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[Abstract] The deformation and disintegration of a graphene nanoribbon under external
electrostatic fields are investigated by first principle quantum mechanical calculations to
establish its stability range. Zigzag edges terminated by various functional groups are
considered. By analyzing the phonon spectrum, the critical fracture field for each edge
structure is obtained. It is found that different terminal groups on the zigzag graphene
nanoribbons lead to different fracture patterns at different fracture fields. The failure
mechanism is demonstrated to involve both the carbon bond alternation feature across the

ribbon and the terminal group electronegativity.

1. INTRODUCTION

Graphene, the thinnest freestanding two-dimensional material found to date[1, 2],
has attracted much interest for its unique electronic and magnetic properties[3-5], as well
as its exceptional mechanical properties[6-17]. Potential applications of graphene as
micro- and nano-electromechanical devices are only starting to emerge[18]. The
mechanical properties of different morphological patterns of carbon nanostructures, e.g.,
one-dimensional graphene nanoribbon (GNR), subjected to external stress have also been
studied. It is found that mechanical properties such as Young’s modulus and Poisson’s

ratio of GNR under uniaxial tension can depend strongly on its size and chirality[19]. The
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study of elastic and plastic deformation of GNRs under uniaxial tension predicts that they
attain new functionalities by changing to a range of new structures with interesting
electronic and magnetic properties[20]. Furthermore, atomistic simulations showed that
the fracture strength decrease only weakly with the width of the GNR flake under tensile
loads[21].

Several studies have predicted that spin-polarized zigzag graphene nanoribbons
(ZGNRs)[22-27] under applied electric fields have exceptional electronic and structural
properties, e. g., the magnetic properties of ZGNRs can be controlled with external
electric fields applied across the zigzag edges and they can become semi-metallic[28].
The alignment and longitudinal polarizability of ZGNRs can also be controlled with
external electrostatic fields[29]. Also, the electrocaloric effect of ZGNRs can be
enhanced by applying a longitudinal electric field and a transversal magnetic field[30]. In
addition, the electric field can function as a switch for uptake/release of adsorbates for

storage in graphene[31-33].

We are interested in the stability of ZGNR in strong electrostatic fields, in
particular to establish the threshold electrostatic field beyond which GNR will
disintegrate. The fields needed to modify and eventually break chemical bonds are of the
order of volts per angstrom as used for over 60 years in field ion microscopy [34] and in
Atom Probe Microscopy for the layer-by-layer analysis with atomic resolution [35-37]. A
further interesting aspects of matter in such high fields is the fact that polymers and
insulators become metallic with the bandgap closing with higher fields [38-40].

We will use density functional theory to investigate the structural deformation and
the phonon spectrum of ZGNRs with different edge terminations and various widths
under electrostatic fields. The critical fracture field is determined by the field strength at
which the soft phonon mode starts to appear. The characteristic features of field-induced
fragmentation process will be demonstrated by the bond vibration amplitudes. In Sec. 2,
we describe in detail the physical model and the computational methodology. The results

and their interpretations are presented in Sec. 3, and conclusions are drawn in Sec. 4.
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2. MODEL AND COMPUTATIONAL METHOD

We first calculate the structural deformation of ZGNRs under uniform
electrostatic fields across the ribbons [see Figure 1(f)]. The width of ZGNR is labeled by
the number of intact zigzag chains (N,)[41]. The ZGNRs studied here have a width of
four or eight zigzag chains (unless specifically mentioned), labeled as 4- or 8-ZGNRs,
respectively. We consider five kinds of chemical edge terminations: single hydrogen
(CH), double hydrogen (CH,), single fluorine (CF), ketone (CO), and ether (C,0). Their
structures are shown in Figure 1. For each value of electric field strength, the ZGNR is

relaxed to guarantee equilibrium.

The calculations are based on spin polarized density functional theory (DFT) with
generalized gradient approximation (GGA) for the exchange-correlation potential in the
form of Perdew-Burke-Ernzerhof (PBE)[42]. We have used effective core potentials with
double-numerical plus polarization (DNP) basis sets. All the calculations are performed
using the DMOL3 package[43, 44], and periodic boundary conditions are applied to the
one-dimensional structure of ZGNR. We consider the smallest supercell along the ribbon
direction (i.e., x direction). In order to eliminate interactions between graphene ribbons,
12 A of vacuum separation along the direction normal to the ZGNR plane was used. The
vacuum separation between adjacent in-plane ZGNRs is wider than 12 A. The atoms are
relaxed without any symmetry constraints. The convergence tolerance in the energy is
107° Ha, and the maximum allowed force and displacement are 0.002 Ha/A and 0.005 A,
respectively. Chemical bonds are formed between all pairs that fulfill the bond-length
criteria and the bond order is analyzed according to octet stability. In the supercell,
(average) bond lengths across the ribbon are analyzed. Mulliken population analysis is
performed to obtain the Mulliken charge on each atom. To calculate the structural
deformation under applied uniform field in DMOL3, the static potentials arising from
externally applied electric field are introduced by adding a potential term to the
Hamiltonian. The added potential is a periodic triangular electric potential which is linear
along the y direction (the direction of the applied field) with a potential jump in the
middle of the vacuum gap of each pair of neighboring graphene sheets. The validity of
this method has been verified by Delley[45].
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The phonon spectrum is calculated after complete structural relaxation for each
electrostatic field. It is obtained by computing a complete second derivative Hessian
matrix as implemented in the DMOL3 module. The elements of the Hessian are
computed by displacing each atom in the system and computing a gradient vector, this
builds a complete second derivative matrix. Since the direction of the externally applied
electrostatic field and the direction normal to the graphene plane (i.e. y and z direction)
have no periodicity, and the supercell size in the x direction is the same as the unit cell,

only the Gamma point of the phonon spectrum need to be calculated.

Figure 1. Zigzag edge of graphene terminated by (a) single hydrogen (CH), (b) double
hydrogen (CH,), (c) single fluorine (CF), (d) ketone (CO) and (e) ether (C,0),
respectively. Upper panel: top view; lower panel: side view. (f) Schematic illustration of
charge polarization in a zigzag graphene nanoribbon under a uniform applied field across
the ribbon. The supercell size of the nanoribbon is indicated by blue dashed rectangle, the

height of the rectangle (y direction) is schematic.
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3. RESULTS AND DISCUSSION

Before presenting numerical results, we discuss the physics of the structural
deformation of ZGNRs induced by electrostatic fields which are parallel to the graphene
planes and normal to the zigzag edges. The functional groups on both edges of each
ZGNR are the same. However, when an electrostatic field is applied across the ZGNR,
the two edges of the ZGNR are no longer symmetrical due to polarization [Figure 1(f)].
The electrons will move along the direction opposite to that of the applied electric field,
making the functional groups on one edge (labeled as front edge) negatively charged
while those on the opposite side (labeled as back edge) positively charged. The absolute
value of charge on negatively charged functional groups will be larger than that on
positively charged functional groups for two reasons: (1) the functional groups with
strong electron-accepting capability (i.e., CF, CO and C,0), are already negatively
charged before the electric field is applied, therefore the absolute value of charge on
functional groups on the front edge is larger than that on the back edge which becomes
positively charged with strong applied field; (2) for functional groups with weak
electronegativity (i.e., CH and CH,), because of the difference in atomic size and in
electronic configurations between C atom and the functional groups, the electrons of the
C atoms are easier to move which leads to larger absolute values of charge on the front
edge. We can thus expect that the bond lengths between C atoms and functional groups
on both sides will increase with increasing applied electric fields and the bond lengths
between the C atoms and the front edge functional groups will increase faster. This
physical picture is confirmed in our calculations, as shown in Figure 2 where the bond
lengths and charge of CH and CO 4(8)-ZGNR versus the applied electric field are plotted.
For CH 4- and 8-ZGNR [see Figure 2(a), (c)], we can see that the bond lengths between
C and H atoms are elongated monotonically; C1-H1 bond length increases obviously
faster than C2—H2 bond length under the same applied field, where C1 (C2) and H1 (H2)
represent the carbon and hydrogen atoms in the front (back) edge of ZGNR. The bond
lengths and charge variation for ZGNR terminated by CH, show a similar behavior. For
CO 4- and 8-ZGNR [see Figure 2(e), (g)], C1-O1 bond lengths are also larger than C2—
02 bond lengths for the same applied field, where C1 (C2) and O1 (O2) represent the
carbon and oxygen atoms in the front (back) edge of ZGNR. The minimal bond length is
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found at the electrostatic field of 1.81(1.43) V/A for C2-02 bond of CO 4(8)-ZGNR. This
is because the O2 atom is negatively charged at weak applied fields and becomes
positively charged when the field is strong to cause enough charge transfer between C2
and O2 [see Figure 2(f), (h)]. The CF and C,0 ZGNR show the same trend as those of
CO ZGNR.
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Figure 2. (color online) The variation of (a) bond lengths and (b) Mulliken charges for
CH 4-ZGNR as a function of the applied field, where C1 (C2) and H1 (H2) represent the
carbon and hydrogen atoms in the front (back) edge of ZGNR. (¢)-(d), (e)-(f) and (g)-(h)
are the same as (a)-(b) but for CH 8-, CO 4- and CO 8-ZGNR, respectively.

In order to further investigate the fragmentation and disintegration process of

ZGNR, we next explore the phonon spectrum. Figure 3 (a)-(e) show the phonon spectrum
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of 8-ZGNRs only with that of 4-ZGNRs following the same trend. As we are interested in
the effect of external electrostatic fields, the optical modes with vibration component in
the direction of the external electrostatic field (i.e., y direction) are presented. The
monotonic decrease in normal frequency of 8-ZGNR as a function of the applied field
indicates the softening of phonons caused by the electrostatic field. It is found that their
normal frequencies initially exhibit a slow decrease followed by a sharp decrease as the
applied field increases. The ZGNR will be fragmented by the applied field as the normal

frequency vanishes. To find the critical fracture electric field, we fit the energy variation

of the lowest optical mode with an exponential function 4- exp(—Ea / B) +C, where E,

is the applied field and A4, B, C are fitting parameters. Table 1 lists the corresponding
fitting parameters for 8-ZGNRs with various edge terminations, while their fitting curves
are shown in Figure 3 (a)-(e) with dashed lines. We found that the function fits all
structures very well. Thus the magnitude of the critical electric fields for ZGNRs with
various edge terminations are obtained by extrapolation from fitting curves and listed in
Table 2. It is found that the critical fracture electric field for wider ZGNR is smaller than
that of narrower ZGNR. The reason should be that the interaction between two edges is
decreasing with the width. In order to obtain the universal critical fracture electric field
for wide ZGNR of which the edge-edge interaction is negligible, we calculated the
phonon spectrum for CH ZGNR consisting of 4 to 12 zigzag chains; the results are shown
in Figure 3(f). Clearly, the interaction between edges is important for the critical fracture
electric field for narrow ZGNR. The critical electric field decreases sharply first and

remains nearly constant for width N_ > 8. Thus the width adopted in the present
discussion (N, =8) is wide enough. Notably, the width dependence of the fracture point

here is different from that of the GNR flake under tensile load[21] for which the fracture
happen sooner for narrower ribbons. The difference likely comes from the change of
mechanical properties caused by charge transfer. Furthermore, from Table 2, it is clear
that CH, ZGNR s the easiest to be fractured with an applied field. This is a consequence
of the bond-strength properties of sp” hybridization. The C,0 ZGNR is found to be the
most stable structure under the applied field. The fracture electrostatic fields in Table 2

can be routinely achieved by field enhancement effect on the graphene edge. Their

Page 8 of 17
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magnitudes are comparable to that of microscopic electric field near the apex of field

electron emitter as well as in field evaporation and field ion emission[35, 39, 46-48].
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Figure 3. (color online) (a) The frequency variation of four lowest energy optical modes
with vibration component in the direction of the applied electrostatic field for CH 8-
ZGNR as a function of the applied field. The exponential function fit for frequency
variation of the lowest energy optical mode is shown with dashed line. (b)-(e) The same
as (a) but for CH,, CF, CO and C,0 8-ZGNR, respectively. (f) Critical fracture electric
field of CH ZGNR versus the width (V).

Table 1. The parameters of fitting function 4- exp(—Ea /B ) + C for energy variation of
the lowest optical mode of 8-ZGNRs with various edge terminations.

CH CH, CF CO C,0

A(em?) [-006 [-0.05 [-006 |-0.18 |-1.68

B(10'V/A) | 426 |-3.68 |-4.14 |-495 |-9.42

C(cm™) 198.07 | 201.34 | 166.42 | 172.71 | 203.76
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Table 2. The critical fracture electrostatic fields (V/A) for 4- and 8-ZGNRs with different
edge terminations.

CH CH, CF CO C,0
4-ZGNR | 5.09 4.50 4.65 5.01 5.87
8-ZGNR | 3.45 3.07 3.29 3.40 4.52

It remains to discuss how the ZGNRs actually fragment at the critical fracture
electric fields. To answer this question, we calculated the vibration amplitude variations
(relative to the absence of the applied field) for all chemical bonds in a supercell as a
function of the applied field, as shown in the left panels of Figure 4. The initial structure
is optimized in the absence of the applied field. We focus on the vibration amplitude
variations of chemical bonds of the lowest optical mode since its normal frequency
decreases to zero firstly (see Figure 3). From left panels of Figure 4, we see that the
vibration amplitude of bonds parallel to the direction of the applied field [namely,
chemical bonds with odd number in left panels of Figure 4(a)-(d) and even number in left
panel of Figure 4(e), labeled as lateral bonds] is stretched more than those in other
directions [namely, chemical bonds with even number in left panels of Figure 4(a)-(d)
and odd number in left panel of Figure 4(e), labeled as tilted bonds]. For CH; and C,0 8-
ZGNR, the increase of vibration amplitudes of chemical bonds is nearly the same for all
lateral bonds [Figure 4 (b), (e)], indicating that CH, and C,0 8-ZGNRs will be broken up
into parts of random size (see Figure 5). For CO 8-ZGNR, the change of the C-C lateral
bond in the left middle of the ribbon is more significant [Figure 4 (d)], indicating that it
will be fractured in the left middle of the ribbon (near the front edge) (see Figure 5). We
also find that the increase of vibration amplitudes for lateral bonds near the front edge is
more pronounced than those near the back edge for CH and CF 8-ZGNR [Figure 4 (a),
(c)]. Thus the applied field will first break chemical bonds of the front edge (see Figure
5). In particular for CF 8-ZGNR, the vibration amplitude of its F-C bond at the front edge
increases significantly as the electric field increases, therefore the outermost row of the

zigzag edge would be first fragmented.
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Close correlation between the above fracture patterns and carbon bond alternation
feature for the ZGNR can be found. The significant feature of single-double carbon bond
alternation across the ZGNR has been noticed by Kudin[49]. There are two types of
single-double carbon bond alternation which on the nature of the edge termination. For
the ZGNRs with edge carbons passivated completely, the lateral (tilted) bonds will be
double (single) bonds [CH,, CO and C,0 ZGNR in right panel of Figure 4(b, d, ¢),
categorized into class I]; otherwise, the double (single) bonds will lie on tilted (lateral)
bonds [CH and CF ZGNR in right panel of Figure 4(a, c¢), categorized into class II]. The
failure sites are at the lateral bonds inside the domain of ZGNR in class I [see CH,, CO
and C,0 ZGNR in Figure 5], while they are at the lateral bonds on the front boundary of
ZGNR in class II [see CH and CF ZGNR in Figure 5]. The different patterns can be
explained by two factors. First, the lateral bond is stretched more than the tilted bond due
to different effective moments along the electric field. Second, because of the shorter
bond length and stronger bond strength, i.e. larger pre-strain of a double lateral bond than
a single lateral bond, the double lateral bonds in class I show smaller and smoother
amplitude variations while the single lateral bonds in class II show more significant
increase of amplitude variations on the front edge. Moreover, the electronegativity of the
functional groups also plays an important role in graphene failure. For stronger
electronegativity functional groups, the bonds near the front edge will have larger electric
moments due to the larger field-induced charge transformation. As a result the

fragmentation starts on the outer row of the zigzag edge [CF ZGNR in Figure 5].

10
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Figure 4. (a) Left panel: the vibration amplitude variations (relative to the absence of
applied field) of chemical bonds under different electric fields for CH 8-ZGNR. The
chemical bonds in a supercell are labeled by integers along the electric field direction.
Right panel: the single-double carbon bond alternation feature across the ribbon of CH 8-

ZGNR. (b)-(e) The same as (a) but for CH,, CF, CO and C,O 8-ZGNR, respectively.
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Periodic Direction

Applied Field

Figure 5. (color online) The fracture patterns of 8-ZGNRs with different saturated edges
under applied fields. The light gray (yellow) colors indicate the failure sites.

4. CONCLUSIONS

We investigated the deformation and fragmentation of zigzag graphene
nanoribbons with various saturated edges under external uniform electrostatic fields. The
charge transfer and the change of bond lengths were calculated. The larger stretching of
the terminal bonds in the front edge (higher voltage) than that in the back edge (lower

voltage) is explained by field-induced charge transfer.

We also analyze the phonon spectrum of ZGNRs that is varying with the applied
field. It is found that the normal frequencies first decrease smoothly and then
exponentially as the electric field increases. The critical electric field for ZGNR
fragmentation has been obtained from the vanishing point of the phonon frequency. The
stability of ZGNRs saturated with various functional groups under the same applied field
follows the hierarchy C,O > CH > CO > CF > CH,. The critical fracture electric fields for

wider ZGNRs are weaker due to the smaller interaction of two polarized edges.

Field-induced fragmentation of ZGNRs shows distinct patterns which depend on
edge termination. CH and CF ZGNR can be evaporated from the front edge while CO
ZGNR will be torn in the middle; on the contrary, CH, and C,0 ZGNRs would be broken

12
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up into parts randomly. The failure mechanism is demonstrated to rely on both the carbon

bond alternation feature across the ribbon and terminal group electronegativity.

Our work will provide useful insights into the way electric fields affect the edge
structure; this should be important for the fabrication of nanoelectronic devices. It also
suggests a way to identify chirality of graphene edges and shed light on the study of ion

emission.
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