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ABSTRACT  

Theory and experiment demonstrate the direct growth of a graphene oxide/buckled 

graphene/graphene heterostructure on an incommensurate MgO(111) substrate. X-ray 

photoelectron spectroscopy, electron energy loss, Auger electron spectroscopy, low energy 

electron diffraction, Raman spectroscopy and first-principles density functional theory (DFT) 

calculations all demonstrate that carbon molecular beam epitaxy on either a hydroxylated 

MgO(111) single crystal  or a heavily twinned thin film surface at 850 K  yields an initial C layer 

of highly ordered graphene oxide  with  C3v symmetry. A 5x5 unit cell of carbon, with one 

missing atom, forms on a 4x4 unit cell of MgO, with the three C atoms surrounding the C 

vacancy surface forming covalent C-O bonds to substrate oxide sites.  This leads to a bowed 

graphene-oxide with slightly modified D and G Raman lines and a calculated band gap of 0.36 

eV. Continued C growth results in the second layer of graphene that is stacked AB with respect 

to the first layer and buckled conformably with the first layer while maintaining C3v symmetry, 

lattice spacing and azimuthal orientation with the first layer. Carbon growth beyond the second 

layer yields graphene in azimuthal registry with the first two C layers, but with graphene-

characteristic lattice spacing and π�π* loss feature.  This 3rd layer is also p-type, as indicated by 

the 5.6 eV energy loss feature.  The significant sp3 character and C3v symmetry of such 

heterostructures suggest that spin-orbit coupling is enabled, with implications for spintronics and 

other device applications. 
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INTRODUCTION 

We present detailed theoretical and experimental results demonstrating how carbon molecular 

beam epitaxy (MBE) can result in the formation of graphene on an incommensurate polar oxide 

substrate, with significant implications for practical device applications.  Direct graphene growth 

by scalable methods on dielectric substrates is a critical opportunity for the industrial-scale 

development of graphene-based devices.  Attention has naturally focused on lattice-

commensurate substrates, particularly BN.1-3 However, growth on incommensurate polar oxides 

has also received attention,4-9 including substrates such as MgO4,7-9, Co3O4(111)5, and Al2O3
6.  

Such incommensurate oxides are attractive because (a) this route to graphene growth would 

potentially make available a broader variety of substrates for various applications, and (b) 

substrate-graphene interactions might lead to novel graphene properties, such as a substrate-

induced band gap,9 or induced spin polarization of graphene.10,11  The practical applications of 

such properties, however, require a detailed understanding of the graphene-polar oxide 

interfacial region, and of how the graphene is accommodated to a lattice- mismatched and 

chemically reactive substrate.  

 The experimental and theoretical results reported here provide, for the first time, such 

understanding and explain previously-observed graphene/MgO properties, such as the band 

gap.4,9,12 Moreover, the substantial sp3 character and three-fold symmetry of the graphene 

oxide/graphene heterostructure strongly suggest the  ‘turning on” of spin-orbit coupling13, with 

the potential for a substantial room-temperature spin Hall effect.14 The reproduction of similar 

results on both a highly ordered MgO(111) single crystal and heavily twinned thin film indicate 

that this interfacial arrangement can tolerate a substantial degree of substrate disorder, and 

suggest that such oxide/graphene heterostructures may be grown on other polar oxides with 
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desirable properties.  More broadly, these findings indicate that the ability to support graphene-

to-oxide charge transfer is a predictive criterion for determining whether similar growth can be 

observed on other polar oxide substrates. 

EXPERIMENTAL    

MgO thin films were produced by DC-magnetron sputter deposition in a separate sputter 

deposition system on Ru(0001)/Al2O3(0001) substrates.  The system and the preparation and 

characterization of Ru films have been described previously.15   MgO (111) films were prepared 

by deposition from an Mg target onto a Ru (0001)/Al2O3 substrate in an Ar plasma (8 mTorr Ar, 

15 W) at 850 K in the same system as the Ru film deposition. This was followed by annealing in 

10-6 Torr O2 at 850 K.  The MgO was then transferred to the main MBE/surface characterization 

chamber, described previously15, and cleaned prior to C MBE by annealing in O2 (10-6 Torr, 

1000 K). Sample transfer from the MBE chamber to the surface-analysis chamber was 

accomplished without exposure to ambient. Subsequent Auger electron spectroscopy (AES) 

measurements showed no evidence of substrate Ru signal, indicating that the MgO (111) film 

thickness was greater than ~ 150 Å. Samples were then exposed to C MBE or subsequent 

annealing steps. AES, XPS, LEED and EELS data and analysis were carried out as previously 

described.15 Raman spectra were acquired ex-situ using a 514 nm excitation source on a 

commercial instrument.  Similar preparation and analysis methods were used for commercially 

available MgO (111) single crystals (1 cm x 1 cm x 1mm).  

C thickness calculations were carried out for both the MgO (111) single crystal and thin 

film by measuring the decrease in the O(KVV)/C(KVV) AES intensity ratio. Importantly, AES-

derived average C carbon coverages are reported herein as monolayers, assuming a graphene 

monolayer (ML) equivalent of 3.3 Å/ML.16 Indeed, for graphene oxide with vacancies and non-
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planar character, and for buckled graphene layers (see below) this monolayer equivalence may 

be a considerable approximation.  Therefore, the C coverages reported herein monolayers must 

be regarded as approximate. 

XPS and AES spectra were acquired on the clean MgO (111) single crystal or MgO thin 

film, respectively.  The XPS spectra indicate significant hydroxylation of the single-crystal 

surface (vide infra), while AES spectra indicate an O/Mg atomic ratio of 1.2:1, also consistent 

with surface hydroxylation. (See supplemental data, Fig. S1) Such hydroxylation serves to 

stabilize the polar MgO (111) surface under ultrahigh vacuum conditions.17  

C 1s and O 1s XPS spectra were deconvoluted into separate components corresponding to 

different chemical environments, in order to better interpret the results.  Gaussian-Lorentzian 

lineshapes were used, with full-width-half-maxima values of 2.0 eV, based on the empirically 

determined energy resolution of the analyzer under these conditions.  For C 1s spectra, 

components with binding energies of 284.5, 285.5 and 287 eV were used for the sp2 C, sp3 C, 

and the O-bonded C, respectively, based on previously reported results for diamond-like 

carbon.18 For the O 1s spectra, the binding energy of the major O component, corresponding to 

lattice O, was fixed to 531 eV based on published results in order to correct for peak shifts as a 

result of sample charging.19 The binding energy of the second component was allowed to vary to 

obtain the best fit to the experimental spectrum.   

The quantum-mechanical calculations were carried out with the VASP software,20-22 using the 

PBE flavor23 of density-functional theory (DFT). The projector augmented wave (PAW) 

method24 was used to account for core-valence interactions. The kinetic energy cutoff for plane 

wave expansions was set to 500 eV, and reciprocal space was sampled by the Γ-centered 

Monkhorst-Pack scheme with a grid of 3×3×1. The surface slab consists of 4×4×2 MgO. The 
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vacuum layer is at least 20 Å above the surface. The convergence criteria are 1 × 10-7 eV energy 

differences for solving the electronic wavefunction. The Methfessel-Paxton smearing of second 

order with a width of 0.1 eV was applied. All geometries (atomic coordinates) were converged to 

within 1 × 10-2 eV/Å for maximal components of forces. A post-stage vdW DFT-D3 method 

with Becke-Jonson damping was applied.25  

 

RESULTS & DISCUSSION  

 Our DFT calculations for the O-terminated MgO(111) surface lead to the surprising 

indication that  C MBE on this surface yields an initial graphene oxide layer (which we refer to 

as GraphOx to distinguish with other possible graphene oxide structures) with long-range order 

and C3v symmetry (in Schoenflies notation). This is supported by experiment, as discussed 

below. Simply matching the unit of graphene to that of MgO (111) would lead to a lattice 

mismatch of 17.53%, but the 5x5 cell of graphene is only off from the area of the 4x4 of MgO 

(111) by 3.07 %. We find a 5x5 layer unit cell of carbon with one missing C, with the three C 

surrounding the C vacancy forming covalent C-O bonds to substrate oxide sites (Fig. 1).  That is, 

12.5% of the C atoms in the first C layer form covalent bonds to the O sites on the MgO surface, 

resulting in substantial charge transfer from the C layer to the oxide. This involves a compression 

in the top layer that is accommodated by the vacancy, which leads to a bowed graphene-oxide 

(GraphOx) layer, with slightly modified D and G Raman lines and a calculated band gap of 0.36 

eV.  

 The calculated interaction energies between the first C layer and unreconstructed, O-

terminated MgO (111) are used to estimate the stability of the first C layer using the following 

definitions: 

Page 6 of 27Journal of Materials Chemistry C



 7

MgO-Graphene Mg MgO(111) C graphene

MgO-Graphene

C

( )
.

E n E n E
E

n

− +
∆ =                            (1) 

Here, ∆EMgO-Graphene is the total energy of the graphene (or GraphOx) layer on MgO; EMgO(111) is 

the energy of MgO(111) surface per one MgO formula unit;  Egraphene is the energy of single-layer 

graphene (GraphOx) per one C atom;  nMg is 48 and nC is 49. The calculated ∆EMgO-Graphene is -

0.28 eV per C atom or 13.7 eV per unit cell of GraphOx. This can be compared to the binding 

energy between two layers in graphite of 0.05 eV/C atom or 2.6 eV per 50 C atoms. This 

indicates that the chemisorbed GraphOx layer is stable on the MgO (111) surface. 

 The DFT calculations for the second layer of graphene find that it is stacked AB with 

respect to and buckled conformably with the first layer while maintaining C3v symmetry and the 

azimuthal orientation with the first layer, as summarized graphically in Fig. 1b, c.  For this 

second layer, we find the stability of 0.04 eV/2nd C layer, which can be compared to 0.05 eV/C 

between two layers in graphite. The band gap for this layer drops to 0.084 eV, and the D-G lines 

are closer to those of graphene. A detailed top view of the first C layer is shown in Fig. 1d.   

 Local defects of 3-fold symmetry (Fig. 1a, d) form due to covalent bond formation 

between C atoms and the substrate.  As shown in Fig. 1d, these defects are arrayed to yield long-

range C3v symmetry, and the lattice spacing of the GraphOx layer is commensurate with the 

lattice spacing of the MgO (111) substrate.  This involves the GraphOx layer accommodating a 

lattice mismatch of ~20% with the O-terminated MgO substrate, achieved with significant non-

planarity (Fig. 1b). The second C layer also exhibits significant non-planarity (Fig. 1c) but 

without a missing carbon atom.  The DFT results also show that such interaction results in 

significant buckling of the first C layer.  The charge transfers and reduction of sp2 hybridization 

due to non-planarity of this layer should significantly deplete the π electron system, 
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 These surprising and unexpected results from DFT led us to carry out a series of 

experiments, including in-situ x-ray photoelectron spectroscopy (XPS), characteristic electron 

energy loss spectroscopy (EELS), low energy electron diffraction (LEED), Auger electron 

spectroscopy (AES) and ex-situ Raman measurements on both a hydroxylated MgO(111) single 

crystal and on a heavily twinned MgO(111)/Ru(0001)/Al2O3(0001) thin film.  All these 

experimental results are consistent with the DFT calculations, confirming the formation of a 

GraphOx first layer and a conformal AB stacked 2nd layer. 

 The C 1s XPS spectra and corresponding LEED and EELS data are shown in Fig. 2 for C 

MBE at 850 K on the hydroxylated MgO (111) single crystal surface.  No significant change in 

the Mg 2p or O 1s spectra (not shown) were observed during the deposition process.  The C 1s 

XPS spectra (Fig. 2a-c) are broad., showing that, at coverages of 2 or fewer C MLs, many of the 

C atoms are in oxidized states. Deconvolution of the spectra into three distinct components 

reveals that a portion of each C 1s spectrum is attributable to a component at 287 eV, indicative 

of C-O bond formation.18 The two remaining components positioned at 284.5 and 285.5 eV, 

indicate the presence of both sp2 carbon as expected in graphene and sp3 carbon due to the 

buckling of the first two carbon layers.18 Quantification of the component intensities shows that 

the area under the C-O feature is ~ 25% of the total C 1s intensity after ~ 1 ML C.  This is 

roughly twice the prediction of the DFT calculations. This suggests that this feature includes 

adjacent C atoms (see Fig. 1) that are also strongly polarized by the strong C to oxide charge 

transfer. At a coverage of ~ 2 ML C, a broad C 1s peak maximum is observed from ~ 285.5 eV 

to 285 eV, which is significantly higher than the 284.5 eV generally considered characteristic of 

undoped graphene.  These data are consistent with electron charge transfer from both graphene 

layers to the magnesium oxide substrate, and a substantial sp3 character in the second C layer.5,26 

Page 8 of 27Journal of Materials Chemistry C



 9

At a C coverage of ~ 3 MLs, however, a C 1s peak maximum near 284.5 eV is apparent.  Sample 

charging during LEED acquisition increased considerably with C coverage, and at coverages of 

~ 3 MLs, a beam energy of 250 eV was necessary for image acquisition.   Therefore, the LEED 

image at 3 ML C coverage (Fig. 2i) cannot be compared directly to LEED images (Fig. 2g, h) 

acquired at 1 or 2 ML coverages at 100 eV beam energy. However, the LEED image taken at a 

higher beam energy does contain signal from both the top two layers giving insight for 

comparison of the 2nd and 3rd carbon layers. Due to a similar pattern observed between Fig. 2h 

and 2i, the LEED image at 3 ML C coverage indicates the presence of long-range order and 3-

fold symmetry in this layer as in the other two C layers.  For all C coverages, the LEED spots are 

fainter than for the clean surface, as expected due to the reduced scattering power of C relative to 

Mg or O.27       

 The EELS spectra (Fig. 2d, e) exhibit a broad, low-intensity loss feature below ~5 eV for 

1 ML of C and the absence of a loss feature below ~5 eV for 2 MLs. The absence of a loss 

feature at ~5 eV for the 2 ML film is attributed to the inclusion of a rising background in the 

spectra preventing observation of the feature. The broad feature in Fig. 2d is not related to MgO 

28 and does not correspond to the relatively intense π�π* feature characteristic of graphene.
29  At 

a C coverage of 3 MLs, however, such a graphene-characteristic π�π* feature is observed, 

albeit with a peak maximum near 5.6 eV.  This peak loss energy is significantly higher than the 

value of ~ 5.0 eV observed for few-layer undoped graphene,29 indicating that there is still some 

charge transfer from this third C layer to the substrate. In summary, the data in Fig. 2 indicate 

that the first two C layers produced by MBE at 850 K on hydroxylated MgO (111) are heavily p-

doped, and exhibit long-range order with C3v symmetry and the lattice spacing of the MgO 
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substrate.  The third C layer exhibits C 1s XPS and EELS spectra more characteristic of 

graphene, but with evidence of p-type doping. 

 A closer look at the LEED data, acquired at different energies at 1 ML and 1.5 ML C 

coverages (Fig. 3), provides further insight concerning the transition from the first to the second 

C layer. LEED images acquired at 100 eV beam energy for ~ 1.5 MLs of C coverage (Fig. 3b) 

show a 600 rotation of the 3-fold LEED pattern with respect to those acquired at lower C 

coverages (Fig. 3a).  No such rotation is observed for the corresponding LEED images acquired 

at 150 eV (Fig. 3c,d).  The LEED images taken at higher C coverages showed no further change 

from those observed in Fig. 3b and 3d.  This LEED behavior indicates a buckling corresponding 

to a displacement along the normal to the graphene layer, of either the A or B site carbon atoms, 

during formation of the second C layer.30  The fact that the C3v symmetry of the second layer 

appears to be rotated with respect to the C3v symmetry of the first layer does not indicate C6v 

symmetry, but rather a preservation of C3v symmetry as a result a relative vertical displacement 

of either the “A” or “B” sites in the graphitic (graphene-like) second layer lattice plane.30  Thus, 

the LEED data acquired at 100 eV indicate that the second graphene layer is non-planar and 

“buckled”.  LEED data acquired at higher energy, however, indicate that the second layer lattice 

is nonetheless still ordered with C3v symmetry, and in azimuthal alignment with the first layer 

and with the MgO (111) substrate. 

The O 1s XPS spectra are shown in Fig. 4 as a function of C overlayer thickness.  These 

spectra have been deconvoluted using a feature at 531.0 eV, corresponding to lattice oxygen.19  

The binding energy of the second component was allowed to vary in order to obtain the best fit, 

giving the binding energy of ~ 533 eV, corresponding to OH species.17 The degree of surface 

hydroxylation was estimated by assuming that only the first O layer of the MgO(111) crystal 
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contains OH groups and that the intensity of the lattice O feature includes attenuated intensity 

from subsurface O layers.15  The relative intensity of the OH feature in Fig. 4a thus indicates 

that, prior to C deposition, greater than  90% of the surface O atoms are in fact hydroxyl species, 

consistent with previous studies showing that hydroxylation of the (111) surfaces of MgO and 

similar polar oxides stabilizes the (111) structure against reconstruction.17 C deposition, however 

(Fig. 4b-d) results in a monotonic decrease in relative OH intensity (see inset, Fig. 4b).  

Deposition of the first C layer results in a decrease in relative OH intensity of ~ 10%, in general 

agreement with the DFT calculations regarding the extent of the C-O bond formation.  The data 

also show, however, that subsequent C deposition beyond the first C ML continues to decrease 

the relative degree of surface hydroxylation, suggesting that either C/surface reactions continue 

after 1 C ML, or possibly that OH destruction via desorption of H2 occurs at reaction 

temperatures, without re-hydroxylation by reaction with background gases in the chamber. 

 The EELS spectra and LEED images acquired for a heavily twinned MgO (111)-oriented 

thin film are compared in Fig. 5 for average C coverages of 0, 1.0, and 2.7 MLs.  The EELS data 

(Fig. 5a-c) show a similar trend as for the MgO(111) single crystal, with the formation of a well-

developed π�π* feature near 5.8 eV at average C coverages approaching 3 MLs. Sample 

charging during LEED acquisition was much less severe on this substrate than on the single 

crystal, allowing image acquisition at beam energies as low as 60 eV.  LEED data and 

corresponding line scans (Fig. 5d-f) also show a similar trend, with images and scans from a 

sample with ~ 2 MLs average C thickness, very similar to that of the clean substrate.  

One major difference observed between the LEED images in Fig 5d, and 5e is the twinning at 

each of the 12 major spots in Fig. 5d, corresponding to the clean MgO surface, and the 

disappearance of such twinning upon deposition of ~ 1 ML C, as in Fig. 5e. This demonstrates 
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that the twinning observed in Fig. 5d is related to the vicinal MgO surface, and not the C 

overlayer.  The twinning of the vicinal MgO film could be produced by portions of the topmost 

two atomic layers being rotated 30o with respect to one another as a result of the MgO film 

deposition. A model of an arbitrary (111) surface of a rocksalt structure AB crystal was created, 

followed by rotation of the topmost layer by 30o with respect to the second layer.  (See 

Supplemental Data Fig. S2) Resulting in a direct space structure that would yield a reciprocal 

space image such as observed in Fig. 5d. The LEED data from the third layer, however, exhibit 

the larger indirect lattice spacing characteristic of graphene.  Additionally, several faintly 

bifurcated spots can be observed in the LEED image corresponding to 2.7 MLs average coverage 

(Fig. 5f -inset) indicating the formation of the graphene-like overlayer on top of the second 

carbon layer which exhibits a smaller inverse lattice constant.  Therefore, the data in Fig. 5 

demonstrate that C MBE growth on the twinned surface of an MgO (111) thin film displays the 

same trends as on a highly ordered, hydroxylated MgO (111) single crystal.  The first and second 

C layers are conformal to the MgO substrate, while the third layer exhibits the EELS and LEED 

spectra expected of graphene. 

 These LEED data (Fig. 2g, h) for average C coverages up to 2 ML are in agreement with 

the DFT, and the substantial charge transfer from the C layer to the oxide calculated agrees with 

C 1s XPS data (Fig. 2a-c).  The charge transfer and reduction of sp2 hybridization due to non-

planarity of the 2nd layer significantly depletes the π electron system, which is entirely consistent 

with the EELS features for the first two C layers on both the MgO(111) single crystal (Fig. 2d,e) 

and the thin film (Fig. 4a,b).   

 The LEED data for both the single crystal and thin film also exhibit the predicted, second 

C non-planar layer conformal to the non-planarity of the first layer, as shown in Fig. 1b (Fig. 2h 
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and Fig. 5e, respectively). The EELS data, (Fig. 2e and Fig. 5b) are also consistent with the DFT 

results, indicating that at 2 MLs average C thickness, a substantial π�π* loss feature is not 

observed.  The C 1s XPS data displayed in Fig. 1a and b are also consistent with the DFT-

predicted non-planarity and general conformity of the second C layer to the first (Fig. 1b). This 

strongly suggests substantial electronic coupling and charge transfer between the layers and the 

substrate; Experiments are in agreement with the DFT in describing the first and second C layer 

as highly p-doped, with C3v symmetry and the lattice spacing of the first layer. 

 The experimental and calculated Raman spectra are compared in Fig. 6. The ex-situ 

experimental spectrum was acquired for 2.7 ML C coverage on the MgO (111) film (see 

Methods).  The experimental spectrum is similar to other reported Raman spectra for graphene 

oxide.31,32 Specifically, the relatively large intensity and breadth of the “D” feature—typically 

associated with defects in graphene layers is consistent with the substantial sp3 character of the 

first two graphene layers, as indicated by both experiment and theory.  A calculated spectrum for 

the single phonon region of the first layer (Fig. 6, inset) is shown in comparison.  The lack of a 

second buckled layer with the sp3 character in the simulation yields a lower relative D peak 

intensity. The experimental Raman spectrum, while confirming the presence of graphene oxide 

and consistent with an additional layer of buckled graphene, does not rule out the existence of a 

third, graphene or graphene-like layer, due to the greater intensities of the graphene oxide-related 

features. 

 

SUMMARY AND CONCLUSION 

 In summary, experimental and theoretical results shown here demonstrate that C MBE on 

OH-stabilized MgO (111) yields an initial highly ordered graphene oxide layer with C3v 
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symmetry and the lattice spacing of the MgO substrate.  The second C layer does not contain C-

O bonds but is still significantly p-doped, buckled, and maintains the same lattice spacing as the 

GraphOx and MgO surface.  Only upon formation of a third C layer is graphene-like character 

found, with LEED indicating the expected smaller direct lattice spacing, and EELS displaying 

the expected π�π* feature, albeit at an energy that still suggests some p-type doping of this 

layer. 

 Multiple device applications suggest themselves for the graphene oxide/buckled graphene 

/graphene system.  The band gap of graphene oxide4,9,12,33 makes this material of general interest 

for a variety of sensor applications.34-36  As noted above,  the C3v symmetry and significant sp3 

character of at least the first two C layers on MgO(111) indicate that spin-orbit coupling should 

be enabled in these layers.13 Since transferred planar graphene with sparse sp3 defects exhibits a 

significant room temperature spin Hall effect,14 our results suggest strongly that the C 

heterostructure produced by C MBE on MgO(111) should also exhibit such an effect.  Thus, C 

MBE on MgO (111) provides a potential route towards the practical fabrication of a room 

temperature spintronics device without the use of either magnetic materials or externally applied 

magnetic fields. 

 The similar behavior observed on both a highly ordered MgO (111) single crystal and a 

twinned thin-film substrate indicate that the formation of this graphene oxide/buckled 

graphene/graphene interface is not overly dependent on precise substrate ordering.  Instead, the 

graphene oxide acts as a buffer layer, assuming the lattice constant of the substrate.  Indeed, 

similar experimental Raman spectra as in Fig. 6 have been obtained for few-layer “nano-

graphene” produced by CH4/H2 chemical vapor deposition on MgO(001).8  Additionally, similar 

behavior, including the formation of an initial graphene oxide layer, has been reported for C 
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MBE on Co3O4(111), but not on Cr2O3(0001), even though both are polar oxides with similar in-

plane lattice spacings.5  Our DFT calculations indicate substantial charge transfer from a 

graphene layer to an adjacent Co3O4(111) layer.5,37  In contrast, similar calculations for a 

graphene/Cr2O3(0001) interface indicate that charge transfer should flow in the opposite 

direction—from the chromia to the graphene.38  Since C-oxygen bond formation must involve 

charge transfer from the graphene layer to the oxide, it would appear that such interfacial charge 

transfer calculations have predictive value for determining whether the C heterostructure 

formation presented here occurs for other polar oxide surfaces.  Finally, the above theoretical 

results were obtained for an O-terminated MgO (111) surface, but agree in detail with 

experimental data for hydroxyl-stabilized16 MgO (111) surfaces.  Such detailed agreement 

strongly suggests that surface OH groups are not an inhibitor of C-O covalent bond formation 

across the graphene/MgO interface. 
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Figures and Captions 

 

 
Fig. 1.  DFT results for first and second layer C films on MgO(111) surface.  (a) First layer 

contains 49 C atoms based on a 5x5 pattern from graphene, but with one missing C, lattice 

matched to a 4x4 cell of MgO, a distortion of 3.07% in the Carbon layer. This leads to long-

range C3v symmetry (b) side view of first C layer (grey spheres) and second C layer (yellow 

spheres; O = red spheres, Mg = orange spheres); (c) calculated most-stable AB stacking 

configuration of the first (grey) and second (yellow) carbon layers; (d) Extended array showing 

long range C3v symmetry. The inset shows the details of bonding around each C3v vacancy: 

Page 21 of 27 Journal of Materials Chemistry C



 22

Three C (grey) each form a 1.315 Å covalent bonded to a substrate O (blue) while three other C 

carbon (green) form a 1.443 Å donor-acceptor bond with a substrate O (in red) leading to six C-

C bonds around the vacancy of 1.543 Å while the other six C=C bonds are the normal 1.412 Å. 
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Fig. 2, (a-c) C 1s XPS spectra for average C coverages of 1, 2 and 3 MLs, respectively; (d-f) 

corresponding EELS spectra (g-i) Corresponding LEED data; EELS excitation energy 100 eV. 

LEED beam energy (g,h) 100 eV and (i) 250 eV. Triangles (g-i) are guides to the eye. 
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Fig. 3: (a,b) LEED data (beam energy 100 eV) acquired at 1 and 1.5 ML C coverages, 

respectively; (c,d) corresponding data at 150 eV.   Triangles are guides to the eye. 
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Fig. 4. (a-d) O 1s XPS spectra of 0 ML, 1 ML, 2 ML and 3 ML carbon coverage on a MgO(111) 
single crystal respectivly. Inset in (b) corresponds to the ratio of intensities for the OH (higher 
binding energy) and O (lower binding energy) components as a function of carbon coverage in 
ML (3.3 Å = 1 ML).   
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Fig. 5.  (a-c)  EELS spectra for C films deposited on a MgO thin film with average C coverages 

of 0 ML, 1.3 ML and 2.7 MLs, respectively. (d-f) corresponding LEED images with cross 

sections (insert in (f) demonstrates the bifurcated spots indicating the third C layer has a smaller 

direct lattice spacing than the first two C layers).  Numbers in (d-f) correspond to distances, in 

pixels between corresponding LEED spots and are inversely proportional to the direct space 

lattice constant.  EELS spectra acquired at 100 eV; LEED images acquired at 60 eV.  
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Fig. 6. (a) Experimental Raman spectrum of 2.7 ML C film on a MgO thin film; (b) the 

simulated Raman spectrum of 1 ML C film on a MgO thin film. 
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