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ABSTRACT

In equilibrium, graphene nanostrips, with hydrogens sp 2-bonded to carbons along their zigzag edges, are expected to exhibit a spin-polarized
ground state. However, in the presence of a ballistic current, we find that there exists a voltage range over which both spin-polarized and
spin-unpolarized nanostrip states are stable. These states can represent a bit in a binary memory device that could be switched through the
applied bias and read by measuring the current through the nanostrip.

Graphene has attracted much attention since it was experi-successful in describing closely related carbon nanotti3és,
mentally demonstrated that the material is stable at ambientthis model does not incorporate the essential ingredients
conditionst? A good portion of this attention has been necessary to reproduce the spin polarization in zigzag-edge
focused on graphene nanostfiiecause of their potential  graphene nanostrips found in first-principles local-density
for device applications such as field-effect transistdtand functional (LDF) calculations. We have shown, however, that
guantum dot3? It has also been predicted that zigzag-edge this behavior can be reproduced by adding a spin-dependent
nanostrips, such as depicted in Figure la, which havescalar field & to the model, whereU&,. describes the
hydrogen atoms $ghonded to carbon atoms along their potential experienced by an electron at sitavith spin 7.
zigzag edges, become half metallic in the presence of aThe resulting one-electron Hamiltonian is given by
transverse electric fieltt, leading to possible spintronits

applications. In addition, density functional calculations have H=y g ciTgc-g +uU z E N, 1)
predicted that these zigzag-edge graphene nanostrips, in e J T

equilibrium, exhibit spin-polarized edge staté$?In what

follows, we show that this spin polarization could be \herec! | ¢, andni, = ¢!, are creation, annihilation, and

eliminated by passing a ballistic current through the nano- humber operators, respectively,jidenotes the set of all
strip, provided the applied bias voltage exceeds a given nearest neighborg; ~ —2.6 eV is the effective nearest-
threshold. Removing the voltage causes the system to returmeighbors-orbital hopping integrai®2tandU describes the

to the spin-polarized state. We find, however, that there eXiStSstrength of the spin-dependent field. The quantiigsare

a voltage range over which both the spin-polarized and not agjusted to fit the first-principles results but rather
unpolarized states are stable. These two states could represegietermined by requiring that the free energy of the model is

abitin a binary memory device that can be switched through stationary with respect to their variations which implies that
the applied bias and read by measuring the current through

the nanostrip. We also find that the device should be robust _
; s gmﬁz - mumw (2)
at room temperature. Bias voltage has been used as a driving
parameter in other recently described memory deviets.
Much of the electronic and transport properties of materials
based on graphene can be understood starting from a one-

where

parameter, nearest-neighbor, tight-binding mdéAlthough m,0, = fj’ h(E)g["(E) dE (3)
* Corresponding authors. E-mail:  daniel.gunlycke@nrl.navy.mil; ) ) ]
ca[rt(’e\;’.wh:teR@nrl.n?vyll_.rrl;il. In eq 3,h(E) = f(E — €g), wheref(E) is the Fermi function
aval Researc aboratory. . . . .
;Ge‘c’)rge Washington Unive)r/sity. with € the Fermi level of the nanostrip, amgf"(E) is the
8 Oklahoma State University. local spin density of states. Because the latter depends on
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Figure 1. Geometry and self-consistent solutions for a 4.3 nm-wide zigzag-edge graphene nanostrip with carbon Zabomdesipto

hydrogen atoms along its zigzag edges. (a) A transverse segment of the nanostrip with its longitudinal axis extending in the vertical direction.
The nanostrip contains 40 carbon and 2 hydrogen atoms per unit cell. (b) The spin-polarized ground state energy dispersion obtained from
LDF calculations (red) using an uncontracted Gaussian basis set, 7s3p and 3s for carbon and hydrogen, respectively, compared to the
two-parameter model results (blue). (c) Same energy dispersions as in (b) but for the spin-restricted case. Although stationary, the unpolarized

solution is unstable at zero temperature. In both (b) and (c) the Fermidekiak been chosen to be zero. (d) Spin populations at the carbon
sites from the LDF calculations (red) and the two-parameter model (blue) for the spin-polarized state. The spin directions are indicated by

the triangles pointing up and down.

m,Gh. through eqs 1 and 2, eq 3 must be solved self-
consistently. Although motivated differently, eqs-3 are
equivalent to those found from a Hartreleock approxima-
tion to the Hubbard modéf.?

The subscripty, refers to a particular solution of eq 3,

dicular to that depicted in Figure 1a) and each strip end
connected to a large contact. Also assume that the nanostrip
supports ballistic transp@ft?” with all potential drops
occurring at the nanostripcontact interfaces oriented per-
pendicular to the hydrogen-bonded strip edges. In addition,

where 0 and 1 represent the unpolarized and spin-polarizedtg good approximation, assume that carriers exit from the

(ground state) solutions, respectively. By fitting the zero-

narrow nanostrip into wide contacts with negligible prob-

temperature energy gap at the zone boundary obtained fromypijity of reflection at the interfacé®.This latter assumption

the spin-polarized solution to the same gap obtained from
our spin-unrestricted LDF calculations (implemented via an
all-electron, linear-combination-of-atomic-orbitals method
developed to treat one-dimensional syst## we getU
= 2.75 eV. Using this value df, which is in line with earlier
estimates? the two-parameter model described by egs81
reproduces the LDF results well for both the spin-polarized
and unpolarized solutions. In particular, the energy disper-
sions match, as do the self-consistent occupan@ies,.,
as shown in Figure 1.

In view of the success of this two-parameter model in
reproducing our first-principles results (which agree well with
those of otherfd1314, we have extended it to include bias.

ensures that right (left) moving states in the nanostrip are
only occupied by states which originate from the left (right)
contacts. Finally, suppose that the contacts provide infinite
reservoirs of electrons which establish different electro-
chemical potentialgy. andug, within the nanostrip for left-

and right-moving electrons, respectively. The steady-state
nanostrip electron distribution is then given byE) =

[f(E — u) + f(E — ur))/2, wheref(E) is the Fermi function.
Using this expression foh(E) in eq 3 yields the self-
consistent equations to be solved in the presence of a bias
voltage,Vys, between the contacts. In solving these equations,
we suppose that the nanostrip remains charge neutral when

Consider a zigzag-edge graphene nanostrip assumed to havéas = 0, which implies thaty = er — €Vyd2 andur = e +

a large length-to-width aspect ratio with its longitudinal axis
extending from left to right (this strip orientation is perpen-
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eVud2, because of electrerhole symmetry between the
valence and conduction bands.

3609



(a) 0.5

E/l7l

(b) —1.555 LI S B R B
(b) 056
% -1.5566
=
~
=
-1.557
0 0.1 0.2
evd,/l?"l

0 0.5 1

Figure 3. Stability of the spin-polarized and unpolarized states at
k (m/a) room temperature. (a) Grand canonical potential per carbon atom,
) ) ) o ) ~ Q, of a zigzag-edge graphene nanostrip with 40 carbon atoms per
Figure 2. Loss of the spin-polarized state with increasing bias ynit cell, plotted against bias voltag¥ys, andl, whereA = +1
within the two-parameter model. (a) Energy dispersion of a spin- and = 0 represent the spin-polarized and spin-unpolarized states,
polarized graphene nanostrip with 40 carbon atoms per unit cell respectively. At zero bias, the unpolarized state is unstable (local
subject to a bias voltage 0.1p|/e at room temperaturd (= 293 maximum). When the bias voltage lies within the range
K). The application of bias voltage changes the electron occupancyg.04 — 0.15 lylle, both states are stable. Above (Below)
in left-moving (red) and right-moving (blue) states. (b) The energy (.15 |y|/e (0.04|y|/e), the spin-polarized (spin-unpolarized) state
dispersion when the bias voltage has been increased td;0/&6 is no longer stable and the system becomes spin unpolarized (spin
This dispersion describes the unpolarized state. polarized). (b) As bias is swept, the system follows either the spin-
polarized (red) or spin-unpolarized (blue) state, depending on its
starting point. Because of the instabilities at the two threshold

Now C.0n3|der. this Z|gzag-e_dge nanostrip |n|_t|aIIy .|n a voltages (magenta), there is a hysteresis between the spin-polarized
stable spin-polarized state. Agsis increased, we find using ;g spin-unpolarized states.

the two-parameter model that the spin-polarized state will

become unstable with respect to the unpolarized state. Thisfrom Figure 1d. The more localized edge states are those
instability causes the energy dispersion to change dramati-nearer the zone boundary in the lowest conduction and
cally, as shown in Figure 2. The loss of stability of the spin- highest valence bands. At the zone boundary, the band
polarized solution can be understood by noting thaty@s  separation is proportional to the local moment of the edge
is increased, some left-moving electrons, primarily in the atoms, which are directly connected to hydrogen atohis;
valence band, will exit the nanostrip through the left contact = |m,03; — ME,U ~ 0.28J. We have found that the
without being replaced by electrons from the right contact. threshold voltage at room temperature and below can be
Simultaneously, some right-moving electrons will enter the estimated byvéjo ~ 0.55AF/e. Because of the edge
nanostrip from the left contact and participate in the right- |ocalization, this estimate is essentially independent of the
moving current. Once the system has reached steady statewidth of the nanostrip as long as it contains more than about
the result can be viewed as an effective repopulation of the eight carbon atoms per unit cell.

electronic states in the nanostrip, where electrons are The stability of these self-consistent solutions can be
“excited” from the valence band into the conduction band. studied further by starting from a grand canonical poten-
Each such “excitation” depopulates a state in the valencetjg[2°3° Q, from which these solutions can be derived by
band and populates a corresponding state with opposite spirtequiring thatdQ/d&. = 0 for everym andz. Treating the

in the conduction band. Consequently, the spin polarization nanostrip as an open systefd,is given by

is reduced, and the self-consistent conduction and valence

bands move S:Iosgr t.ogeEher. Because a narrowing gap can Q=0+ z (E, — TS, — 4 N,) 4)

lead to more “excitations”, positive feedback is possible. In T

fact, at a certain threshold biag;.°, the spin-polarized

state becomes unstable with respect to the spin-unpolarizedvhereQ: = —(U/2)Y i, & » & —» accounts for double counting
state and the spin polarization is abruptly lost. Spin polariza- of the interaction through the fielelanda € {L, R} is the

tion in zigzag-edge nanostrips is an edge effées evident  subsystem at temperatufewith energy
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E,=3 /7 EfE)(E) dE ©)

electronic entropy

S.= 2 [ AE N O +
[~ 1,E1In [ - EN) oE) dE (6)

and number of particles

N, =3 /" f(E)a(E) dE ™

containing all left- or right-moving states. In eqs 3, g(E)
is the model total density of states of the nanostripjsk
Boltzmann’'s constanti,(E) = f(E — u.), andf(E) is the
Fermi function. Note that, in writing eqs-%, we have used
the fact that the total density of states for either left- or right-
moving states is given by (1/Q)E).

In Figure 3a,Q2, normalized per carbon atom, is plotted
againstVys, andA. The latter is given by

_ Ene— P
mlmu' - moqu

A 8

With this choice ofl, the field &n—; = (1 — A)old, +
A4, follows the shortest path between the two self-
consistent solutions. Note tham,[4,, + ,4,—, = 1, because
the strip is neutral, the lattice bipartite, and the dispersio
relations have particle-hole symmetry. Thiiss —1 yields
the same spin-polarized solution/as= 1 but with all spins
reversed. As can be seen in Figure 3b, the loss of the spin-
polarized state aVi.? results in a decrease &, which
makes the process irreversible. The figure also shows the
spontaneous spin polarization of the unpolarized nanostrip
as the bias is reduced below a second threshdig’.

n

Indeed, the hysteresis present in theVlcharacteristics of
some guasi-one-dimensional organic charge-transfef%3lts
could indicate that the necessary behavior has already been
observed.
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