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Based on first-principles calculations, we propose an exchange-transfer mechanism to understand the

distinctively different behaviors of Pd and Pt contacts on graphene. The feature of the mechanism is that

the � electrons on the graphene transferring to the Pd dxz þ dyz orbital are largely compensated by the

electrons from the Pd dz2 orbital. This mechanism causes more interaction states and transmission

channels between the Pd and graphene. Most importantly, the mechanism keeps enough � electrons on the

graphene. We show that a tensile strain in the Pd layer, necessary to match the graphene lattice, plays a key

role in stimulating this exchange transfer when Pd covers on graphene, while a similar strain in the Pt layer

does not cause such a mechanism.
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A key problem for improving performance of electronic
devices is reducing or eliminating the electronic barrier
into devices, specifically for nanoelectronic devices made
by nanomaterials such as carbon nanotubes (CNT) [1]. It
was reported by Javey et al. [2] that by choosing the correct
combination of metal and CNT, the barrier could be effec-
tively reduced. They found that a ballistic transmission
between Pd and semiconducting single-walled carbon
nanotubes (SWNT) with a wide diameter (3 nm) can be
achieved. The same group also found that Pd has an Ohmic
contact on metallic SWNTs [3]. In contrast, however, Pt
forms a non-Ohmic contact when coating on either semi-
conducting or metallic SWNTs [2,3]. A question has thus
been posed since that time: why do the two metals with
electronic isostructures have such a different behavior
when coating on CNTs [4].

Because of its importance for low resistance contacts to
nanotubes from both technology and fundamental aspects
of the nanoelectronic devices, the question has stimulated
much effort to clarify the physics [1,3,5–10]. Compared
with other metals such as Ti, Au, Ni, Nb, and Al coating on
CNTs, a conventional understanding is that the low barrier
between Pd and CNT may be traced to the high work
function of Pd (5.1 eV) [2]. However, Pt has a higher
work function (5.7 eV) [2]. The barrier heights of metal
(Au, Pd, Pt) and semiconducting (8,0) SWNT junction
were calculated by Shan and Cho [5]. They found that Pd
SWNT has the lowest barrier height, however, only 0.1 eV
lower than that of Pt. Based on first-principles calculations,
five metals (Ti, Pd, Pt, Cu, and Au) contact with SWNT
were studied by Matsuda et al. [10] and they found that Ti
leads to the lowest contact resistance, which is in contrast
to the experiments [1].

The observation by Javey et al. [2] still remains to be
understood. This observation is of experimental nature to
underline the importance of a thorough theoretical inves-
tigation. In theoretical aspects, however, simulating atoms
coating on a CNT is still a challenge. Because of computer

consumption, the contacts between CNTs and electrodes
are conventionally simulated by either end contact or side
contact. However, metal coated on CNTs should realisti-
cally be neither side contact nor end contact; rather, CNTs
should be surrounded by metal atoms, a dirty system
without translation symmetry. The actual atomic structure
at the contact is unclear, perhaps due to the change from
sample to sample for fabricating. Therefore, it is instructive
to extract the different interaction involved when Pd and Pt
are coated on CNTs from various effects. As a first attempt,
we study the contact of Pd and Pt on graphene instead of on
CNTs, in order to circumvent the difficulty for modeling
the contact of metal coating on CNTs and to provide a
useful guidance for interpreting the experiments. On the
other hand, as an unrolled CNT, the graphene itself is also a
rapidly rising star of the family of carbon nanomaterials
with interesting electronic, thermal, and mechanical prop-
erties for potential applications and technological advance
in electronic device miniaturization [11]. Those contacts
with electrodes are also critically important and have at-
tracted increasing attention.
Based on first-principles calculations, we propose in this

Letter an exchange-transfer mechanism to understand the
distinctively different behaviors of Pd and Pt contacts on
graphene. Our calculations were performed under the
framework of density functional theory as implemented
in the VASP package [12]. Electron-ion interactions were
described by the projector augmented plane wave method
[13], and the wave functions were expanded in a plane
wave basis set with an energy cutoff of 500 eV. The k
points in the two-dimensional Brillouin zone were sampled
on a 16� 16 mesh. It is well established that the local
density approximation (LDA) [14] for the exchange-
correlation interaction underestimates the distance for the
van der Waals interaction, while the general gradient ap-
proximation (GGA) [15] overestimates it. We find that the
LDA gives rise to a graphite layer space of 3.34 Å, in good
agreement with the experimental value, while the GGA
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leads to a layer space of 4.64 Å. Using the LDA, we
calculated multilayer relaxations for Pd and Pt(111) sur-
face. The layer relaxations of the topmost five layers
for Pt(111) are þ0:68%, �0:45%, �0:30%, þ0:03%,
þ0:14%, respectively, while for Pd(111), the layer relaxa-
tion of the topmost layer is þ0:30%. These layer relaxa-
tions are in good agreement with that obtained by the GGA
in recent work [16]. Thus, we adopt the LDA in our
calculations. The calculated lattice constants of graphene,
Pd, and Pt are 2.45, 3.86, and 3.91 Å, respectively, which is
consistent with the experimental values, 2.46, 3.89, and
3.91 Å, respectively [17,18]. The calculated bulk moduli of
Pd and Pt are 2.22 and 3.02 Mbar, respectively, which also
agrees well with the experimental values 1.808 and
2.783 Mbar [18]. In the calculations, the systems were
modeled as slabs with several Pd (Pt) atomic layers and
one graphene layer, separated by a vacuum of about 16 Å.
All atoms are allowed to relax until the Hellman-Feynman

forces on the atoms smaller than 0:01 eV= �A.
We first determine the geometric structures of Pd (Pt)

depositing on the graphene. We use a
ffiffiffi

3
p � ffiffiffi

3
p

unit cell of
metals within a fcc structure in the (111) orientation, which
forms a hexagonal lattice, to accommodate a 2� 2 unit
cell of the graphene, a two-dimensional honeycomb struc-
ture. This leads to a 3.5% and 2.3% tensile strain (defined
as a ratio of the extension compared to its original dimen-
sions in percentage) for Pd and Pt layers, respectively. This
unit cell for one metal monolayer (ML) covering on the
graphene has three metal atoms and eight carbon atoms.
The optimized average distance of the metal to the gra-
phene layer is 2.49 and 3.33 Å for Pd and Pt with the
adsorption energy of 0.54 and 0.26 eV per unit cell, re-
spectively. This means that the Pd layer is coupled with the
graphene, while the Pt layer is a relatively inert layer. Two
of three Pd atoms in the unit cell favor occupying the top
site of the graphene, and the other one favors the hollow
site, which are noted in the following by using subscripts
‘‘top’’ and ‘‘hol.’’

To check the thickness effect of the metal layers on the
distance, we deposit more metal layers on, which are
extended in the (111) orientation of the fcc structure. It is
shown that for up to 5 ML, the average distance of the Pd
(Pt) and graphene layer at the interface is changed less than
0.25 Å; specifically, the average distances for 2–5 ML Pd
on graphene are 2.39, 2.26, 2.35, and 2.30 Å, respectively,
while those for 2–5 ML Pt on graphene are 3.19, 3.26, 3.25,
and 3.18 Å, respectively, in good agreement with recent
calculations [19].

The distance of the contact layers for the Pd and Pt on
graphene shows that the contact of Pd and Pt on the
graphene is really distinctively different. To understand
the physical mechanism, we examine the charge transfer
for 1 ML Pd on graphene. Figure 1 shows its charge density
difference, defined as �� ¼ �Pd=graphene � �graphene � �Pd.

Here �Pd=graphene, �graphene, and �Pd represent the charge

density of the Pd covering on graphene, the graphene layer,

and the Pd freestanding layer, respectively. The yellow
(lighter) isosurface corresponds to an electron increase
zone, while the red (darker) one is an electron depletion
zone. Clearly, the red (darker) distribution around the Pd
has the type of the dz2 orbital, while the yellow (lighter)

one shows the dxz þ dyz component. The charge density

difference for 5 ML Pd on graphene shows similar charac-
ters, implying that the free surface of the metal multilayer
has only small influence in the behaviors of the contact
layers.
Analyzing the orbital symmetry one can conclude that

electrons transfer between the Pd and graphene layer. The
graphene � orbital plays a bridge role in the electron
transfer between the Pd and graphene layer. The electrons
on the� orbital of graphene transferring to the dxzþdyz or-

bital of Pd are largely compensated by the electrons on the
dz2 orbital of Pd. We denote the mechanism as exchange

transfer. Doubtless, this exchange-transfer mechanism in-
creases the interaction states and transmission channels
between the Pd and graphene layer. Most importantly, the
mechanism keeps enough � electrons on the graphene.
In order to further illustrate the evolution of these states,

we display the local density of states (LDOS) of the dxz þ
dyz orbitals of the Pd contact layer for 1 and 5ML Pd on the

graphene in Figs. 2(a) and 2(b), respectively. In the figure
the LDOS of Pdtop and Pdhol are represented by solid

curves and dashed curves, respectively. As a reference,
we also plot the LDOS for the corresponding Pd freestand-
ing layer (dotted curve).
The LDOS for the 1 ML Pd freestanding layer (dotted

curve) has two main peaks at about �1:7 and �0:3 eV,
respectively. Analyzing the orbital components and elec-
tron distribution of these states indicates that the states near
�1:7 eV are dominantly hybrids of the dxz þ dyz orbitals

between the neighboring Pd atoms, which can be identified
as bondinglike states, while those near �0:3 eV can be
identified as antibondinglike states due to its wave function
nodes between the neighboring atoms. The hybrids of the
dxz þ dyz orbitals are strain-dependent.

FIG. 1 (color online). Charge transfer for 1 ML Pd on gra-
phene. The blue (darker) and green (lighter) balls represent Pd
and C atoms, respectively. The yellow (lighter) and red (darker)
isosurfaces (�4:5� 10�2e= �A3) correspond to electron increase
and depletion zone, respectively.
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We find that the dxz þ dyz bands for the 5 ML Pd case
are more extended than those for the 1 ML Pd case, as
shown in Fig. 2(b). This can be expected. Furthermore, the
LDOS for the freestanding 5 ML Pd (dotted curve) has
many peaks, which are created by interactions between
dxz þ dyz orbitals at the surface and interactions between

dxz þ dyz orbitals at the surface and d orbitals in subsur-

face. However, the states near �0:81 and �0:30 eV can
still be identified as bonding and antibonding states of the
dxz þ dyz at the surface, respectively. Other main peaks are

surface states created by interactions between the surface
and the subsurface. When 5 ML Pd are deposited on
graphene, the states at �1:15 and �0:71 eV can be iden-
tified mainly localized in the Pd contact layer. The features
of the interactions for the 1 ML Pd on graphene partly
remain for the 5 ML Pd on graphene. These interactions in
the contact layer and with the sublayers are also strain-
dependent.

Thus we can understand the origin of the interaction
between Pd and C: when Pd covers graphene, the � elec-
trons of the graphene transfer to the antibonding states of
Pd dxz þ dyz orbitals, weakening the bonding states. For

1 ML Pd on graphene, as the interaction between the
neighboring Pd atoms decreases, the bonding states near
�1:7 eV will move up to �0:5 eV, where a sharp peak
appears in the LDOS for Pdhol (dashed curve) in Fig. 2(a).
In contrast, the changes of the LDOS for Pdtop (solid curve)

are not as large, since the Pdhol has six neighboring C atoms
within the interaction range of the dxz þ dyz orbitals, while

the Pdtop only has three.

Next, we focus on why Pt on graphene does not behave
like Pd on graphene, although the two systems have simi-

lar structures. Figure 3(a) shows the band structures of
the freestanding 1 ML Pt with the lattice constant cor-
responding to that of the graphene. In the figure, two
solid curves represent the bands of the dxz þ dyz bonding

(lower) and antibonding (upper) states, respectively.
Figures 3(b) and 3(c) display electron distributions of the
lower and upper band at the M point, respectively. The
distribution for the bonding states is quite flat, similar to
that of the � electrons of graphene. These two electron
distributions between Pt and graphene are repulsive. The
similar repulsive behaviors between graphite interlayers
are also observed [20]. In contrast, the electron distribution
of the antibonding states fluctuates, which attracts the �
electrons of the graphene. Therefore, the interlayer inter-
action between Pt and graphene is mainly dominated by the
dxz þ dyz bonding and antibonding states of Pt, which

depend strongly on the strain in the Pt layer due to match-
ing the graphene lattice.
Our calculations show that the peak of the dxz þ dyz

bonding states of the freestanding 1 ML Pt shifts from
�2:31 eV for the 0.0% strain to �2:07 and �1:88 eV for
the 2.3% and 4.5% strains, while for the Pd, this peak shifts
from�2:01 eV for the 0.0% strain to�1:68 and�1:62 eV
for the 3.5% and 4.5% strains. This indicates that with the
increase of the tensile strain, the bonding is weakened and
thus the chemical reactivity increases. However, it is not
favorable for the Pt layer to extend its lattice to match the
graphene lattice. It is shown that the calculated surface
stress for the freestanding 5 ML Pd to match the graphene
lattice is �3:29 eV per 1� 1 unit cell, while for the 5 ML
Pt the value is�3:76 eV. Furthermore, we find that for the
1 ML Pt on graphene, three Pt atoms in the unit cell shrink
to form an equilateral triangle with the bond length of
2.67 Å, 0.17 Å smaller than that in bulk Pt with the same

FIG. 3 (color online). Band structures for the freestanding Pt
layer (a). Panels (b) and (c) are the electron distribution for the
lower and upper band (solid lines) at the M point, respectively.
The Fermi energy is set at zero. The isosurface is 3:4�
10�2e= �A3.

FIG. 2. Local density of states of dxz þ dyz orbitals in the
contact layer for 1 ML (a) and 5 ML (b) Pd on graphene. The
solid curves and the dashed curves are the LDOS of the atoms on
the top and hollow sites, respectively. The Fermi energy is set at
zero. The corresponding LDOS for the freestanding layer is
given by the dotted curves.
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strain of 2.3%. In contrast, for 1 ML Pd on graphene, the
distance of Pdtop-Pdtop and Pdtop-Pdhol is 2.83 and 2.84 Å,

respectively, almost the same as that in bulk with the same
strain of 3.5%, 2.83 Å. This fact is consistent with the
experimental observations: the Pt forms particles when
coating on CNT, while the Pd can continuously grow on
CNT due to a strong interaction with CNT [21]. Our
calculations show that this contraction begins from 1.0%
tensile strain in Pt monolayer, while up to 6.4% tensile
strain in Pd monolayer the Pd does not contract, indicating
that in quite a wide range of the strain, the interaction
competition between Pt-Pt and Pt-C (Pd-Pd and Pd-C)
favors the Pt-Pt interaction for Pt=graphene, while it favors
the Pd-C interaction for Pd=graphene. As a consequence,
due to low reactivity, Pt cannot trigger the exchange trans-
fer in the Pt on graphene.

Now it can be concluded that the key to understand the
different behaviors of Pd and Pt contacts on graphene is the
hybridization of the dxz þ dyz orbitals between the neigh-

boring metal atoms. The strain effect on the reactivity of
metal surfaces has also been discussed by Mavrikakis
et al., and they concluded that surface reactivity increases
with lattice expansion, following a concurrent up-shift of
the metal d states [22]. Following this viewpoint, it can be
expected that if the hybridization of the dxz þ dyz orbitals

between the Pd atoms changes strongly enough to favor the
interaction of Pd-Pd compared with that of Pd-C, the
exchange-transfer mechanism will be suppressed, and the
distance of the contact layer between Pd and graphene will
thus increase.

In order to confirm this argument, we deposited H on the
hollow site of the Pd layer. After full relaxation, the
distance of Pd and graphene increases to 3.08 Å. The
distance of H to Pd is 1.78 Å, and the height of H to the
Pd plane is 0.74 Å. Analyzing the electron distribution
indicates that the electrons in the dxz þ dyz orbitals of Pd
transfer to H atoms, as shown in Fig. 4; that is, the dxz þ
dyz antibonding orbitals lose electrons, leading to stronger
bonding states, thus decreasing the chemical reactivity of
the Pd layer and turning off the exchange-transfer
mechanism.

In summary, based on first-principles calculations, we
showed that the dxzþdyz bonding of the neighboring
Pd (Pt) atoms, which depends strongly on the strain in
the Pd (Pt) layers, is mainly responsible for the different
behaviors of Pd and Pt contacts on graphene. It has been
demonstrated that the tensile strain in the Pd layer due to
matching the graphene lattice leads to increasing its chemi-
cal reactivity, resulting in the electron exchange transfer
between the Pd and graphene layer, while a similar strain in
the Pt layer could not cause such interactions. The
exchange-transfer mechanism increases the interaction
states and transmission channels between the Pd and gra-
phene. Most importantly, the mechanism keeps enough �
electrons on the graphene for conducting. Since the differ-
ence of electronic structures between the graphene and
carbon nanotubes is mainly in curvature effects [23], the
physical origins may be extended to understand the differ-
ent contact of Pd and Pt coating on carbon nanotubes and
are specifically presumable for Pd and Pt on the CNTs with
a large diameter.
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