) to right (4x), the adsorbate scatters incoming electrons resulting in
surplus negative charges piled up on the left side of the adsorbate (§p;), which corresponds to the
Landauer dipole [30]. Then, the internal electron density of the adsorbate is redistributed in a
screening response to the Landauer dipole in the opposite direction. Thus, the adsorbate is
polarized in such a way that there are slightly more electrons on the right side (§p,). Then, the
positively charged core ion, which consists of the nucleus and core electrons, feels an electrostatic

force toward the right direction, which is a wind force.

Figure 3 shows the current-induced valence electron density variations 6p(V) = p(V) —
p(V = 0) in the real-space for each adsorbate. Here, §p; »(x, y) is obtained by integrating 5p (1)
along the z direction within +1.5 A around the graphene layer and the average z position of the
adsorbate, respectively. We interpret §p; as the Landauer’s dipole formed in the graphene plane,

where the incoming and reflected electrons are piled up on the left side of the adsorbate. On the



other hand, &p, is essentially screening response of the electrons in the adsorbate against §p, in a
sense that the overall direction of polarization of §p, is opposite to that of §p;. Since 6p, is

spatially closer to the adsorbate atoms than 6p4, §p, plays the dominant role for the wind force

[Eq. (3)]

F,TCNQ and TTF shows sizable §p,, and the directions of the current-induced forces on each
atom in the adsorbate are directed toward the nearby regions where there are more electrons. The
difference in the magnitude of 6p; , between F,TCNQ and TTF stems from their different
impurity scattering potential strength and molecular polarizability. Our calculation shows that the
F,TCNQ molecule has about three times higher molecular polarizability than TTF. In contrast, an
atomic Cs shows an order of magnitude weaker 6p [Figs. 3(e) and 3(f)]. The total electromigration

force is in the left direction, indicating that it is dominated by the electrostatic direct force.

Now, we calculate the electromigration forces for resonant adsorbates under different gating
levels. To simulate electrostatic gating, we use the field-effect gate model [31]. In this method, we
introduce gate-induced carriers by changing the total number of electrons in the system and placing
a uniformly charged plane with the opposite charge to the carriers. The charged plane is put
10 A below the graphene layer, and the gate-induced carrier density is denoted as n, where n > 0

(n < 0) refers to hole (electron) doping.

For neutral (n = 0) graphene, the frontier orbital energy of F,TCNQ (TTF) is located right above
(below) the Fermi level [Figs. 1(b) and 1(d)]. We can tune the Fermi level of the system by
introducing gate-induced carriers on graphene. In our gate-dependent NEGF calculations, we
consider F, TCNQ and TTF on hole-doped (n > 0) and electron-doped (n < 0) graphene,

respectively. We do not consider other doping configurations because the delocalization error in



the approximate exchange-correlation functionals in DFT prevents the molecular orbitals from
being fully filled or emptied. For example, when we try to calculate F,TCNQ on electron-doped
(n < 0) graphene the LUMO of F,TCNQ is always pinned slightly above the Fermi level and it is
pushed up in energy as the Fermi level is increased by gating. This is clearly contrary to
experimental situations where the Fermi level can be tuned above the LUMO. We expect that such
errors can be partially remedied by employing correction methods to reduce delocalization

errors [32,33] and improve level alignments [34], which we leave for future studies.

Figure 4(a) and 4(c) show the electromigration forces for F,TCNQ and TTF, respectively, under
varying gating levels. For both cases, the electromigration forces are suppressed as the gating level
increases. In Figures 4(b) and 4(d), we show the electromigration forces as a function of the energy
difference between the resonance and the Fermi level. As the Fermi level is tuned away from the
resonance orbital energies, the electromigration forces are rapidly suppressed. At around n = 2 X
103 cm™2 for F,TCNQ and n = —2 x 1013 cm™2 for TTF, the forces become comparable to the
direct forces estimated from their adsorbate charges. In particular, the electromigration force
direction for F,TCNQ remains positive and that for TTF becomes negative at high gating levels,
which is expected for the direct force. In contrast, the electromigration force for Cs does not show
resonant behavior [Fig. 4(e) and 4(f)]. These results demonstrate the nature of electromigration

forces depends sensitively on the energy level alignment.

To summarize, we have investigated the electromigration forces acted upon adsorbates on
graphene. We have shown that the electron wind force is strongly enhanced along the electron
flow direction in the case of resonant adsorbates, and, in contrary, nonresonant adsorbates have a
weak direct force. The electron wind force is closely related to the microscopic charge density

polarizations near the adsorbates, which is induced as a result of screening the Landauer’s dipole.



Furthermore, we have demonstrated that the resonant electromigration force can be suppressed by
tuning the Fermi level away from the resonance energy. Our results illustrate the crucial role of
the energy level alignment of adsorbates on the electromigration mechanism and provide a
fundamental understanding on controlling motions of adsorbates on graphene using macroscopic

electric fields.
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Figure 1. Atomic structure of graphene with a single (a) F,TCNQ, (c) TTF, and € Cs adsorbate
placed at the most stable adsorption site on graphene. The charge Z of the adsorbate is calculated
as the sum of the net atomic charges. Electronic structure of graphene with a (b) F,TCNQ, (d)
TTF, and (f) Cs adsorbate. The weight of the orbitals on the adsorbate (graphene) is represented
by the thickness of red (blue) lines. The adsorbates F,TCNQ and TTF have their LUMO and
HOMO energy levels very close to the Fermi level, while the 6s level of Cs is about 1.4 eV above

the Fermi level.
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Figure 2. (a) Two-electrode setup for our NEGF calculations. The device region at the center
contains a single adsorbate on graphene, where F,TCNQ is shown as an example. The left and
right gray regions are electrode regions consisting of pristine graphene. The net electron flow is
from the left to right, and is along the armchair (x) axis of graphene. Accordingly, the electron
wind force is in the +x direction. The direction of the direct force depends on the sign of the
adsorbate charge, so it is in the —x (+x) direction if Z > 0 (Z < 0). (b) Electron current densities
and (c) total electromigration forces for each adsorbate as a function of the applied bias V. (d)

Effective charges for electromigration as a function of graphene bulk conductivity o.
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Figure 3. Current-induced electron number density variations at V. = 10 mV on (a), (c), (e)
graphene (6p;) and (b), (d), (f) adsorbates (6p,). 6p; , is integrated along the z axis within £1.5
A from the graphene plane and the average z position of the adsorbates, respectively. The red

arrows on the right figures indicate the current-induced forces on each atom.
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Figure 4. Gate-dependent electromigration forces for (a) F,TCNQ, (c) TTF and (¢) Cs on
graphene, where n > 0 (n < 0) indicates that graphene has additional gate-induced hole
(electron) carriers. Here, n is varied from 0 to + 3 x 1012 cm™2 by a step of + 0.5 x 101? ¢m ™2
for F,TCNQ and TTF, respectively, and to 2 x 102 cm~2 for Cs. (b), (d), (€) Electromigration
forces at V = 10 mV as a function of the energy difference between the Fermi level of graphene

and the resonance orbital energies.
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