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Tuning the magnetic moments in zigzag graphene nanoribbons: Effects of metal substrates
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We report a systematic theoretical investigation of the effects of metal substrates on the local magnetic moments
of zigzag graphene nanoribbons (ZGNRs). Representative metal surfaces of Au, Pt, Ni, Cu, Al, Ag, and Pd have
been analyzed from atomic first principles. Results show that the local magnetic moments vanish when the
nanoribbons are on top of the surfaces of Al, Ag, Pt, and Pd, while they are preserved for Au, Ni, and Cu. For
s-dominated metals, the magnetic moments of the edge states of ZGNRs can be tuned by a bias voltage. For
p- or d-dominated metals there is significant hybridization between the metal states and the nonbonding 7 orbital
of the ZGNRs; thereby the tuning effect is reduced. We identify the microscopic physical reason behind the bias

tuning of the magnetic properties of the ZGNRs.
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I. INTRODUCTION

Graphene offers an interesting potential as an emerging ma-
terial for electronics applications due to its unique properties.
When a graphene sheet is narrowed down to a nanoribbon
several nanometers wide, additional interesting phenomena
occur since the edges come into play and contribute to the
electronic structure.'> The edge effects on the band structure
of graphene nanoribbons (GNRs) depend on the atomic
configurations at the edge. For zigzag-edge GNRs (ZGNRs),
the localized nonbonding 7 states form a flat band at the Fermi
level, giving rise to a high density of states (DOS); while
for the armchair-edge GNRs, edge states do not exist thus
producing a semiconducting ground state.>* Interestingly, the
edge states of the ZGNR are spin polarized, which has been
theoretically predicted® and experimentally observed.® Since
the magnetic edge states are spatially localized at the edges,
they can be utilized as separate spin channels for spin-polarized
quantum transport.’~'?> Furthermore, such spin channels can be
switched on and off by tuning the magnetic moments of the
ZGNR through external gates, which is proposed in several
theoretical works.!3-1¢

So far, most theoretical investigations have been on free-
standing ZGNRs. Since graphene is often grown on metal
substrates, the chemical interaction between the ZGNR and
metal surface is an important and realistic experimental factor
that should be carefully investigated. It is the purpose of this
work to carry out a systematic theoretical investigation of the
effects of metal substrates on the local magnetic moments
(MMs) of ZGNRs. The local MMs of ZGNRs originate from
the half-filled dangling bond of the edge atom which results
in a sharp peak of DOS at the Fermi level. Due to the Stoner
instability, this peak splits into two around the Fermi level
thereby producing an antiferromagnetic ground state in the
freestanding ZGNR. The existence of a metal substrate may
significantly change this situation. Here we investigate the
ground state atomic structures of a single-layer ZGNR on the
fcc (111) surfaces of Ag, Al, Au, Cu, Ni, Pd, and Pt. The
first-principles calculation results show that the interaction
between the ZGNR and the metal surface can be classified into
two groups. The first is the electrostatic interaction generated
by the s-dominated metals such as Cu, Ag, and Au. The second
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is weak chemical interaction coming from the hybridization
between the nonbonding 7 orbital in the ZGNR and the p or d
states of the metal surface near the Fermi level, as in the cases
of Al, Ni, Pd, and Pt. The energy spectrum of the ZGNR is
shifted in the former group while distorted in the latter group.
Importantly, for s-dominated metals the MMs can be tuned by
an external bias voltage regardless of the initial state. However,
such tuning does not work for the p- or d-metal surfaces.

The rest of the paper is organized as follows. In Sec. II,
the relaxed atomic structures under the influence of metal
substrate (at zero bias) are presented. The results at finite bias
are shown in Sec. III, including the detailed partial density
of states (PDOS) and charge transfer analysis. In Sec. IV, we
discuss the calculation details and Sec. V is reserved for a brief
conclusion.

II. RELAXED ATOMIC STRUCTURES

The relaxed atomic structures are found to be similar for all
the metal substrates. As an example, Fig. 1 shows the top view
and side view of the relaxed ZGNR/Au system. We model the
metal substrate as a fcc (111) surface with the ZGNR aligned
along the y direction. An intermediate lattice constant is used
over the x-y plane in order to match the periodicities of both
the metal and the ZGNR. A narrow ZGNR (n = 4) is picked
because the gap originating from the edge states is inversely
proportional to the width,!” and also because a wider ZGNR
on a wider metal substrate requires very large computational
cost. Since the edge states are localized, the narrowness of the
ZGNR will not affect the overall conclusions. As shown in
Fig. 1(b), a counter electrode separated by a large vacuum is
put on the far right of the ZGNR so that a bias potential can
be applied across the ZGNR between the metal substrate and
the counter electrode. The vacuum between the ZGNR and
the counter electrode is fixed to about 10 A that ensures no
significant tunneling across the vacuum when a bias voltage
is applied.

We use the grid mode of the density functional theory
(DFT) package GPAW'® for the structural relaxation where the
electron wave functions are expanded onto a real-space grid to
bypass the limitations of finite cutoff of the atomic orbital when
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(b)

FIG. 1. (Color online) The relaxed atomic structure of a sample
in the calculations, i.e., a zigzag graphene nanoribbon (n = 4) on the
Au fce (111) surface. (a) The top view of the system which is periodic
along the x and y directions. (b) The side view. The regions in shadow
are part of electrodes which extend periodically to z = f00.

describing the surface contact. The Perdew-Burke-Ernzerhof
(PBE)" functional was employed. Reference 20 has shown
that structures obtained by the local density approximation
(LDA) for metal/graphene systems are in better agreement with
experiments. However, PBE predicts more accurate binding
energies in the case of ribbons where the binding originates
from the edges and hence is more appropriate here. We
use the standard DFT Hamiltonian without taking spin-orbit
interaction into account. A (2,4,1) K-point sampling is adopted
for all the calculations.

In Table I we list the relaxed distances of the ZGNRs from
the different metal surfaces and the corresponding MMs. For
Ag, Al, Pt, and Pd the ZGNR is relatively closer to the substrate
with correspondingly vanishing MMs. This implies that the
MMs are sensitive to the influence of the substrate even when
the interaction between the metal and ZGNR is relatively weak.
In real experimental situations, whether the MMs vanish or not
also depends on other structural details such as the presence of
impurities, defects, and the exact binding sites.?' Investigating
all of these structural details is beyond the scope of this work;
in the following we shall focus on the effects of an external
bias voltage on the properties of the relaxed ZGNRs, since
they are independent of the initial configuration of MMs.

III. BIAS VOLTAGE EFFECT

The reason why the ZGNR-metal interaction plays a crucial
role in determining the MMs can be explained by the Stoner
model. A freestanding ZGNR has half-filled dangling bonds
at the edges which results in a sharp peak of DOS at the Fermi

TABLE I. The local magnetic moment(per edge C atom) and the
binding distance between ZGNR and metal fcc (111) surface. d,
relates to the distance between the ZGNR’s edge and the metal, and
d. relates to the distance between the ZGNR'’s center and the metal;
the combination of these two parameters describes the bending of the
ribbon.

Az Al Au Cu Ni Pd Pt

Magnetic moment (ug) 0 0 0.07 008 006 0 0
d. (A) 290 3.05 3.27 3.58 3.55 3.17 3.14
d. (A) 3.02 330 350 3.60 3.59 322 3.24
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level. If the Stoner criterion for ferromagnetism D(Es)I > 1
is satisfied, the system will be spin polarized.> Here D(E ;)
is the DOS at the Fermi level and I is the Stoner parameter
describing the strength of the exchange correlation. Since the
DOS peak is sharp, the condition can easily be switched on/off
when a gate voltage is applied which shifts the peak around the
Fermi level. The metal substrate thus acts as a gate electrode
when the ZGNR approaches it. When a bias voltage is applied
on the system, it will either enhance or reduce the influence of
the substrate and therefore can be used to tune the MMs of the
ZGNR. In other words, a bias voltage can switch on/off the
spin transport channel along the ZGNR edges.

Nevertheless, the substrate cannot be considered to only
act as a gate. We will show that the metal substrates can be
classified into two groups. One is the s-dominated metals such
as Ag, Au, and Cu, for which the DOS around the Fermi level
is very small and the substrate does not have a strong chemical
bonding with the ZGNR. The interaction between the substrate
and the ZGNR is then almost exclusively electrostatic whose
main effect is to shift the Stoner peak around the Fermi level as
discussed above. The second group is the p- or d-dominated
metals whose electronic structures hybridize with the non-
bonding 7 orbital of the edge C atom, resulting in the broad-
ening or distortion of the Stoner peak. Consequently, the MMs
of the ZGNR are not sensitive to the bias voltage in this case.

Let us focus on the electronic structures of the ground
state first. Figure 2 plots the PDOS of the edge C atom
for four different systems: freestanding ZGNR, Ag/ZGNR,
Au/ZGNR, and Cu/ZGNR. In the case of the freestanding
ZGNR, the PDOS shows a sharp peak at the Fermi level
if the spin degree of freedom is restricted. But if the spin
degree of freedom is released, the peak splits into two peaks
above or below the Fermi level corresponding to different
spins, respectively. For the interface with vanishing MMs
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FIG. 2. (Color online) Partial density of states (PDOS) of an edge
C atom at zero bias. From top down are the results of a freestanding
ZGNR, Ag/ZGNR, Au/ZGNR, and Cu/ZGNR, respectively. Due
to the structural symmetry, for the Ag/ZGNR case the PDOS is the
same at the other edge; for freestanding, Au/ZGNR, and Cu/ZGNR
cases, the curve shapes are the same while the spins are reversed. The
black solid line in the upper panel represents the PDOS when the spin
degree of freedom is restricted.
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FIG. 3. (Color online) PDOS of an edge C atom at zero bias.
From top bottom are results of Al/ZGNR, Ni/ZGNR, Pd/ZGNR,
and Pt/ZGNR. Similar to the Ag/ZGNR case in Fig. 2, they have the
same PDOSs at the other edges.

(Ag), the edge state’s peak is clearly shifted away from the
Fermi level. For interfaces with a finite MM (Au and Cu), the
two characteristic Stoner peaks are clearly visible. Here only
the PDOSs at one edge are shown and due to the structural
symmetry, the PDOS is symmetric at the other edge; i.e., for
Ag/ZGNR they are identical; for Au/ZGNR and Cu/ZGNR
the shapes of the peaks are the same but the spins are reversed.

The behavior of the p- or d-dominated metals is more
complicated as shown in Fig. 3. For p-dominated Al and d-
dominated Pt, the peaks are broadened due to hybridization
with the surface states of the metal and no MMs are present.
Since the Ni surface is magnetic itself, after hybridization the
peak is dominated by the majority spin and broadened slightly.
For d-dominated Pd, the effect of hybridization is not very
obvious at zero bias, but below we will see it becomes clearer
at finite bias voltages. For all four systems, the PDOSs at the
other edge are identical, similar to the Ag/ZGNR case in the
s-metals group.

We now turn our attention to the effect of an external
bias voltage on the system. The properties under an external
bias voltage are calculated within the nonequilibrium Green’s
function (NEGF) method implemented in the GPAW code, '3
where the nonequilibrium electron density is calculated via
the Keldysh nonequilibrium Green’s functions. For detailed
knowledge of this method, we refer interested readers to
the original literature.”* In the self-consistent NEGF-DFT
calculations, a single-zeta-polarized (SZP) basis set is used
for the metal atoms deep in the electrodes, and a double-
zeta-polarized (DZP) basis is used for metal atoms in the
surface layer and the C atoms in the ZGNR. One practical
difficulty in the bias calculation is to avoid the situation that
the self-consistent iteration falls into a trap and converges to a
metastable nonmagnetic state. Since the finite bias calculation
starts from the ground state which sometimes is nonmagnetic
(for example, the Ag/ZGNR case), the final result will turn
out to be nonmagnetic limited by the spin symmetry. To obtain
the correct (energetically more stable) magnetic state, a small
antiferromagnetic density should be mixed into the ground
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state to serve as the initial condition of the self-consistent
NEGF-DFT run.

When a bias voltage V), is applied on the junction between
the metal substrate and the counter electrode, only a fraction of
the voltage drops on the ZGNR due to the large vacuum barrier
between the ZGNR and the counter electrode [see Fig. 1(a)].
Therefore, the energy shift in the spectrum of the ZGNR only
corresponds to a fraction of the applied bias Vipiy = o'V}, Since
« is very small (*0.02 in our calculation), a large voltage is
needed in order to produce a relatively large effect. Due to
the large vacuum, there is essentially no tunneling and our
system is similar to a capacitor with a ZGNR in between the
two capacitor plates. Note that these finite bias calculations
are reasonable even at high bias because only the electrostatic
response of the capacitor-like system is involved and there is no
current running through the system. In the case of Ag/ZGNR,
Fig. 4(a) and Fig. 4(b) show the calculated effective potential
and the voltage drop along the transport direction, respectively.
We can see that the potential converges to the bulk potential at
3—4 layers away from the metal surface, meaning the physical
properties near the boundary are smooth and the high bias
calculation is reliable.

The Ag/ZGNR system is a good example to show that the
bias voltage can open the spin channels. In Fig. 4(c), we can
see the band structures of the ZGNR at zero bias and at a finite
bias of V, = 12 V. Both band structures are spin degenerate

(a) 20
10t

[ 1
A9 Ag Ag Ag Ag Ag Ag GNR

- i
Ag Ag Ag Ag Ag Ag
20 . L . . .

0 5 10 15 20 25

—105 5 10 15 20 75

Position(A)

Energy(eV)
N o

o N

0010203040500 01 0.2 03 04 05
k(2=/a) k(27/a)

FIG. 4. (Color online) (a) The average eftective potential along
the transport direction for the Ag/ZGNR system. (b) The difference
between the potentials at zero bias and a finite bias voltage V,, = 15 V.
The green dashed lines represent the boundary between the bulk
electrodes and the central scattering region. (c) and (d) The band
structures of the Ag/ZGNR at zero bias (c) and a finite bias voltage
V, =12V (d).
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FIG. 5. (Color online) The local MM per C atom against the
bias voltage on the s-dominated systems (upper panel) and the p- or
d-dominated systems (lower panel).

because of the antiferromagnetic symmetry. In the former, the
horizontal line (k from O to 0.2) representing the edge states
is shifted slightly below the Fermi level due to the interaction
with the substrate, consistent with the PDOS result presented
above. A gap of about 0.2 eV is opened when a 12 V bias
voltage is applied. These band structures are unfolded since
the unit cell in our calculations is double the size of that of
the primitive ZGNR. The opening of the band gap implies that
the spin channels are switched on since the conduction and
valence bands are spin polarized at the edges.

After demonstrating the electric switching of the spin
channels in the above specific example, we now provide an
overall physical picture of the phenomena. The systematic
effect of the bias voltage can be illustrated by a relationship
between the bias voltages and the local MMs, as showed in
Fig. 5. For the s-dominated metals, as expected, the MMs
increase or decrease as a function of the bias voltage. In the
case of Ag, the MM increases as a result of the shift of the
occupied peak towards the Fermi level. In the cases of Cu and
Au, which are initially spin polarized, the applied bias moves
the peaks away from the Fermi level, thus reducing the MMs.
They all roughly follow a linear trend against the bias voltage.
For p- or d-dominated metals, the MMs seem to only have a
small random fluctuation during the process, and the simple
electrostatic interpretation is not sufficient due to the stronger
hybridization between the ZGNR and the metal surfaces.

Now we examine the detailed PDOS of the ZGNR after
turning on the bias voltage. In the biased situation, there are
two Fermi levels in the system corresponding to the two
electrodes;?® in the corresponding plots we only show the
Fermi level of the left electrode (the substrate) since the ZGNR
sits on the left electrode and is strongly coupled to it. For
s-dominated metal substrates, the PDOS of the edge C atom
under the bias voltage V, = 12 Vis shown in Fig. 6. For Ag, the
original nonmagnetic PDOS peak splits into two Stoner-type
peaks, one residing above and the other below the Fermi level,
implying that the system becomes magnetic. For the Au and
Cu substrates, the gaps between the two Stoner peaks shrink
and the occupied Stoner peaks start to move across the Fermi
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FIG. 6. (Color online) PDOS of an edge C atom at a finite bias
voltage V, = 12 V. The dashed green line represents the Fermi level
of the left electrode. From top down are the results of Ag/ZGNR,
Au/ZGNR, and Cu/ZGNR.

level, implying that the local MMs decrease. Clearly, it is the
electrostatic effect that dominates the s-metal cases.

The results of the p and d metals are shown in Fig. 7. We
can see that under a finite bias voltage, the PDOS peaks are
strongly distorted and/or broadened in all the cases, indicating
that states of the ZGNR hybridize with the states of the
metal substrate. The PDOS peak in the Al case becomes
rather smooth over a wide energy region, while for the d
metals there are still some features around the Fermi level
although the shapes are completely different from the ground
state. In the case of Ni, some minority states mix in while
the MM is not changed very much. The peaks in the Pd
and Pt cases are relatively narrow in the ground state but
are extended significantly under the finite bias. Thus we can
conclude in these cases that the original edge states are no
longer local and the MMs become strongly dependent on
the particular electronic structure of the substrate metal. The
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FIG. 7. (Color online) PDOS of an edge C atom at a finite bias
voltage V, = 12 V. The dashed green line represents the Fermi level
of the left electrode. From top down are the results of Al/ZGNR,
Ni/ZGNR, Pd/ZGNR, and Pt/ZGNR.
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further knowledge of the nonequilibrium states under strong
hybridization remains unknown and may be interesting for
future work.

IV. DISCUSSION

So far we have investigated the effects of the metal
substrates on ZGNRs and the possibility to tune the MMs by
applying a bias voltage. The basic idea is to charge or discharge
the ZGNR layer that moves the PDOS peak of the edge states
toward or away from the Fermi level, subsequently affecting
the edge magnetization. For s-dominated metals, the trend is
predictably linear and thus the tuning can be in good control,
which is ascribed to the electrostatic interaction between the
ZGNR and s metals. Note that this effect is only related to the
edge magnetic moments which is accompanied with a sharp
DOS peak right at the Fermi level, and it is not likely to happen
in the case of bulk magnetization since the corresponding DOS
peak is much broader.

The reason why it is the electrostatic interaction between the
ZGNR and s metals and the stronger hybridization (chemical
interaction) between the ZGNR and p or d metals can be
roughly explained by Table II. Due to the difference in the
orbital degeneracy, the s metals have much smaller DOS at
the Fermi level compared with the p or d metals; hence the
s metals have a weaker hybridization with the ZGNR and the
interaction is dominated electrostatically.

In our device model (see Fig. 1), the bias voltage is used
to move the PDOS peak toward or away from the Fermi level,
i.e., charge or discharge the ZGNR. To be consistent, we show
in the plots the results of negative bias voltage—meaning the
potential falls from the right to the left, which is to discharge
the ZGNR or move the PDOS peak downward. The behavior
of Pd/ZGNR under a positive bias voltage might be of interest
since its PDOS peak is above the Fermi level. However, our
results show that the MMs of Pd/ZGNR remain zero under a
fairly large positive bias voltage (12 V).

In Fig. 8 we show the charge transfer for all the systems.
All the curves are below the horizontal black dashed line,
i.e., the line representing the neutral charge; this means that
the ZGNR loses electrons to the metal substrates. In Table II
we list the electron loss of the ZGNR in all the systems in
the ground state. We can see that the s metals with smaller
DOS at the Fermi level might have larger total charge transfer,
which is different from the case in the previous works?>2
where the metal adatoms are adsorped on a pure graphene
flake and the charge transfer between the metal and graphene
can be taken as a term to estimate the hybridization. In our
model, the mismatch of DOS and charge transfer possibly
implies that some low-energy electrons come into play. When

TABLE II. The PDOS at Fermi energy of per metal atom on the
surface and the electron loss (A Q) of the ZGNR in each unit cell.
The two numbers of Ni in PDOS represent the majority and minority
spins.

Ag Au Cu Al Ni Pd Pt

PDOS (e~ /eV) 0.12 0.14 0.11 024 3.8,0.14 097 1.00
AQ (e7) 0.72 032 033 0.85 0.19 045 0.23
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FIG. 8. (Color online) The total charge of the ZGNR in different
systems under a finite bias voltage. The horizontal dashed black line
represents the neutral level.

a finite negative bias voltage is applied, the metal substrates
drag electrons out of the ZGNR even further. The relations are
quite linear, and combining with the relations between the bias
voltage and the MMs, we conclude that it is a stable property
which can be used in tuning the MMs and controlling the spin
channels.

The intrinsic spin-orbit interaction (SOI) of pure graphene
is extremely small and thus can be neglected. On the other
hand, Nicolay et al. reported that the SOI is not negligible for
the Au fec (111) surface,?” and the SOI in the combined system
of Au/graphene has also been investigated.”® Nevertheless, the
tuning of edge states of the ZGNR by a bias voltage studied
in this paper is mainly controlled by the electric field and
the coupling strength to the substrate that is dominated by
the overall DOS around the Fermi level. For the Au surface,
the DOS has a very smooth s feature and its finer electronic
structure is not expected to play any significant role.

Finally, there could be a small atomic reconstruction under
finite bias. To this end we calculated the forces when increasing
the bias voltage.>* The results show that the ZGNR tends to
move toward the metal substrates under a negative bias but
the effect is very small: The maximum force under 12 V bias
voltage is found to be only 0.03 eV/A. This effect can also be
discussed from the charge transfer point of view. The ZGNRs
lose some electrons to the metal surface in equilibrium. A
negative bias voltage drives slightly more electrons out of the
ZGNR to the metal but this extra charge transfer is nevertheless
very small—the maximum being on the order of 0.0le for s
metals. The tiny charge transfer due to bias implies that the
bias-induced atomic reconstruction should be very small.

V. SUMMARY

Fabrication techniques of graphene on metal surfaces have
been well developed.?’ For application to nanoelectronics,
one usually transfers the as-grown graphene to semiconductor
surfaces for further processing. The transfer procedure has
detrimental effects on the quality of the graphene. Here we
found that the properties of the ZGNR on metal surfaces
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have some very interesting behavior that may be exploited
further. By atomistic first-principles calculations, we show
that the magnetic moments are tunable by an external bias
voltage applied on the s-metal substrates. This is due to the
dominating electrostatic interaction between the ZGNR and
s-metal surfaces. On the other hand, the ZGNR interacts
strongly with p or d metals by chemical hybridization, and
bias tuning is less effective. Through detailed analysis of the
PDOS and charge transfer in these systems, we conclude that

PHYSICAL REVIEW B 86, 075146 (2012)

the Stoner effect is responsible for this phenomenon, and the
process is quite linear and stable (as a function of bias), which
suggests suitable applications are possible.
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