PHYSICAL REVIEW B 88, 235431 (2013)

Imprint of transition metal d orbitals on a graphene Dirac cone
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We investigate the influence of SiO,, Au, Ag, Cu, and Pt substrates on the Raman spectrum of graphene.
Experiments reveal particularly strong modifications to the Raman signal of graphene on platinum, compared
to that of suspended graphene. The modifications strongly depend on the relative orientation of the graphene
and platinum lattices. These observations are theoretically investigated and shown to originate basically from
hybridization of electronic states in graphene and d orbitals in platinum. It is expected that, quite generally,
hybridization between graphene and any material with d orbitals near the Fermi level will result in an imprint on
the graphene Dirac cone, which depends sensitively on the relative orientation of the respective lattices.
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I. INTRODUCTION

Raman spectroscopy has proven to be particularly use-
ful in elucidating the vibrational phonon structure of
low-dimensional solids such as fullerenes, nanotubes, and
graphene.'~’ In graphene, Raman also serves as a convenient,
relatively local (~1 um size scale) probe of sample layer
number and defect concentration for exfoliated samples
or those grown directly on metal substrates such as Cu.
Recently there has been success in growing relatively flat
and large-grain-size, high-quality graphene on platinum.®-'°
Interestingly, the Raman signal from graphene on Pt can
be orders of magnitude smaller in intensity than that from
graphene on Cu or SiO;. This result, surprising in light of the
assumed weak van der Waals interaction between graphene and
Pt,%19-13 has been vaguely attributed to an unspecified “strong
platinum-graphene interaction”.”!* Proper identification and
understanding of the suppression mechanism is lacking.

We here contrast the Raman signature of suspended
graphene, graphene on SiO,, Au, Ag, Cu, and Pt, including
single-crystal Pt, and floated graphene brought close to a
Pt surface. The results for Pt cannot be accounted for by
simple substrate screening. Instead, our experiments and
theoretical investigation reveal rich physics underlying the
Raman spectrum modification. For graphene on Pt, the Raman
spectrum reflects the hybridization between graphene Dirac
cone states and Pt d orbitals, where the hybridization is
strongly dependent on the in-plane position of the d orbital
relative to the graphene lattice, and on the orbital character.
The s orbitals interact very weakly with the Dirac cone because
of the specific nature of the graphene band structure. Thus,
and rather remarkably, Raman spectroscopy reveals a detailed
imprint of the transition metal d orbitals on the Dirac cone.
The d orbitals in Au, Ag, and Cu are too far from the Fermi
level (more than 2 eV below) to affect the Raman signal in our
experiment.

II. EXPERIMENT

Graphene samples used in this work are prepared by
chemical vapor deposition (CVD),%%!5 either grown directly
on the substrate of interest [Cu or Pt polycrystalline foils, or
Pt(111) single crystal] or transferred post growth from Cu or
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Pt onto SiO, (1-mm-thick fused silica), Au, Ag, and selected
Pt substrates. The suspended graphene sample is prepared
following our previous work.'® Graphene is removed from
Cu via conventional etching'’ and from Pt via bubble release.?
Raman measurements are performed primarily using a laser
wavelength of 488 or 514 nm and power 0.9 mW. Details
of the sample preparation can be found in the Supplemental
Material.!”

Figure 1 shows details of the Raman spectrum measured
by a 514 nm laser near 2600 cm™~' [2D peak] and 1600 cm™!
(G peak) of suspended graphene and graphene on various
substrates. The spectra for graphene transferred onto SiO;,
Au, or Ag substrates have reduced intensity, but the 2D and
G peak positions, width, and 2D/G intensity ratios are similar
to those for suspended graphene. The spectrum of graphene
grown directly on Cu shows blueshifted G and 2D peaks,
indicating compressive strain,'® as previously reported. The
spectrum of graphene grown on Pt has dramatically reduced
and sometimes substantially shifted 2D and G peaks. The
peaks can vary significantly from place to place, producing
location-dependent results (however, if only one location of the
sample is measured, the result is highly consistent). Figure 1
shows one example, where the 2D peak for graphene on Pt is
nearly four orders of magnitude smaller than that for suspended
graphene, and blueshifted by over 50 cm~!. The G peak for
the same sample region is reduced by nearly two orders of
magnitude. We have also prepared a sample of graphene floated
on water, where the graphene is brought close to a bare Pt
surface by evaporating the water. The graphene Raman signal
is high (and reminiscent of suspended graphene) with a water
spacer present, but is largely quenched when the graphene
touches the Pt (data in Supplemental Material'7).

III. RESULTS AND DISCUSSION

We first explore electromagnetic screening as a possible
cause for the quenching of the Raman signal of graphene on Pt.
Electromagnetic screening arises from reduced optical fields
from electromagnetic antiresonances in the substrates.!” To a
first approximation, the screening factor S can be expressed
by the fourth power of the ratio of the total electric field E
at the graphene location to the incident excitation field E;,.>°
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FIG. 1. (Color online) The Raman signal for graphene on plat-
inum is strongly suppressed compared to suspended graphene, and
graphene on SiO,, Au, Ag, and Cu (514 nm laser, 10 s integration).
The data on Pt are from 5000 s integration time and amplified by
100 times for better viewing. The small peak at ~1554 cm~! near the
G peak on Pt is from environment oxygen.’® The numbers (black)
below the substrate labels are the predicted peak intensity based
only on screening [Eq. (1)]. The numbers above each curve are the
experimentally measured peak intensities. The intensity is defined as
the area covered by the peak and all the intensity values are normalized
to the ones from suspended graphene.
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where n is the complex refractive index of the substrate.’!
Equation (1) predicts S values of 0.43, 0.32, 0.14, 0.13, and
0.03 for SiO,, Au, Ag, Cu, and Pt substrates, respectively.
These values are shown in Fig. 1 in black below the
respective substrate along with the experimentally derived
peak intensities (all normalized to suspended graphene). The
observed peak intensities for SiO,, Au, Ag, and Cu substrates
can be reasonably well accounted for by screening, but the 2D
peak for graphene on Pt is approximately 50 times smaller
than expected. Indeed, as we show below, under certain
circumstances the 2D peak for graphene on Pt can be virtually

Pt, orientation a

E (eV)

Pt, orientation

PHYSICAL REVIEW B 88, 235431 (2013)

undetectable. Hence screening is eliminated as the sole cause
of Raman signal quenching for graphene on Pt.

We next consider Pauli blocking as a cause of the Raman
signal quenching. The G and 2D peaks of graphene result
from resonance Raman processes, in which electrons are first
excited to the conduction band by the incoming photons and
then interact with phonons. Given the large work function
difference between graphene and platinum (4.48 and 6.13 eV,
respectively 2?), graphene could transfer significant charge to
Pt, resulting in the electron excitation being Pauli blocked.
However, both theory and experiment indicate a relatively
small Fermi level shift of ~0.4 eV relative to the Dirac
point.!%2223 This energy shift is not sufficient to block the
optical transition caused by photons with energy up to 2.5 eV
(488 nm). We also note that doping or strain could shift the
peak position,>*?> but they have little effect on intensities and
peak widths.

IV. MODELING AND CALCULATION OF
HYBRIDIZATION

Therefore, we turn to more in-depth theoretical calculations
to clarify the reduction of the Raman 2D signal in graphene
on Pt. Figure 2 shows our band structure calculation?®?” of
graphene on a Pt slab. The distance between the graphene and
the platinum slab is kept at z = 3.3 A,'%?® and we consider the
three most common relative orientations of the graphene lattice
with respect to the Pt(111) surface.?” The Dirac cone is strongly
hybridized when in contact with the Pt slab. Furthermore, the
size and the orbital character (different colors in Fig. 2) of the
hybridization gap depend strongly on the relative orientation
of the graphene lattice with respect to the Pt lattice (compare
orientations «, 8, and y29 in Fig. 2).

From Fig. 2, it is clear that the effect of the Pt hybridization
with the graphene Dirac cone is quite complicated. We first
work with a simplified model in which graphene states are
hybridized with only one metallic (s or d) orbital per graphene
unit cell, and vary the metallic orbital position and character.
Furthermore, we assume that these metallic orbitals form a flat
energy band, so that we can easily tune their energy relative
to the Dirac point. We parameterize the hybridization strength

Pt, orientation y
”

FIG. 2. (Color online) The graphene Dirac cone is strongly affected by a Pt substrate, and varies substantially between the three most
common misorientations of the graphene and Pt lattices (orientations &, 8, and y° correspond to 2 x 2,3 x 3, and 4 x 4 graphene
lattice supercells). A comparison of the Au substrate where the cone structure is preserved in this energy range can be found in Supplemental
Material.!” The thickness of each line in the plot is proportional to the graphenelike character of the state. The color of each line segment is
proportional to the mixture of graphene states with different metallic d orbitals in the topmost layer of the Pt slab substrate. Red, green, and blue
color components correspond to three different projections of the angular momentum perpendicular to the platinum surface (m =0, +/—1,
or +/—2, respectively). Graphene states with no d character are colored white. The path in reciprocal space for all three misorientations is

along the I"'-K-M lineof the primitive graphene Brillouin zone.
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FIG. 3. (Color online) Reduction of the graphene Raman (laser energy: 1.96 eV) 2D signal intensity upon hybridization with a metallic
flat band (with only one metallic orbital per graphene unit cell). (a) — (c) Reduction of the Raman 2D signal depending on the position of
the metallic orbital with respect to the graphene lattice (different panels), orbital character (different line colors and styles), and energy of the
metallic band relative to the Dirac cone (horizontal axis). Reduction of the Raman 2D signal is almost negligible for the s orbital, even though
its head-to-head matrix element is of the same order of magnitude as for the d orbital [both in ¢ and morientation; see (d)]. The effect of d

orbital hybridization is strongly dependent on the d orbital character.

between the graphene p, orbitals and the metallic s and d
orbitals using the full density-functional-theory calculation
(see Supplemental Material'”). This yields the hybridization
matrix element between carbon p, and Pt orbitals at the same
in-plane position (head to head), but separated vertically by z.
Itis close to — 0.2 eV for both s and d orbitals [see Fig. 3(d)],
but as the in-plane separation between the carbon p, and
metallic orbitals is increased, hybridization with strongly
anisotropic d orbitals results in a much faster decay than
with the isotropic s orbitals. In this simplified model, an
almost negligible hybridization gap is opened by the metallic
s orbitals, while the size of the hybridization gap opened by
the metallic d orbitals is strongly dependent on the orbital d
character and position relative to the graphene lattice. These
observations are consistent with those from the calculations
shown in Fig. 2, and with previous work.3%-3?

Next we compute the graphene Raman G and 2D signals
using a simplified model following Ref. 34. We neglect the
effects of the metallic slab on the graphene phonon frequencies
and focus only on the electronic state modifications. Our
Raman calculation shows that the hybridization of graphene
states with metal orbitals reduces the Raman 2D signal and
that this reduction is a direct measure of the hybridization gap
size. Furthermore, hybridization also shifts the Raman 2D peak
position, increases its width, and introduces new Raman peak
substructure (see Supplemental Material'”). Figure 3 shows
the dependence of the Raman 2D signal reduction on the
orbital position. Comparing the effect of s and d orbitals
on the 2D signal reduction, we find that s orbitals have an
almost negligible effect. Additionally, the effect of d orbitals
is strongly dependent on both d orbital position and orbital
character. Finally, the Raman 2D signal reduction is maximal
when the hybridization gap is well matched with the energy of
the incoming photons.

Figure 3 shows that one metallic d orbital per graphene unit
cell reduces the Raman 2D intensity at most by a factor of four.

Taking into account a more realistic number of d orbitals per
graphene unit cell (~5) and repeating our model calculation
for this case, we find that the 2D intensity of graphene on
platinum can be reduced up to 20 times. As in the case of
one metallic d orbital per graphene cell, total 2D intensity
reduction with multiple d orbitals per cell is in a one-to-one
relation with the total hybridization gap size.

Unlike the case for the Raman 2D signal, we find almost
no influence of hybridization on the Raman G signal intensity.
This can be explained by considering the different origin of
the Raman G signal compared to the 2D signal.** The Raman
G signal intensity even in suspended graphene is severely
reduced in intensity because of the coherent cancellation
between amplitudes of various electron-hole pairs in the Dirac
cone. In fact, a perfectly linear Dirac cone dispersion leads
to a Raman G signal with vanishing intensity. Therefore, any
small imperfections in the band structure (such as trigonal
warping) will lead to an incomplete cancellation of the
Raman amplitudes, and will thus produce a measurable Raman
G signal. This observation also explains why we find a
small increase in the calculated Raman G signal intensity
upon hybridization with metallic orbitals (see Supplemental
Material'”), as hybridization with metallic orbitals leads to a
more incomplete cancellation of the G signal amplitudes.

V. EXPERIMENTAL VERIFICATION

Our theoretical analysis predicts that the Raman 2D (but
not G) peak of graphene on Pt will be highly dependent on the
relative orientation between the graphene and Pt lattices. To
experimentally obtain a range of different lattice orientations,
we grow large-area graphene on a polycrystalline platinum
foil. We also grow single-domain graphene on single-crystal
Pt(111).

Figure 4 shows graphene Raman spectra measured at
different locations on the polycrystalline Pt substrate and the
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FIG. 4. (Color online) Left: Raman spectra of graphene measured
at different locations on a polycrystalline Pt foil. Laser wavelength:
488 nm. The intensity maps of a30 x 25 pum region are shown at the
bottom. Right: Raman spectra for graphene on single-crystal Pt(111)
with2 x 2 graphene supercell (also shown in Fig. 2). In this case, the
intensity for both the 2D and G peaks is found to be uniform across
the single-domain sample.

single-crystal Pt substrate (we switch to a 488 nm laser here
because it has weaker metallic screening and can therefore
measure Raman spectra more efficiently. Data for other laser
wavelengths can be found in the Supplemental Material'”).
For the polycrystalline substrate, a small variable shift of the
position of the G peak (from 0to 25 cm™!) is found, with nearly
constant intensity, in agreement with the theoretical discussion
above. The small shift of the G peak likely originates from
an inhomogeneous strain field developed during the cooling
process>>30 after graphene synthesis. On the other hand, the
intensity, width, position, and shape of the Raman 2D peak
vary strongly at different sample positions. The position of
the 2D peak can shift anywhere between — 8 and 100 cm™!
with respect to the suspended graphene. In many cases, the
inhomogeneous shift is too large to be accounted solely by
strain or doping,'®? and is therefore an indication of orbital
hybridization according to our theory. The width of the 2D
peak is between 25 and 65 cm ™!, and it likely contains multiple
components. The 2D peak intensity is reduced between 2.6
and 40 times on top of the reduction coming solely from the
metallic screening (reduction factor § = 1/29), yielding a total
reduction between 75 and 1100 times, consistent with the total
reductions predicted by our hybridization model including
metallic screening. Typical location-dependent reductions are
illustrated in the first four curves in Fig. 4. Interestingly, at
a few locations (less than 10% of the sample surface) for
polycrystalline substrate samples, the Raman 2D peak appears
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entirely unobservable. A prolonged 10 000 s integration is
performed at one such spot (Fig. 4, fifth curve) which
suggests, for these rare locations, a total reduction of more
than 10 000.>” Such extreme reductions may necessitate a
model beyond a simplified flat band one. Unfortunately, the
interface between graphene and polycrystalline Pt can be
rather complicated due to the unknown exposed crystalline
plane and surface reconstruction of Pt for experimental and
theoretical characterization. We note that an extreme reduction
of the Raman signal is never observed for graphene on
single-crystalline Pt(111) (Fig. 4, right panel).

The lower insets to Fig. 4 display the degree of spatial
inhomogeneity for the G and 2D peak for graphene on Pt. The
intensity of the G peak is relatively insensitive to position (i.e.,
lattice misorientation), while the intensity map of the 2D peak
reflects directly the regions of different lattice misorientation.
For single-domain graphene on single-crystal Pt(111) with the
consistent 2 x 2 supercell structure, both the G and 2D peak
intensities are homogeneous, as expected.

VI. SUMMARY

In conclusion, we observed strong location-dependent
suppression and modulation of the graphene Raman signal
when in contact with platinum. We assign this observation
to electronic hybridization between graphene Dirac cone
states and platinum d orbitals. The hybridization is strongly
dependent on the metal orbital character, which can be used
for tuning the graphene Dirac cone.
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