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We report the observation of an intense anomalous peak at 1608 cm™

! in the Raman spectrum of graphene

associated with the presence of chromium nanoparticles in contact with graphene. Bombardment with an electron
beam demonstrates that this peak is distinct from the well-studied D’ peak appearing as defects are created in
graphene; this peak is found to be nondispersive. We argue that the bonding of chromium atoms with carbon
atoms softens the out-of-plane optical (ZO) phonon mode, in such a way that the frequency of its overtone

decreases to 2wzo ~ wg, Where wg = 1585 cm™!

is the frequency of the Raman-active E,, mode. Thus, the

observed peak is attributed to the 2ZO mode which becomes Raman active following a mechanism known as
Fermi resonance. First-principles calculations of the vibrational and anharmonic properties of the graphene/Cr

interface support this scenario.

DOI: 10.1103/PhysRevB.102.075436

I. INTRODUCTION

Raman spectroscopy of graphene and graphitic systems is
extensively studied and, as an example, is commonly used
to quantify disorder or to determine the number of layers in
a graphene flake [1]. In the case of graphene, Raman spec-
troscopy has proven highly sensitive to disorder, mechanical
strain, and electronic doping [2—7]. Such sensitivity originates
from the strong and unusual electron-phonon coupling in
the material [8,9] and the anharmonicity of the interatomic
potentials [10], which determine the line shape and frequency
of the Raman modes. The contact of graphene with foreign
species may have drastic consequences on its vibrational prop-
erties. Strong interaction with a metallic surface, for instance,
modifies electron-phonon coupling [11] in such a way that
the Raman signal may be suppressed [12,13], while charge
transfers [14,15] and interfacial stress [16] can substantially
shift the frequency of the modes. In spite of the huge amount
of works already done, today these systems can still display
unexpected phenomena, e.g., when graphene interacts with
metallic systems [16].

Fermi resonance is a phenomenon observed in Raman
(and infrared) spectroscopy, first described in the 1930s [17].
It concerns an atomic vibration with frequency w;, whose
double excitation (first overtone) would normally have a small
Raman intensity. When the energy of the overtone matches the
energy of a second Raman active vibration (2w; >~ w,), the
modes can mix and the Raman intensity of the overtone can
become important. In Fermi’s seminal work [17], the mixing
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originates from anharmonic coupling of strength V between
the vibrations, and it becomes significant when V ~ 7i|2w; —
;| [17]. So far, this phenomenon has been mainly observed
in molecules and molecular solids (e.g., CO, and organic
compounds [18]) and, to our knowledge, not in dispersive
simple crystals.

In this work, we reveal an anomalous Raman spectrum
for graphene grown on a chromium-coated copper foil. We
observe an intense peak with a frequency of 1608 cm™!
(named the “U” peak for its “unknown origin”). Strikingly,
this peak has an intensity comparable to that of the well-
documented, most prominent features in the Raman spectrum
of graphene and its presence is indeed extraordinary, consid-
ering the huge amount of Raman experiments published on
graphene and the different experimental conditions exploited
so far. We find that this peak is not dispersive and not linked
to the presence of defects, differing in this sense from the
close-in-energy D’ peak. Moreover, it does not originate from
strain or electronic-doping effect. Based on density functional
theory (DFT) calculations, we argue that the peak is related
to the overtone of the out-of-plane optical ZO mode of
graphene, whose intensity is largely increased through a Fermi
resonance mechanism involving anharmonic mixing with the
Raman-active E>, phonon mode. Such mixing is made pos-
sible by the presence of chromium (Cr), which softens the
7.0 phonon modes in the relevant frequency range, at variance
with what is expected from other previously studied materials
such as copper or nickel.

The paper is organized as follows: Sec. II describes the
growth and structure of the samples; Sec. III is devoted
to our Raman spectroscopy analysis; Sec. IV describes the
computational approach; and, finally, Sec. V discusses the
Fermi resonance hypothesis.

©2020 American Physical Society
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FIG. 1. Scanning electron microscopy (SEM) images of graphene prepared by CVD on three different substrates: (a) Uncoated 99.999%
pure copper without annealing, (b) Cr-coated 99.8% pure copper without annealing, and (c) Cr-coated 99.8% pure copper with annealing in

H, atmosphere at 1 mbar for 1 hr.

II. GROWTH AND STRUCTURE OF THE SAMPLES

A. Graphene growth on different substrates and
transfer to SiO,

Chemical vapor deposition (CVD) of graphene was per-
formed inside a quartz tube heated to 1050°C. Methane
was used as a carbon precursor, as part of a gas mixture
with hydrogen and argon (in 4:1000:500 sccm proportions).
Methane was let in for 15 min, immediately after 1050 °C was
reached, presumably at a stage when the Cu foil (99.999%
purity; Alpha Aesar) used as a substrate was still covered
with its oxide. In such growth conditions and on such sub-
strates, graphene [referred to as type (i) in the following]
has been shown to form with a very low nucleation den-
sity, corresponding to holes in the copper oxide [Fig. 1(a)].
This leads to the slow growth of large, far-apart, single-
crystal graphene islands [19]. A typical scanning electron
micrograph of the Cu surface after growth and cool down
is shown in Fig. 1(a). The average graphene island size is
about 170 pm.

Copper foils also exist that are protected from (copper)
oxidation by a passivating chromium-chromium oxide coating
(here, Cu purity 99.8%; Alpha Aesar, product no. 13382). It
appears that the Cr-based coating is also largely passivating
the Cu surface at 1050 °C against graphene formation, leav-
ing, such as in the above-discussed case of copper oxide, few
holes where graphene nucleation can take place [Fig. 1(b)].
We expect this coating to be essentially metal Cr, given the
presence of hydrogen which will quickly reduce the thin
passivating oxide. A Cr coating is expected to hinder graphene
growth (no CVD of graphene on Cr was reported to our
knowledge) and acts as the copper oxide discussed in the
previous paragraph. Graphene growth hinderance appears less
efficient than with copper oxide, though, and we observe a
slightly higher nucleation density for graphene together with a
smaller size of the graphene islands, of 80 um [Fig. 1(b)]. We
also note that the shape of the graphene islands is less symmet-
ric, indicative of a non-single-crystal nature. Graphene grown
in these conditions and on such substrates is referred to as type
(ii) in the following.

A third kind of substrate was also used, once more a
chromium-chromium oxide-coated copper foil (Cu purity
99.8%; Alpha Aesar) but this time annealed at 1050 °C for
1 h under 1 mbar of H,. On such a substrate, we observe a

much higher nucleation density for graphene together with a
much smaller island size, typically of the order of 10-20 wm.
The islands have a highly symmetric shape, indicative of
their single-crystal nature [Fig. 1(c)]. These attributes are
typical of graphene grown on the clean surface of copper
foils. We argue that these observations indicate that after
rapid chromium oxide reduction in the presence of hydro-
gen, the resulting metal Cr dissolves in the copper substrate
[Fig. 1(c)]—with the 1 h annealing leaving sufficient time for
this slow process to occur. Graphene grown in these condi-
tions and on such substrates is referred to as type (iii) in the
following.

After the growth, all samples are cooled down to room
temperature in the presence of 100 sccm of argon. Graphene
transfer from the Cu substrates to Si0,/Si is performed using
polymethyl methacrylate (PMMA) as a thin film withholding
graphene, as described in Ref. [20]. The PMMA is spin coated
on the sample and heated to 180 °C for 1 min. Further, the Cu
foil is etched using a 0.1 mg/mL solution of (NH4),SOy4. The
floating graphene 4+ PMMA is washed in deionized water and
fished on a 300 nm SiO, /Si piece of wafer, onto which it is left
to dry. Finally, the transferred sample is heated at 120 °C for
a few minutes before dipping into an acetone bath dissolving
PMMA.

B. Chromium-based nanoparticles in contact with graphene

Graphene prepared on Cr-coated copper foils [without
H, annealing; Fig. 1(b)] comes together with a high den-
sity of nanoscale features, as observed in atomic force mi-
croscopy (AFM; Fig. 2). Strikingly, some of the nanopar-
ticles appear elongated and seem to be prolonged at their
ends by pleats, as the height gradually vanishes to the
level of the graphene plane [Fig. 2(b)]. We deduce that
these features are actually nanoparticles standing under-
neath the graphene cover, acting much like masts under a
graphene tent, suspending graphene and yielding pleats at
the edges of a graphene portion suspended by, e.g., two
nanoparticles.

These nanoparticles are transferred together with graphene
onto the SiO,/Si substrate. Atomic force microscopy re-
veals nanoparticles with average size of 56 nm, as shown
in Fig. 2(c). We find that the density of nanoparticles
is higher closer to the edges of the graphene islands,
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FIG. 2. Atomic force microscopy (AFM) images of nanoparticles underneath graphene, (a) near a graphene edge and (b) near the center
of a graphene island. Smaller nanoparticles are prominently found in the center of the islands. Micrometer-scale features coexist with the
nanoparticles. Wrinkles are associated with the presence of these features, which indicates that they indeed stand underneath graphene (see

discussion). (c) Size distribution of the nanoparticles.

increasing from 2.5 um™2 (center) to 6.2 um~> (edge). This
larger density close the edges points to an outward diffusion
of the nanoparticles induced by graphene growth, suggesting
that the graphene growth front drags the nanoparticles. The
reason for this effect is unknown at the moment.

These particles are obviously linked to the presence of Cr
at the copper surface. We note that the Cr coating [21] is
initially (at room temperature) covered by a thin (typically
few-nm-thick) Cr-oxide layer. The oxide is, however, readily
reduced by hydrogen at the elevated temperatures [22] used
in the graphene growth process and the nanoparticles are then
likely to be metallic [23].

Figure 3 reports a characteristic spatial Raman imaging
of the area of the G peak, /(G), which turns out to be quite
homogeneous all over the maps that were taken. Consistent
with this observation, the maps with relative area I(U)/I(G)
and I(D)/I(G) that will appear in the discussion for the U and

0

FIG. 3. Spatial dependency of the Raman G line area, I(G)
(arbitrary units). The zone is the same as the one depicted in Fig. 5(b).

D peaks are not essentially different from the corresponding
I(U) and I(D) maps.

III. RAMAN SPECTROSCOPY IN THE
PRESENCE/ABSENCE OF NANOPARTICLES

A. Raman peak observation

Figure 4 displays representative Raman spectra taken on a
SiO, substrate for the three kinds of graphene samples that
we introduced in Sec. II A, i.e., grown on (i) a Cr-free Cu foil,
(ii) a Cr-coated Cu foil, and (iii) the same foil annealed to
1050°C for 1 hr in a H, reducing atmosphere. For graphene
samples of types (i) and (iii), the Raman spectra show no
remarkable difference with those commonly reported in the
literature [4]. The most prominent peak, the G mode, is
centered at wg = 1584 and 1588 cm™! for the type (i) and
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FIG. 4. Raman spectra of graphene grown on (i) a Cr-free Cu
foil, (ii) a Cr-coated nonannealed Cu foil, and (iii) an annealed Cr-
coated Cu foil. The spectra have been vertically shifted for clarity.
The exciting laser energy is 2.33 eV (A = 532 nm).
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FIG. 5. (a) Scanning electron micrograph of graphene prepared
on nonannealed Cr-coated Cu, and then transferred to SiO,/Si. The
graphene is essentially single layer, except for darker regions which
are multilayer patches. (b) Spatial Raman imaging of the area ratio
of the U (2Z0) and G peaks.

(iii) samples, respectively. Their full width at half maximum
(FWHM) are 13 and 10 cm™', respectively. For type (ii)
samples, prepared with a Cr-coated nonannealed Cu foil, the
Raman spectrum is strongly anomalous. Indeed, beside the
usual G peak (wg = 1585 cm™!, FWHM ~ 18 cm™') and a
defect-activated D peak (~1350 cm™!) with low intensity, the
spectrum displays an intense peak at 1608 cm™' [referred to
as the U (2Z0) peak for reasons that will become clearer later;
see Fig. 4], with FWHM ~ 9 cm ™.

The occurrence of this intense peak is linked to the pres-
ence of the Cr nanoparticles that we analysed in Sec. II B.

Another key point, already noticed, is that the density
of nanoparticles is substantially higher near the edge of the
graphene flake (6.2 per um?) than at its center (2.5 per um?).
This increased density is correlated with an increased intensity
towards the flake edge of this peak as measured by spatially
localized Raman imaging [Fig. 5(b)]. This spatial correlation
further confirms the central role of the nanoparticles in the
occurrence of this peak.

In the remainder of the current section, we will consider
several possible origins for this peak. For that purpose, we turn
to a spatially resolved analysis of the correlations between
the occurrence/intensity of the peak, on one hand, and the
presence of mechanical strain, charge carrier density, and
point defects, on the other hand. This analysis relies on
hyperspectral Raman imaging, which we present in different
flavors.

B. Strain and charge carrier concentration imaging

We first measure the spatial variation of the G and 2D
modes frequencies, shown in Fig. 6(a). These frequencies
each depend quantitatively on strain and doping in a distinc-
tive, well-characterized manner [8,9,24]. The specific depen-
dencies have been confirmed for graphene samples on differ-
ent substrates [25] and with different defect concentrations.
Representing each location on a graphene sample by a point
with the G and 2D peak frequencies as coordinates hence
allows one to deduce, location by location, the local strain
and charge carrier concentration [5] and, in turn, to construct
a spatial map of these two quantities. The 2D frequency
versus G frequency scatter plot shown in Fig. 6 reveals a
spatially varying strain, which we relate to a compressive
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5 15-0.1
32680 |9
| 02
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£ 2675} © s
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FIG. 6. (a) Frequency of the Raman 2D and G peaks measured on
the same graphene flake analyzed in Fig. 5. The ellipses delimit the
1 x 0,2 x0,and3 x o (o: standard deviation) widths of a Gaussian
distribution fitted to the data and centered around the 1585 and 2678
cm™! average frequencies of the G and 2D modes. The G and 2D
frequencies corresponding to zero doping and strain [5] are 1581 and
2670 cm™! (the laser energy is 2.33 eV). (b),(c) Maps of the local
strain and doping of the flake, obtained by applying the approach
introduced in Ref. [5] to the data represented in (a). (d),(e) Histogram
representation of the data from (b) and (c).

strain of the order of 0.1%. These variations are visualized in
Fig. 6(b).

The charge carrier density also shows spatial variations
[Fig. 6(c)] (~1 x 10'2 per cm? on average), which may also
be related to the presence of the Cr nanoparticles, to the
more or less intimate contact with the SiO, surface, or to the
presence of randomly distributed residues from the transfer
process (from the growth substrate to SiO;). The strain and
charge carrier concentration maps show essentially no corre-
lations; see Figs. 6(b) and 6(c). As already mentioned, the
intensity of this U peak correlates with the concentration of
nanoparticles [Fig. 5(b)], which is higher toward the edges of
the flakes, but shows no particular correlation with the strain
and charge carrier density maps. Overall, the strain and doping
values are moderate and cannot account for the emergence of
the U peak.

We additionally note that when it is observed, this peak
always appears as a well-defined peak, distinct from the G
mode, displaying an overall uniform frequency. It is therefore
unlikely that it results from locally large mechanical strains
(not detected in the analysis discussed above) that would split
the G peak.

Moreover, pseudomagnetic fields ranging from tens to
hundreds of Teslas are expected if graphene were deformed by
nanoparticles underneath it [26]. Such pseudomagnetic fields
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would lead to an additional component of the 2D peak [27],
which we do not observe.

C. Role of defects in the Raman processes

This peak’s frequency falls close to the value expected for
the defect-activated D’ peak, usually reported close to 1620
cm~![1-4]. The D’ peak is commonly attributed to the excita-
tion of a small wave-vector phonon of the longitudinal optical
(LO) branch through the double resonance mechanism. It has
always been observed in the presence of a strong-intensity D
peak at 1350 cm™~'[1-4], while our observations only reveal a
weak D peak (see Fig. 4). To definitely exclude the assignment
of the U peak as the D’ peak, we intentionally generated
defects into the sample. For that purpose, we bombarded
the graphene sample with the electron beam of a scanning
electron microscope (SEM), and increased, step by step, the
area of the sample scanned by the beam to create regions
exposed to a gradually increasing electron dose, and hence
exhibiting an increasing defect density [28] [Fig. 7(a)].

We observe an increase of the D peak intensity with the
defect density and, further, the emergence of the D' peak at
1620 cm~! [data set numbered 1 — 4 in Figs. 7(a) and 7(b)].
The D’ peak and the U peak are well separated. In addition,
while the D’ frequency displays, as expected [3], a marked
dependence on the energy of the excitation laser (with a shift
of 1441 cm™! per eV on the explored range), the U peak
frequency remains essentially constant.

The U peak and the well-documented D’ peak can thus be
considered as signatures of different phenomena.

IV. COMPUTATIONAL APPROACH

A. Structure and frequency calculations

We calculated the phonon frequency of the zero wave-
vector ZO phonon mode of graphene, wzo, when graphene is
in contact with three different metals (Cr, Cu, and Ni). Calcu-
lations were done within density functional theory (DFT) by
using the QUANTUM ESPRESSO package [29] (details are given
in Appendix A). By using periodic boundary conditions, three
kinds of structures were simulated, with graphene lying on
(i) the (111) surface of a bulk fcc metal (the in-plane lattice
spacing of graphene and that of the surface are matching;
see Fig. 8); (ii) one single layer of the fcc (111) surface
(i.e., the atoms of the metal are in the triangular close-packed
arrangement); and (iii) one single layer of the bcc (011)
surface within the reconstruction depicted in Fig. 8 (20 C
atoms and 9 Cr atoms per cell). The results are shown in
Table I.

Cu and Ni were chosen as reference systems that are
well characterized experimentally and theoretically (see
Refs. [11,30,31] and references therein). Note that in spite
of the strong graphene/Cr bond, with an equilibrium distance
very similar to that of Ni (Table I), the two associated wzgo
values are remarkably different. Note also that wzo obtained
for graphene lying on Cr bce and fcc surfaces are relatively
similar (Table I). This happens in spite of the differences
between the atomic arrangement of the bcc and fcc surfaces.
Besides the fact that the (011) bec surface is only slightly more
open than the (111) fcc surface, the relative alignment of the
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FIG.7. D' and U peaks in graphene. (a) Area ratio of the D
and G peaks mapped over a region of the sample with zones of
increasing electron-beam irradiation. (b) Raman spectra acquired at
different locations, exposed to an increased electron dose (numbered
from 1 to 4). Inset: Zoomed-in view of the D’ peak and the U peak.
(c) Frequency of the D" and U peaks as a function of excitation laser
energy. The analysis is done at locations 1 and 2 in (a) for the U peak,
and at locations 3 and 4 in (a) for the D’ peak. The result of linear fits
to the D" and U peak frequencies vs laser energy is overlaid on the
data points. The horizontal lines are guides to the eye.

C and Cr atoms is substantially different: while for the Gr/fcc
interface, half of the C atoms are on top of a Cr atom, in the
Gr/bcc one, only one C out of 10 is aligned on top of a Cr
atom (Fig. 8).

B. Anharmonic coefficients calculation

Within DFT we determined the anharmonic three-phonon
scattering coefficients among the graphene phonon modes E,
(q =0) and two ZO phonons with wave vectors q and —q and

Z0.
frequency wg™:

1 h E)ha)qzo
Ve(q) = N o ; (D

mog al
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Gr/(111)fec
&

OCr oC

FIG. 8. Scheme of the graphene/Cr interfaces (top view) used
for calculations. Graphene (Gr) is lying on the (111) surface of fcc
Cr (upper panel) or on the (011) surface of bce Cr (lower panel).
Only the Cr atoms of the outermost surface layer are shown. Shaded
areas: unit cells.

where m is the carbon mass, wg = 1585 cm~! and the deriva-
tive of wyzo is done with respect to an atomic displacement
following the E, phonon pattern in which each atom is
displaced by the length /. The index o = 1,2 signals the
polarization of the doubly degenerate E,, mode. Comparing
with the notation of Eq. (4) of Ref. [32], V,(q) is equal to
Vo(i 2; i where j corresponds to the E;, mode «, and j’ to
the index of the ZO mode.

The anharmonic interaction in graphene has been exten-
sively studied (see, e.g., Ref. [10]) and, for freestanding
graphene, we calculated the V, (q) coefficients using the ap-
proach introduced in Ref. [32]. For the two graphene/Cr
structures depicted in Fig. 8, we directly used Eq. (1)
and finite differentiation (each atom was displaced by 0,
+0.02 A, and £0.05 A, and the five wzo thus obtained
were fitted with a polynomial to obtain the derivative).
V,(q) is an energy and, to simplify the comparison with
the Raman data, will be expressed as a wave number in
cm~!. For the E>, mode polarized along the vertical axis
of Fig. 8, V,(0) = 0.0 for the Gr/fcc structure because of
the horizontal mirror symmetry. For the E>, mode polarized
along the horizontal axis of Fig. 8, V,(0) =0.5 cm~' and
V,(0)=6.0 cm™! for the Gr/fcc and Gr/bcc structures,
respectively.

TABLE 1. Calculated wzo for graphene lying on three different
metals: bulk (blk) or single layer (1L), with fcc or bee structure. d is
the average equilibrium distance of the C atoms from the metal plane.
Ad is the square root of the mean square vertical displacement of the
C atoms from the graphene plane.

Cufcc Crhcc Crtcc Nitcc

blk 1L 1L blk 1L blk 1L

wzo (cm™!) 878 89 767 771 788 716 688
d (A) 323 300 195 199 192 206 2.05
Ad (A) 0.0005 0.001 0.035 0.043 0.045 0.003 0.009

C. Model for the Fermi resonance

Here, we describe a model to study, in graphene, the
anharmonic mixing among the doubly degenerate q = 0 E,
phonon mode and two ZO modes with wave vector q and
—q. The angular frequencies will be indicated as wg for the
E>; mode and wq for the ZO one, and we will assume in
the presence of an external mechanism that shifts the phonon
frequencies so that wg >~ 2wy. The generic Hamiltonian de-
scribing the anharmonic phonon-phonon interaction for an
extended system has the form reported, e.g., in Ref. [33]. The
Hamiltonian, restricted to the phonons of interest, is

1 - _
H=) <a;aa + E)fla)(‘, + Y Blipg + b gb_g + Diiog
o q

2 *
+ ,/1V qu Vo (Q)AuByB_q, 2)

where al (ay) s the creation (annihilation) operator associated
to the two E,, modes (a =1, 2) and bfl (bq) is the creation
(annihilation) operator associated with a ZO phonon with
wave vector q. V,,(q) is defined in the previous section, A, =
al +a, and By = by + biq. The sum over « is performed
over « = 1,2 and Z:‘l is performed on a set of N’ wave
vectors that are uniformly distributed within half of the two-
dimensional graphene Brillouin zone (BZ).

To parametrize H, we calculated the phonon dispersion
of the ZO mode of freestanding graphene within DFT [29].
The results can be fitted in a large part of the BZ by wq =
—630g> — 10344*, where we have shifted the energies so
that wy = 0, ¢ = |q|, where ® is in cm™! and ¢ is in units
of 21 /ay, with ag the graphene lattice spacing. We chose
wg = —20 cm~!, which roughly reproduces the measured
difference between the G and U Raman peaks (see Sec. V).
For freestanding graphene, V,(q) can be approximated as

V(@) = ¢*[c0s(26)84.1 + sin(20)8,2] x 36 cm™",  (3)

where the two-dimensional vector q is expressed as a function
of the modulus ¢ and of the direction defined by the polar
angle 6. ¢ is in units of 27 /ay. Equation (3) fits very well
with the DFT calculations for g up to 0.5, and the specific
dependence on o depends on the choice of the E,, mode
polarization. As an alternative, we will also use

Vo(q) = 84.1¢79/"” x 30 cm ™!, )

whose meaning will be clarified in Sec. V. Note that we
are assuming that the anharmonic coupling is stronger in a
specific direction for the E,, polarization (selected by o = 1)
and, thus, only one of the two E,, modes is subject to the
Fermi resonance, while the second one (o = 2) is not.

Let us now consider the space V generated by |G,,) = “Iz |0)
and b;;bT_qIO), which represents the excitation of two ZO
phonons with opposite momentum. To study how the |G,),
which are Raman active, are modified by the three-phonon
interaction of Eq. (2), we calculated the projected density of
states,

26, @) = > 1(GalYn) P3(@ — @), ®)

075436-6



FERMI RESONANCE IN THE RAMAN SPECTRUM OF ...

PHYSICAL REVIEW B 102, 075436 (2020)

So
© o & &Cﬁ/\\ | o?\
N
;\ S o& ;2\ oeo ZrC Iroocc)>Ag, Au
Ni: A v
v bulk-fcc Cr: Y a
4 1L-fcc :
* 1L-bce Cu: Ny
L — T 7 T |: T —7T1
600 700 800 900

Z0 frequency (cm™)

FIG. 9. wzo for graphene in contact with different materials.
Open dots are measurements as reported in the review of Ref. [36]
(Cu and Ni experiments are from Ref. [35]). Filled symbols represent
the present calculations done for graphene lying on different metals,
which can be bulk crystals (bulk) or a single atomic layer (1L)
with fcc of bee structures. The vertical dotted line corresponds to
804 cm~!, which is half of the measured frequency of the U peak.

where [,,)/w,, are the eigenstates/eigenvalues of H. xg(w)
can be easily obtained with a Lanczos approach (see
Appendix B).

V. FERMI RESONANCE HYPOTHESIS

The experimental results reported in Secs. II and III can
be used to discard several possible interpretations for the U
peak, but they do not provide indications on its origin, apart
from the fact that the contact with Cr nanoparticles seems a
necessary condition for its emergence. Here, we interpret the
U peak (wy ~ 1608 cm™!) as the overtone of the graphene
Z0 phonon mode (2ZO), arguing that the presence of Cr
downshifts wzo from 890 cm™! for isolated graphene to 804
cm™!. The frequency of the overtone (which is then w;z0 =~
2wz0 =~ 1608 cm™") thus approaches the value of 1585 cm™!
of the G peak corresponding to the £, Raman-active mode.
Because of the small frequency difference, the 2Z0 and Ej,
modes can mix and the 2Z0 becomes Raman active through
the Fermi resonance mechanism [17,18].

Indeed, it is known that when graphene is in contact with a
metal, wzo can downshift by hundreds of cm™! (see the mea-
surements reported in Fig. 9). This is not surprising since the
Z0 mode corresponds to an atomic vibration perpendicular
to the graphene plane, and even a partial hybridization of the
graphene p, orbitals with the d surface orbitals of the metal
affects the related force constants [11,34]. For certain metals,
the value of wzp remains similar to that of isolated graphene,
while for others, wzo severely downshifts. For example, ac-
cording to the measurements of Ref. [35], wzo =~ 845 cm™!
in the case of Cu, while wzo ~ 710 cm™~! for Ni. One should
note that graphene/Cu and graphene/Ni are usually classified
as weakly and strongly bonded systems, respectively [31]. In
these two cases and for the other occurrences reported in the
literature [36] (see Fig. 9), the frequency of the corresponding
overtone 2wyzo is too high or too low with respect to wg, and
the Fermi resonance cannot be activated. This might explain
why this phenomenon has not been observed in the many
studies on graphene in contact with different substrates.

A. ZO0 frequency shift from DFT

The Fermi resonance hypothesis requires wzo ~ 804 cm™!

(half of the measured U peak frequency), which therefore
implies that the graphene/Cr system displays an interme-
diate behavior between systems such as graphene/Cu and
graphene/Ni. To check this, we simulated the structure and
vibrational properties of graphene/Cr using DFT [29]. The
precise atomic arrangement at the interface between the Cr
nanoparticles and graphene is unknown and a priori complex,
and describing it accurately would require a number of atoms
that is not tractable with DFT calculations. We hence turn
to a simplified description of the interface, assuming a flat
graphene sheet lying on a flat, well-defined Cr surface.

So far, relevant experimental and theoretical studies have
focused on graphene/metal systems with dense-packed sur-
faces of hexagonal compact (hcp) and face-centered cubic
(fcc) metals with lattice spacing comparable with that of
graphene (see, e.g., Ref. [31]), so that strain effects and recon-
structions could reasonably be disregarded. On the contrary,
Cr is stable in the body-centered cubic (bce) structure. Its most
compact surface is the (011), which is not commensurate with
graphene. For the graphene/Cr(011) interface, the smallest
reconstruction presenting a relatively small lattice mismatch
(< 3%) is schematized in Fig. 8.

As a tentative approximation, we first consider this recon-
struction with only one layer of Cr, finding wzo = 788 cm™!
This result is very encouraging since 788 cm~! is not far
from the value needed to activate the Fermi resonance. To
test the approach reliability, we also calculated wzo for
graphene lying on the (111) surface of Ni, Cu, and Cr fcc
bulk metals and for graphene lying on one isolated layer
of the three fcc metals (fcc Cr is metastable, with a lattice
spacing compatible with that of graphene [37]). Results are
reported in Fig. 9. The values for Ni and Cu bulk can be
compared with measurements and the reasonable agreement
confirms that DFT is predictive in this context. Moreover, the
similarity between calculations done on graphene on top of
the bulk and on the top of an isolated layer suggests that for
each of the three metals, wyo is mainly determined by the
interaction with the outermost metallic layer. On the other
hand, because of the similarity between the wzo frequency
on the three Cr calculations (Fig. 9), we can argue that the
actual atomic arrangement at the graphene/Cr interface plays
a secondary role. Therefore, the present wzo calculation is at
least qualitatively correct, and predicts that when graphene is
in contact with Cr, wzo reaches a value compatible with the
Fermi resonance scenario.

B. Anharmonic mixing between the E,, and ZO phonons

Following the original idea of Fermi [17], if we assume that
2wz0 ~ wg (the frequency of the Raman-active E,, mode),
then the three-phonon anharmonic scattering term between
two ZO and one E,, phonons could couple the modes and
activate the 2Z0O overtone. In isolated crystalline graphene,
this term is zero for three q = 0 phonons because of symmetry.
As a consequence, Raman activation can be possible only in
the presence of a sufficiently strong degree of disorder.

To quantify the characteristics of this hypothetical disor-
der mechanism, we numerically solved the Fermi resonance
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FIG. 10. Calculated projected phonon density of states for the
two models described by (a) Eq. (3) and (b) Eq. (4) for different
values of o. The vertical dotted lines correspond to the unperturbed
frequencies of the E,, mode, wg, and of the first overtone of the ZO
mode 2wz (shifted to 0).

model from Sec. IVC. In particular, we considered two
different parametrizations for the anharmonic interaction from
Egs. (3) and (4). Equation (3) corresponds to a perfectly crys-
talline graphene. Equation (4) is used to determine whether a
form for V(q) exists that can activate the Fermi resonance.
In Eq. (4), V(0) is different from zero and we have also
introduced the parameter o to limit the range in the reciprocal
space of the q = 0 component of the anharmonic coupling
(higher values of o result in a higher mixing between E,; and
Z0).

Figure 10 displays the projected phonon density of states,
XG» given by Eq. (5), obtained with the two alternative forms
for the phonon-phonon interaction. By using Eq. (3), which
corresponds to purely crystalline graphene, yg presents a
single peak centered on the energy of the E, mode (wg),
meaning that the nature of the E,, mode is not substantially
changed (apart from anharmonic broadening). On the other
hand, by using Eq. (4), xg presents a second peak at the
energy of the 2ZO mode, meaning that the anharmonic in-
teraction is sufficiently strong to couple the 2ZO with the E»,
mode. The activation of the Fermi resonance is thus possible
by invoking the presence of a certain degree of disorder
disrupting the intrinsic symmetries of graphene to such an
extent that the £, /270 anharmonic coupling at q = 0, V(0),
is 30 cm™! [that is the one used in Eq. (4) and Fig. 10(b); see
Sec. IV C].

We argue that the contact to Cr could already be enough
to induce such a coupling. We first consider graphene lying
on one layer of Cr fcc atoms (Fig. 8). From DFT calculations
(Sec. IVB), V(0) = 0.5 cm™!. This is already a very encour-
aging result, meaning that the hybridization of C-Cr orbitals
(which does not affect in a major way the atomic structure of

graphene) is enough to break the symmetry to such a degree
that the anharmonic coupling is activated [otherwise, V(0)
would remain zero]. The value 0.5 cm™! is relatively small
with respect to 30 cm~!; however, 0.5 cm™! is obtained for a
highly symmetric structure in which one of the two C atoms
of the graphene unit cell is exactly on top of a Cr atom.
Indeed, if we consider graphene lying on one layer of Cr bec
atoms (Fig. 8), V(0) becomes 6 cm™!, which is much closer
to 30 cm™! (the value needed to observe the 2ZO mode)
and, still, we are considering a very regular graphene/Cr
surface.

We remind the reader that the defect-activated D peak
observed in the Raman spectrum of graphene at ~1350 cm™!
can be activated by the presence of defects with very dif-
ferent nature [2—4]. Thus, one could argue that the sym-
metry breaking induced by the presence of Cr atoms could
possibly also activate the D peak. However, the Cr-induced
symmetry breaking is substantially less disruptive with re-
spect to that induced, e.g., by electron bombardment (which
can create actual holes within the graphene sheet). It is,
thus, not surprising that the D peak observed in the pres-
ence of the 2Z0 peak (Cr-coated not-annealed spectrum in
Fig. 4) is much less intense than the one observed after ion
bombardment (Fig. 7).

VI. CONCLUSIONS

In the presence of Cr nanoparticles, the Raman spectrum
of graphene exhibits a remarkable peak with a frequency
of 1608 cm™! and intensity comparable to that of the most
prominent graphene Raman features. Through direct exper-
imental evidence, we were able to dismiss several possible
mechanisms at the origin of the 1608 cm~! peak. In particular,
the sample mechanical deformation and electronic doping
that were deduced from Raman hyperspectral imaging are
not unusual and thus cannot be at the origin of this peak.
Moreover, by intentionally generating defects on the sample
through electron bombardment, we were able to show that this
peak is clearly distinct from the well-known defect-activated
D' peak at 1620 cm™! (double resonance of a small wave-
vector phonon of the LO branch). If we then consider the
huge amount of Raman experiments published on graphene
and different experimental conditions exploited so far, it is un-
likely that this peak can be attributed to activation mechanisms
already documented for graphene.

We argue that the interaction of Cr with graphene softens
the ZO phonon mode, downshifting its frequency wzo in
such a way that the overtone frequency 2wzo ~ wg, where
wg is the frequency of the Raman-active E;, mode. This
peak then becomes Raman active within the mechanism
known as Fermi resonance. First-principles calculations of
the wzo softening on the graphene/Cr interface are compat-
ible with this scenario, also confirming that the analogous
phenomenon should not be observable with other, previously
studied metals such as nickel or copper due to the different
kind of interaction with graphene. According to calculations,
the presence of Cr by itself is, possibly, also responsible for
the mild anharmonic mixing required for the 2ZO Raman
activation.
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Concluding, the present work provides strong hints for
a Fermi resonance phenomenon, so far observed mainly in
molecules and molecular crystals, in the case of a truly
dispersive crystal. This is made possible by the unique nature
of graphene, which allows the tuning of the ZO phonon
frequencies through interaction with foreign species.
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APPENDIX A: DFT COMPUTATIONAL DETAILS

We used ultrasoft pseudopotentials [40] and spin polariza-
tion for Ni and Cr (in this last case it turns out, however,
unnecessary). Sampling of the electronic Brillouin zone was
done with the k-point grid described below, with Gaussian
smearing of 0.01 Ry. Electronic wave functions were ex-
panded in plane waves up to an energy cutoff, €, of 30 Ry
(for Ni and Cu) and 60 Ry for Cr, the cutoff on the charge
density being 12 x €. Phonon frequencies were determined
within the approach of Ref. [41].

The local density approximation [42,43] (LDA) was used.
Indeed, it has been stressed that an accurate description
of equilibrium graphene-metal distances should include van
der Waals interactions [44], which are poorly described by
standard DFT exchange-correlation functionals [LDA or gen-
eralized gradient approximation (GGA)]. New approaches
have been proposed to take into account the dispersion
interaction [45]. However, so far, most of the theoretical
studies about graphene/metal interfaces (see, for instance,
Refs. [11,30,31]) have demonstrated that LDA functionals,
due to error cancellation, can predict both graphene-metal
distances and binding energies in fair agreement with experi-
ments.

Bulk fcc surfaces were simulated within periodic slab
geometries of six atomic layers. Graphene/fcc results were
obtained in the so-called top-fcc [46] configuration, which
(according to both the literature and present calculations) is
the most stable. For the on-fcc structures, we used 32 x 32
electronic k-point grids and a 20 A vacuum layer. We tested
that for graphene/Cr systems, the structural geometry and
wzo are not affected by reducing the grid to 18 x 18 and
the vacuum to 10 A. For the larger bee structure (Fig. 8),
we used a 2 x 16 (shifted from the origin) grid (which has
a similar density as the 18 x 18 used for the fcc structure) and
10 A vacuum. Atomic positions were relaxed to equilibrium
by energy minimization by fixing the in-plane lattice spacing
and the positions of the lowest metallic layer.

Calculations on graphene/fcc structures were done by
imposing as in-plane lattice spacing that calculated for the
three bulk metals Cu, Cr, and Ni. This implies that the
graphene lattice parameter is expanded by +2.1%, +2.9%,
and —0.98%, respectively, with respect to the freestanding

condition. By repeating the calculations at the graphene equi-
librium lattice spacing, the wzo values change by <3 cm™'.
Concerning the graphene/Cr"° structure, we note that by
imposing the in-plane equilibrium lattice spacing of bec Cr
in the lowest panel of Fig. 8, graphene lattice spacing would
be contracted by 3% and 1% along the horizontal and vertical
directions, respectively. We found it preferable to avoid this
anisotropy (these calculations were not done to reproduce that
particular structure, but to provide indications for a generic
graphene/Cr interface) and calculations were performed at
the lattice parameters leaving graphene at equilibrium in both
directions (at the expense of a slight anisotropic expansion
of the underlying Cr). The calculated equilibrium lattice
spacmgs in A of the bulk metals are afcc = 3.54 (2.50),

all =3.57 (2.52), a}l, = 3.43 (2.43), and 4!, = 2.80 (2.43),
with the values in parentheses being the nearest-neighbor
atomic distance. The calculated lattice spacing of graphene
isa®r =245 A

Finally, graphene/Cr’ calculations are done by using one
flat Cr layer, and the atomic positions remain fixed during
the relaxation of C atoms. In the actual graphene/Cr>¢ in-
terface, Cr atoms at the surface are not exactly planar. To
estimate how this affects the present discussion, we fully
relaxed a graphene/Cr"® slab containing four Cr layers. The
resulting vertical displacements of the Cr atoms of the out-
ermost layer are not larger than 0.04 A (from the average
flat position). Then, we considered only the outermost Cr
layer, thus relaxed, and let it interact with the graphene layer.
The resulting wyo is slightly higher (~1 cm™') than the one
obtained from a flat Cr plane. We, thus, consider this effect as
negligible.

bee

APPENDIX B: RESONANCE MODEL DETAILS

Let us consider Eq. (2) and the vibrational subspace
V generated by |G,) = a}|0) and |q) = /N'/Sbib’,0).
with q belonging to half of the BZ, and S belng the
surface of one-half of the graphene BZ. |q) represents the
excitation of two ZO phonons with opposite momentum.
The normalization is chosen so that {(q|q’) = §°(q —q'),
where 82 is the two-dimensional Dirac delta distribution. To
simplify the problem, we restrict V to a half circle centered
at the BZ origin, having radius g and we assume that wq
depends only on |q|. The integrations on the two-dimensional
q vectors can be decomposed into radial, ¢ = |q|, and angular,
0, components. We then introduce the angular functions
Fi(0) =1, F(0) = v/2cos(2n6), Fy11(0) = +/2sin(2n0),
with n e N*. These have the following properties:
F,(0 + ) = F,(6), foﬂ de/ﬂEl(e)Fm(g)z(Snmv and
> F(OF,(0)=78(0 —0") for |0 —0'| <. We then
define

T do
lg.n) = \/mﬁ/() ;Fn(é‘)lm, (B

where ¢ and 6 are the radial and angular components of
q. The angular decomposition is done on functions with
periodicity w because |q) and |—q) represent the same ex-
citation. The normalization is chosen so that (g, n|q’, m) =
48:.m0(q — q'), where §(q) is the one-dimensional Dirac delta
distribution.
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The vectors |G,) and |gq, n) are then a basis of V and the matrix elements of H within ) are (consider /i = 1)

(GulH|Gw) = Suwwa, (q.nlHIg', m) = 2w4q8,m6(q — q),
Tqq

(GolHlg, n) = S—,Va,n(Q), Va,n(q):/O Va(QF,(0)d0 /7. (B2)
0

A generic vector of V can be written as

q
q. 1 gi
V) = ) _XulGa) + / =Ygnlg, nYdg = ) xa|Ga) + —= )  —=Vinlgi, n), (B3)
where, for computational purposes, in the second line the integral has been discretized by summing on a uniform array of N ¢;
points (i = 1, N) in the interval [0, g]. The solution of the eigenvalue problem #|y) = A|y) is then reduced to solving the linear
system,

2 i_
wGXy + ;Wa,i,nyi.n = )\xa Xa:Wa,i,nxa + qu;yi,n = )"yi,na with W(x,i,n - Ng(,]q Va,n(qi)~ (B4)
The unknowns are A, xi, xp, and {y;,; i=1,...,N; n=1,...,00} and the problem reduces to the diagonalization of a
symmetric matrix. With the present parametrizations for V(q), the problem is further simplified. Indeed, if we consider the
form of Eq. (3), the eigenvalues with component x; # O are coupled only to the {y;»; i =1, ..., N} since W, ;, = 0 for n # 2.
On the other hand, the eigenvalues with component x, # 0 are coupled only tothe {y;3; i =1, ..., N} since W, ; , = 0 forn # 3.
If we now consider the form of Eq. (4), the eigenvalues with component x; # 0 are coupled only to the {y; ;; i =1, ..., N} since

Wi.in = 0forn # 1, while the eigenvalues with component x, # 0 are not coupled to the {y; ,}. Thus, in all the cases, the matrix
is block diagonal and the blocks in which one of the x, is coupled to the y; , variables have only (N 4 1) x (N + 1) dimensions.
For Eq. (3), the two blocks associated with the two different polarizations of the E;, phonon mode (@ = 1, 2) are identical. Thus,
the two modes remain degenerate. For Eq. (4), one of the two polarizations (o« = 1) is coupled to the ZO’s and the other (o = 2)
is not. Thus, while the eigenvalue associated with « = 1 shifts, the one associated with « = 2 remains equal to wg.

Within the Lanczos procedure, the (N + 1) x (N + 1) matrix is reduced to a tridiagonal form and this allows one to write, in
a continued fraction expansion, the matrix elements of the Green function associated to x¢, (@); see, e.g., Sec. V.8 of Ref. [47].
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