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Structure of Graphene Grown on Cu(111): X-Ray Standing Wave Measurement
and Density Functional Theory Prediction
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We report the quantitative adsorption structure of pristine graphene on Cu(111) determined using the
normal incidence x-ray standing wave technique. The experiments constitute an important benchmark
reference for the development of density functional theory approximations able to capture long-range
dispersion interactions. Electronic structure calculations based on many-body dispersion-inclusive density
functional theory are able to accurately predict the absolute measure and variation of adsorption height
when the coexistence of multiple moiré superstructures is considered. This provides a structural model

consistent with scanning probe microscopy results.
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Over the last 20 years, few materials and interfaces have
garnered more attention than the graphene-metal interface
[1,2]. Many different synthesis routes have been devised for
graphene on metal substrates [3], and detailed structural
and electronic characterization of graphene has been
reported on various single crystal metal surfaces, including:
Ir(111) [4], SiC(0001) [5-7], Ni(111) [8], and Cu(111) [9].
When weakly adsorbed [10,11], the electronic properties of
graphene are preserved, but when strong interactions are
present these properties can be lost [12].

X-ray standing waves (XSWs), photoelectron diffrac-
tion, and density functional theory (DFT) have been used to
characterize the adsorption height (d) and corrugation (Ad)
of graphene on Ir(111) [4], Ni(111) [8], SiC(0001) [5,6],
and H-intercalated SiC(0001) [6]. These examples exhibit a
significant range of intralayer corrugations (0.02—1.0 A; see
Table I and Table S1 in the SM [13]), exemplifying the
substrate dependence of graphene’s structure.

Strong graphene-metal interactions can lead to a
strained, commensurate graphene overlayer [35]. More
commonly, the lattice mismatch between the two materials
leads to moiré patterns [35,36] that manifest as periodic
modulations of tunneling current in scanning tunneling
microscopy (STM), e.g., graphene-Ir(111) [4] and gra-

previously been identified, with associated moiré rotational
angles (angle between the graphene and substrate lattices)
[9,11,38-40]. STM and noncontact atomic force micro-
scopy (nc-AFM) alone cannot unambiguously separate
structural, mechanical, and electronic corrugation effects
that contribute to the moiré pattern. Though, nc-AFM
indicates a weak structural corrugation (0.25 A) for a
singular graphene-Cu(111) moiré pattern [41], but little is
understood about height variations between different moiré
patterns. By contrast, structural corrugation of graphene on
Ir(111) and SiC(0001) has been evidenced by XSW and
DFT calculations [4-6].

The adsorption height of graphene on Cu(111) has not
been unambiguously determined. Only two results exist in

TABLE 1. Coherent fractions (f1;), adsorption heights (d)
above a bulk truncated surface, and corrugations (Ad) for
graphene on Ni(111) [8], SiC(0001) [5,6], H-intercalated
SiC(0001) [H-SiC(0001)] [6], Ir(111) [4], and graphene on
Cu(111). Uncertainties on the last significant figures are given
in brackets. DFT functionals used: SiC(0001) [5]: vdW-TS [33],
Ni(111) [8]: PBE, Ir(111) [4]: vdW-DF [34], Cu(111): HSE06 +
MBD-NL (Fig. 3). The Ni(111) experimental results were
obtained by photoelectron diffraction, all other systems

phene-SiC(0001) [37]. In particular, graphene on Cu(111) by XSW.

exhibits many coexisting moiré patterns. A small subset has 2 - 2
Substrate fin d (A) Ad (A) DFT d (A)
Ni(111) [8] : 2.17 0.04 2.11
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the literature: 3.13 +0.02 A [42] in XSW for graphene

formed from nanoribbons and 3.34 4+ 0.06 A [43] in
positron diffraction. Numerous theoretical studies have
reported the adsorption height of graphene on Cu(111),
both for commensurate and strained structures [44—49] and
near commensurate superstructures [40,50]. However,
different exchange-correlation (XC) approximations yield
wildly different adsorption heights (2.21-5.54 A [44—49]).
Without accurate experimental reference data, the reliability
of first principles predictions cannot be directly assessed,
limiting the development of DFT XC approximations.

In this Letter, we report XSW measurements of graphene
grown in ultrahigh vacuum on a Cu(111) single crystal
via chemical vapor deposition of a novel precursor [11].
We predict structures based on state-of-the-art long-range
many-body dispersion-inclusive DFT calculations that
consider the experimental moiré superstructures. The
calculations accurately predict the vertical height of carbon
atoms within the graphene overlayer and show that includ-
ing multiple moiré superstructures to accurately model
XSW measurements is crucial.

Graphene was grown in situ on Cu(111) under ultrahigh
vacuum conditions following the methodology in Ref. [11].
Atomically clean Cu(111) samples were prepared by cycles
of sputtering (Ar") and annealing (~1000 K). The sample,
held at 1000 K, was exposed to a flux of azupyrene mole-
cules (~320 K). X-ray photoelectron spectroscopy, low
energy electron diffraction, Raman, and angle-resolved
photoemission spectroscopy confirm the growth of high-
purity, pristine graphene [11]. All samples were of sub-
monolayer coverage and were measured at 300 K. Further
experimental and computational details are described in the
SM [13].

The Cu(111) Bragg reflection at normal incidence was
used to create an XSW field at a photon energy of 2.63 keV.
At the Bragg condition, the antinodes of the XSW lie
halfway between the Bragg diffraction planes (BDPs) [51].
Increasing the photon energy shifts the antinodes toward
these BDPs. Thus, the adsorbed graphene will experience
varying photon flux as a function of its adsorption height as
the photon energy is varied, resulting in a modulation in the
photoelectron yield. This modulation is fitted with two
dimensionless parameters [52]: the coherent fraction, f;;;,
and the coherent position, py;. f;; is related to the order
of the system, p;;; describes the position of the atoms
relative to the BDPs [51].

The acquired C 1s XSW data for graphene on Cu(111) is
shown in Fig. 1(a). The fitted f;;; for these data is
0.77 £ 0.02, discussed in detail below. The resulting p;;
is0.55 4= 0.01 and corresponds to a d of 3.24 + 0.02 A. This
adsorption height is close to the sum of the van der Waals
radii of copper and carbon (3.1 A [53,54]), indicating that
long-range dispersion interactions dominate the graphene-
Cu(111) interface.

A positron diffraction study of graphene on Cu(111),
found an adsorption height of 3.34 4-0.06 A [43], slightly
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FIG. 1. (a) C 1s XSW of graphene on Cu(111). The exper-

imental data points are represented by the black and orange
markers. The blue and grey curves represent the fits of the C 1s
photoelectron yield and the X-ray reflectivity, respectively. The
blue and grey y-axes correspond to the photoelectron yield and
reflectivity, respectively. (b) STM image (with an applied flatting
function) of the graphene sample featuring multiple moiré
patterns, area: 100 x 100 nm?, tunneling voltage: 1.2 V, current:
150 pA.

larger than the XSW result. Positron diffraction is still a
maturing technique and requires an iterative comparison to
structural models. In that work, only a single (1 x 1) unitcell
of graphene was considered, thus only neighbor-neighbor
buckling was probed, excluding long-range corrugation.

Graphene formed by annealing of preadsorbed graphene-
like nanoribbons [42] had a f;; of 0.61 and a p;; of 0.49,
significantly lower than values found in this study. The
binding energy of the main peak in the C 1s x-ray photo-
electron spectrum of the nanoribbon is effectively identical
to that of graphene, making their separation in the XSW
difficult. However, the difference in the results of these two
works could be fully rationalized by a proportion (~20%) of
the nanoribbons remaining unreacted.

Our measured f;; for graphene on Cu(111) is compa-
rable to that of graphene on Ir(111) (0.74 £ 0.04) [4] and
h-BNonCu(111) (B:0.65 £ 0.03; N: 0.71 & 0.02) [55]. For
both of these systems the deviation of f; from unity was
ascribed to a corrugation of the layers [4,55]. The measured
adsorption height of graphene on Cu(111) is only slightly
lower than h-BN on Cu(111) (d = 3.37-3.39 + 0.04 A)
[55], and graphene on Ir(111) (d = 3.38 £ 0.04 A) [4]. To
probe the possible role of corrugation in these films, we turn
to DFT calculations.

Several studies have assessed the ability of different XC
functional approximations to predict the adsorption height
of graphene on Cu(111) using a hypothetical, commensu-
rate (1 x 1) model of the graphene-metal interface [44—49].
In Fig. 2, we summarize these literature results. Local
density approximation (LDA) predictions lie between 2.5
and 3.25 A. We note that LDA overbinding can lead to
fortuitous adsorption heights that appear to be consistent
with physisorption [56]. Perdew-Burke-Ernzerhof (PBE)
and revised PBE (RPBE) functionals based on the
generalized gradient approximation (GGA) mitigate LDA
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overbinding and effectively predict no binding, as they
explicitly neglect long-range dispersion interactions.
Predictions with van der Waals correlation functionals
(vdW-DF) provide heights in the range of 3.26 and
3.80 A [45,47,48]. Random phase approximation (RPA)
calculations based on underlying PBE DFT calculations and
combined with exact exchange (RPA + EXX) [57-59]
predicted an adsorption height of 3.25 A [46]. This was
later corrected to 3.09 A [47]. Unfortunately, RPA + EXX
remains computationally intractable for systems with hun-
dreds of atoms.

A similarly broad scatter of predictions across different
XC functionals has been reported for other metal-organic
interfaces, e.g., benzene [60] and PTCDA [61] on Ag(111);
and naphthalene on Cu(111) [62]. For physisorption at
molecule-metal interfaces, long-range dispersion correction
schemes such as the Tkatchenko-Scheffler vdWs™t [63],
the many-body dispersion (MBD [64,65]), and the nonlocal
MBD (MBD-NL [66]), coupled with either PBE [67] or
Heyd-Scuseria-Ernzerhof (HSE06 [68]), have yielded
excellent predictions [56,69,70]. The pairwise additive
vdW scheme explicitly captures the screening of inter-
actions that affect the distance dependence of long-range
dispersion at conducting substrates. The MBD-NL method
accounts for the collective many-body response and screen-
ing effects mitigating overbinding that is often observed
with pairwise additive methods. In combination with
HSEQ06, which provides an accurate representation of the
Pauli repulsion between closed shell adsorbates and the
surface, these methods provide computationally efficient
and scalable alternatives to explicit long-range correlation
functionals and are used herein to model the experimental
results.

To directly compare MBD-NL and vdW*'™ corrected
functionals to the literature, we performed calculations of
graphene on Cu(111) with a commensurate (1 x 1) surface
slab model represented by eight layers of copper (Fig. 2). In
previous (1 x 1) calculations, the most stable adsorption
configuration had the two symmetrically inequivalent
carbon atoms adsorbed directly above the atop and fcc
hollow sites (Fig. 2) [46-48,71], which we confirm for the
employed functionals. The MBD-NL correction yields
better agreement with the experiment, with PBE +
MBD-NL within 0.06 A of the experimental value. The
MBD-NL correction yields shallower minima in BE
compared to the vdW*"™ correction. The latter is known
to overestimate adsorption energies [60,70]. Unfortunately,
no experimental measurement of the adsorption energy for
graphene exists.

Figures 2 and S9 in the SM [13] show that PBE +
MBD-NL provides a shallow BE well with a slow repulsive
onset. By including exact exchange via the range-separated
hybrid functional HSE06 + MBD-NL (blue curve in
Fig. 2), this is remedied and the minimum is found at a
lower adsorption height. A similar behavior has been
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FIG. 2. Binding energy (BE) curve of the commensurate
(1 x 1) supercell of graphene on Cu(111), performed with the
PBE + MBD-NL, PBE + vdW*"f, HSE06 + MBD-NL, and
HSEO06 + vdW**T calculated here. Functionals used in literature
[44—49] are indicated in the figure legend. Here, d values are the
height difference between graphene and the surface on which the
graphene was optimized. Inset: schematic of (1 x 1) structure.
The unit cell indicated by black lines. Carbon atoms, black;
copper atoms, see inset.

reported for benzene on Ag(111), where the dispersion-
inclusive range-separated hybrid functional provided an
improved description of the adsorption height [60].

The RPA + EXX and vdW-DF results for the (1 x 1)
structure appear to provide better agreement with the
experiment. However, the (1 x 1) model induces consid-
erable strain on the graphene lattice ranging from 3.13% for
PBE + MBD-NL to 4.80% for HSE06 + vdW*" (see
Tables S6-S9 and Fig. S7 in the SM [13]). A strain larger
than ~1.5% is questionable [72] and, as we will demon-
strate below, removing the strain by considering realistic
moiré superstructures is key to accurately predicting the
adsorption structure.

Several other theoretical works considered the moiré
superstructure for this system [40,50,73], but without the
benchmark of the quantitative experimental results pre-
sented here. We modeled eight representative moiré pat-
terns with a strain between 41%. These superstructures
range in size between 26-314 carbon atoms with perio-
dicities between 0.88 and 3.08 nm. A subset of these
superstructures contain periodicities and angles observed in
STM measurements [11,40,44]. Further details on the
calculated moiré patterns can be found in the SM [13],
Tables S3-S9.

Figures 3 and S9-S11 [13] show the relaxed adsorption
heights and optimized structures for all eight moiré patterns
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FIG. 3. (a) Histogram of adsorption heights in each moiré
pattern for the HSEO06 + MBD-NL functional compared to
experiment. Here, d values are the height difference between
graphene and a projected bulklike truncation of the Cu surface.
Tables S6 and S7 in the electronic SM [13] summarize the
adsorption heights with respect to the relaxed Cu surface. Nb: the
1 x 1 cell contains two atoms. The red bar is increased here for
visual clarity. (b) Optimized structures of a subset of the studied
moiré patterns calculated with HSEO06 + MBD-NL. The full set
of moiré structures are shown in Fig. S11.

with PBE + MBD-NL and HSE06 + MBD-NL and the
vdWs'f methods. In the following, we will focus on the
MBD-NL results. For the PBE + MBD-NL prediction,
the mean adsorption height in the (1 x 1) model was
3.18 A, whereas the different moiré superstructures range
from 3.22 to 3.33 A. For HSE06 + MBD-NL, this effect is
starker with the (1 x 1) unit cell yielding a height of 2.87 A
and the moiré structures ranging from 3.04 to 3.29 A. Thus,
relieving the strain on the graphene lattice has a strong
effect on the predicted adsorption height.

Figure 3 shows that the average adsorption height and
corrugation (defined as the difference between highest and
lowest atom) of each moiré superstructure differ signifi-
cantly with rotational alignment to the substrate (see
Tables S6-S7 in the SM [13]). Some moiré superstructures
show virtually no corrugation (e.g., moiré 2, 3, and 6),
while others exhibit corrugation beyond +0.11 A (e.g.,
moiré 5 and 7). Both functionals agree on which super-
structures show more or less corrugation. Generally, as the
angle of rotation increases, the corrugation decreases (see
Fig. S13 in the SM [13]), a behavior previously reported in
the literature [40,73]. The corrugation does not directly
correlate with the magnitude of lattice strain in the
graphene layer.

PBE + MBD-NL moiré superstructures exhibit adsorp-
tion heights that are predominantly larger (3.22-3.33 A)
than the experimental value (3.24 4-0.02 A). Predictions

with the HSEO06 + MBD-NL functional show adsorption
heights that are predominantly lower (3.04-3.29 A) than
the experimental value. As all BE curves are anharmonic,
we expect 0 K DFT structure predictions to provide lower
bounds on the adsorption heights measured at finite
temperature (300 K) and that finite temperature effects
will, at least to a minor extent, increase the average
adsorption heights [70]. If finite temperature effects are
considered, the adsorption heights predicted by PBE +
MBD-NL would further overestimate, whereas HSE06 +
MBD-NL heights would be closer to, the experiment.

Up to now, we have only compared the average adsorption
heights from the calculations to the XSW results. We now
analyze the measured coherent fraction (0.77 = 0.02) that
captures the spread of adsorption heights. The interpretation
of coherent fractions is complicated by a convolution of
dynamical (i.e., thermal vibrations) and static structural
variations (i.e., corrugation).

To explain the measured f;;; solely by thermal vibra-
tions requires a root mean square vibrational amplitude
(rms-va) of 0.24 A. We performed phonon band structure
calculations on freestanding graphene to estimate the scale
of dynamic effects on the rms-va at 300 K (further details in
Sec. 4 of the SM [13]). We predict an average rms-va of
0.12 A, similar to the experimental value measured for bulk
graphite (0.11 A [74]). Thus, the dynamical variation of
adsorption heights is not large enough to explain the
reduced f;; observed in the XSW experiments.

The static corrugation of graphene on Cu across a single
moiré pattern can be estimated from STM and nc-AFM.
Note that apparent heights in both STM and nc-AFM can
be ambiguous, and are used here as an indicative estimate
of the scale of the static corrugation. Prior measurements
show apparent corrugations of 0.15-0.35 A in STM [9,40]
and 0.25 A in nc-AFM [41]. The apparent moiré corruga-
tion extracted from our own STM measurements (0.10—
0.48 A; see Sec. 2, Table S2 in the SM [13] for details)
agree well with the literature values. The largest DFT pre-
dicted corrugation (HSE06 + MBD-NL) is 0.12 A, similar
to the smallest corrugations seen in STM measurements.

To draw comparisons between the rms-va needed to
explain the XSW results, experimental STM and nc-AFM
data, and the DFT calculations, we convert the corrugations
into root mean square displacement values (rms-d).
Assuming an rms-va of 0.12 A, an rms-d of 0.21 A would
be required to explain the measured f;;;. For the STM and
nc-AFM data, we assumed a sinusoidal distribution of the
adsorption heights, while we calculated the rms-d directly
for the DFT moiré structures (see Sec. 3, Tables S6-S9 of
the SM [13] for details). The rms-d of nc-AFM (0.0625 A
[41]), our STM (0.024-0.120 A), and DFT (0.001—
0.031 A), are all much smaller than the rms-d required
to fully account for the reduction of the f;;; in the XSW
results. Therefore the reduced f;; also cannot be explained
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by the static variations of the 0 K adsorption heights within
one moiré superstructure.

STM [Fig. 1(b) and Refs. [9,38,40]), LEED [11,75], and
nc-AFM [41] data show that many different moiré patterns
coexist on the surface. Scanning probe measurements, as
well as the DFT calculations inherently capture the local
structure over a few nanometers, whereas XSW is an area-
averaging technique (~400 x 400 pm?). The XSW analysis
therefore contains contributions from different moiré struc-
tures, whose variation in adsorption height is greater than
their individual corrugations [see Figs. 3(a) and S10 in the
SM [13] ]. To roughly estimate this effect, we calculate the
rms-d that arises from a combination of the two DFT
superstructures with the largest adsorption height differ-
ence. Assuming a one-to-one mixture yields an rms-d of
0.13 A, closer to the required 0.21 A. When combined with
the theoretically calculated vibrational rms-va of 0.12 A,
we obtain a f;; of 0.87 (see SM [13] for details). As our
DFT study only includes comparably small (< 3.1 nm)
moiré patterns, a complete set of moiré patterns would
likely yield an even larger spread of adsorption heights.
Thus, only the combination of dynamical effects of the
lattice vibrations and different moiré structures with vary-
ing adsorption heights comes close to explaining the
reduced f1;; in the XSW data.

In summary, we report the structural characterization of
graphene on Cu(111) with complementary XSW measure-
ments and state-of-the-art dispersion-inclusive DFT calcu-
lations. Commensurate (1 x 1) graphene structures are
unreliable structural models to assess the accuracy of
existing and new XC approximations to DFT. To fully
rationalize the measured coherent positions and coherent
fractions, the moiré superstructure of graphene on Cu(111)
must be considered. In doing so, DFT predictions with the
HSEO06 + MBD-NL XC functional are in excellent agree-
ment with experiment. Furthermore, careful consideration
of multiple different coexisting moiré superstructures is
required to correctly reflect the distribution of adsorption
heights. The results will provide valuable reference data for
XC functional development and could be applied to
graphene on other substrates.

All experimental and computational data has been
deposited in the NOMAD online database [76].
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