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2D Atomic Crystals

Construction of 2D Atomic Crystals on Transition Metal 
Surfaces: Graphene, Silicene, and Hafnene 
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 The synthesis and structures of graphene on Ru(0001) 
and Pt(111), silicene on Ag(111) and Ir(111) and the 
honeycomb hafnium lattice on Ir(111) are reviewed. 
Epitaxy on a transition metal (TM) substrate is a pro-
mising method to produce a variety of two dimensional 
(2D) atomic crystals which potentially can be used in next 
generation electronic devices. This method is particularly 
valuable in the case of producing 2D materials that do 
not exist in 3D forms, for instance, silicene. Based on the 
intensive investigations of epitaxial graphene on TM in 
recent years, it is known that the quality of graphene is 
affected by many factors, including the interaction between 
the 2D material overlayer and the substrate, the lattice 
mismatch, the nucleation density at the early stage of 
growth. It is found that these factors also apply to many 
other epitaxial 2D crystals on TM. The knowledge from 
the reviewed systems will shine light on the design and 
synthesis of new 2D crystals with novel properties. 
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  1.     Introduction 

 Two dimensional atomic crystals have crystalline and macro-

scopic scales in two dimensions but only one or a few atomic 

layers in the third dimension. They are usually (but not nec-

essarily) obtained by exfoliating their parent crystals, which 

have weak interaction between the neighboring layers,  i.e. , 
the van der Waals solids. [ 1–3 ]  Due to their unique structures, 

the 2D atomic crystals typically have special physical prop-

erties or chemical reactivities. [ 4,5 ]  In addition, these proper-

ties can sometimes be precisely regulated or even tailored 

by modifying the structures or chemical compositions. [ 6 ]  

Therefore, these materials exhibit very promising potential 

applications, for instance, in the next generation electronic 

devices and the nanoscale chemical sensors. [ 7–9 ]  

 The research on the 2D atomic crystals has been increasing 

extremely fast since the debut of graphene in 2004. [ 2,10 ]  Up 

to now, dozens of 2D atomic crystals have been successfully 

synthsized. Most of them can be classifi ed into three catego-

ries according to their chemical compositions. [ 11–13 ]  The fi rst 

category is the graphene family, including graphene, silicene, 

h-BN, BCN and chemically modifi ed graphene, which all 

have honeycomb structures. [ 14,15 ]  These materials, especially 

graphene, have been intensively studied in both fundamental 

and applied aspects. Many synthesis methods have been 

developed, some of which can almost fulfi ll the requirements 

of industry. [ 16–18 ]  And, lots of model devices based on these 

materials have been fabricated. [ 8,19 ]  

 The second category is the 2D dichalcogenide family, 

including transition metal disulfi des, ditellurides and 

diselenides. [ 20–22 ]  Although some of them, for example, MoS 2 , 

have been well studied, most of them have just begun to get 

attention. [ 21–23 ]  

 The third category includes some TM oxides and 

hydroxides that are stable in the single- or few-layered 2D 

form. [ 1,12,13 ]  These materials are not as stable as the ones from 

the other two categories in ambient conditions; therefore 

the synthesis is more diffi cult. Owing to the contributions 

of electrons in  d  and  f  orbitals, these materials are believed 

to have some interesting physical properties that need to 

be further investigated. [ 12 ]  Apart from the three categories, 

there are some new types of 2D crystals. For example, the 

recently reported epitaxial 2D honeycomb lattice of hafnium 

synthesized on Ir(111), does not belong to any of the three 

categories. [ 24 ]  There are still many new 2D atomic crystals to 

be explored. 

 Since most of the 2D crystals have a 3D counterpart, 

i.e., parent materials, they usually can be prepared by exfo-

liation from their parent materials. The original exfoliation 

method invented by Geim’s group relies on mechanical 

force to peel off the layers. [ 1 ]  This method is very effective 

for many graphene family materials, but not very effi cient. 

Many new exfoliation methods which are more suitable for 

mass production have been developed later. [ 15,21,22,25,26 ]  The 

most widely used ones are the chemical exfoliation methods, 

in which the weak van de Waals bonds between the layers 

of the parent materials are opened by intercalating small 

molecules in gas phase or ions in solutions into the space 

between the layers. While large amount of graphene family 

materials and metal disulfi des can be produced by exfolia-

tion, [ 17,21,26 ]  2D crystals can also be directly synthesized from 

precursors. [ 12,18,27,28 ]  The main direct chemical synthetic 

strategy is connecting the building blocks by self-assembly, 

oriented attachment or template directed attachment, which 

have been widly used for synthesizing many TM chalcoge-

nides and oxides. [ 12 ]  

 Another important direct synthetic strategy is epitaxial 

growth of 2D crystal on the surface of a well-chosen sub-

strate by chemical vapor deposition (CVD) or physical vapor 

deposition (PVD). [ 29–35 ]  Epitaxial growth on a TM substrate 

is an effective way to synthesize a variety of two dimensional 

atomic crystals of the graphene family. It has some unique 

advantages over the methods that rely on the corresponding 

3D crystals as parent material. Due to the advantages of 

clean synthesis environments and the high quality of the 

products, the CVD and PVD methods are especially suitable 

for producing a 2D material that can be transferred to silicon 

wafers and used in electronic devices. [ 17,34,36,37 ]  The epitaxy 

method is particularly valuable in the case of producing 

2D materials that do not exist in 3D form, like the silicene. 

Interestingly, although each individual 2D crystal has its own 

unique properties, the various epitaxial 2D crystals are sim-

ilar in many aspects, implying the knowledge from the inten-

sively studied systems can be used to guide the synthesis of 

new materials. 

 In this review, we focus on the synthesis of 2D atomic 

crystals on TM substrates by means of epitaxial growth in the 

ultra high vacuum (UHV) environment. The main investiga-

tion method referenced in this paper is scanning tunneling 

microscopy (STM). [ 38 ]  In the fi rst section, the factors that 

govern the quality of epitaxial graphene on TM surfaces are 

discussed, followed by a case study of graphene on Ru(0001) 

and Pt(111). In the second section, taking the Ir(111) and 

Ag(111) substrates as examples, the silicene-TM system is 

discussed . In the last section, the application of this method 

to the new hafnium 2D crystals is discussed.  
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addition, the C 1 s  peak of graphene splits in the case of a 

strong interaction (Figure  1  (f)), indicating the chemical envi-

ronment of some carbon atoms in the graphene is changed 

due to the strong interaction. Therefore, the good electronic 

properties are affected as well. On the other hand, a smaller 

lattice mismatch gives rise to fl atter graphene fi lm, for 

example, graphene on Ni(111). [ 51 ]   

 The quality of epitaxial graphene on TM surfaces is also 

infl uenced by some kinetic factors during the growth pro-

cess. [ 33,52 ]  Take the nucleation rate as an example, dense 

nucleation results in a graphene sample with small domains 

and a high density of defects, while sparse nucleation dra-

matically improves the quality of graphene by enlarging the 

domain size. [ 43 ]  The nucleation rate is normally controlled by 

changing the precursor partial pressure. The surface impu-

rities of the substrate can also play an important role, for 

instance, the surface oxygen on copper substrate. [ 70 ]  

  2.     Epitaxial Graphene on TM Surfaces 

 Graphene was found to be formed on TM single crystal sur-

faces as early as in the 1960s. [ 39 ]  For a couple of decades, 

such carbon deposits were mainly viewed as annoying con-

taminants that had to be removed from the TM surfaces. 

Since the rise of graphene in the new century, many scien-

tists realized the signifi cance of this material and revisited the 

graphene-TM systems. Up to the writing of this paper, more 

than a dozen different TM surfaces have been used as sub-

strates to grow epitaxial graphene. [ 27,29,32,36,40–44 ]  In particular, 

it was found that even some polycrystalline TM fi lms are 

good enough for the synthesis of large scale graphene fl akes 

of pretty high quality by means of CVD, which could dramat-

ically reduce the cost of graphene production. [ 34,35,45 ]  The as 

prepared epitaxial graphene can be decoupled from the sub-

strate by etching the substrate or intercalating foreign atoms 

into the graphene-TM interface. [ 35,46,47 ]  In addition, thanks 

to the high quality of epitaxial graphene and the signifi cant 

improvement of the techniques for transferring epitaxial gra-

phene from TM surfaces to any substrate surface, this method 

is considered to be one of the most promising methods for 

the future industrial production of graphene. [ 17,34,35,37 ]  

 In this section we fi rst review the factors that infl uence 

graphene quality, then discuss the details of graphene grown 

on two typical TM substrates, Ru(0001) and Pt(111), which 

have strong and weak interaction with graphene, respectively. 

  2.1.     The Factors That Infl uence Graphene Quality 

 Although graphene can be synthesized on many TMs, the 

quality and properties of graphene on different TM sub-

strates varies due to many factors. 

 The most important factor that infl uences the quality of 

graphene on a TM substrate is the interaction between the 

graphene and the TM. If the interaction is strong, graphene 

islands that form at the initial stage of growth all have the 

same orientation, and thus they can connect to each other 

seamlessly during growth and form a single 2D crystal with 

very low density of defects. However, the electronic struc-

ture of the graphene will be affected by its interaction with 

the TM substrate. In contrast, if the interaction is weak, the 

islands formed at the initial stage have different orientations, 

so the fi nal graphene fi lm has numerous small rotational 

domains and high density of defects at the domain bounda-

ries. But the inherent physical properties of the graphene 

might be largely preserved in this case. 

 Another important factor is the lattice mismatch between 

graphene and a TM substrate. If the lattice mismatch is large, 

the graphene fi lm is usually corrugated due to the inhomog-

enous interaction of the carbon atoms with the substrate. [ 48 ]  

The leval of corrugation depends on the strength of the 

interaction. As shown in the STM images in  Figure    1  (a)-(e), 

the corrugation of graphene on these substrates increases 

in such an order: graphite < Pt(111) < Ir(111) < Rh(111) 

< Ru(0001). [ 41–43,47,49,50 ]  It has been proved by X-ray pho-

toelectron spectroscopy (XPS) that the interaction of these 

substrates with graphene increases in the same order. [ 48 ]  In 
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substrate to 1000 K; maintaining such 

temperature for 20 min; slowly cooling to 

room temperature. The carbon segrega-

tion is confi rmed by comparing the carbon 

signal on the Auger electron spectroscopy 

(AES) and XPS spectra before and after 

annealing. The AES and XPS also indicate 

that no other new elements appear on the 

substrate surface after annealing.  

 The low energy electron diffraction 

(LEED) pattern of bare and gra-

phene covered Ru(0001) are shown in 

Figure  2 (a) and (b), respectively. Com-

pared with the simple hexagonal pattern 

of bare Ru(0001), the graphene overlayer 

shows more diffraction spots at the same 

electron beam energy, indicating a super-

structure on the surface, i.e., the moiré 

pattern on an incommensurate super-

structure. Since the spots in the graphene 

LEED pattern have the same orientation 

as the ones of the Ru(0001) substrate, the 

moiré pattern is solely from the lattice 

mismatch, hereby about 10%. The typical 

LEED pattern in Figure  2 (b) does not 

change with the measuring place on the 

sample, implying that the highly crystalline 

2D lattice is very homogenous. The most 

important infomation from the LEED 

pattern is that there is only one preferred 

orientation of epitaxial graphene on 

Ru(0001), which enables the formation of 

a macroscopic single crystalline graphene. 

 The atomic level structure of gra-

phene on Ru(0001) was studied with STM. 

Figure  2 (c) is an overview STM image showing that terraces 

on the sample are clean and smooth. But the zoomed-in STM 

image of the terrace, Figure  2 (d), reveals that the surface has 

periodical protrusions, forming a hexagonal array. This struc-

ture is the moiré pattern which is already revealed by the 

LEED pattern in Figure  2 (b). The moiré pattern on all the 

terraces is oriented in the same direction. The average dis-

tance between the neighboring moiré spots is 3 nm, which is 

about 12 times the lattice constant of graphene and 11 times 

that of Ru(0001). 

 The atomic structure of the graphene is shown in the high 

resolution image in Figure  2 (e). The rhombus encloses a unit 

cell of the moiré pattern. Within each unit cell, the super-

lattice consists of three structural regions: the hill region 

(marked by the green circle in Figure  2 (e)) is bowed up into 

a ridge, the valley region (marked by the yellow dashed tri-

angle) is bowed down into a valley, and the intermediate 

region (marked by the blue dotted triangle) is of medium 

height. A corresponding ball model of a unit cell is shown in 

Figure  2 (f), which clearly indicates the different sites where 

the carbon atoms sit. In the valley region, all the carbon 

atoms sit right on top of Ru atoms, implying that the smaller 

graphene-Ru distance is caused by the relatively larger inter-

action between carbon and ruthenium in this region. But in 

 In addition, the three most common carbon sources for 

graphene grown on TM, internal carbon contained in the TM 

substrate, external carbon from a hydrocarbon precursor, and 

a pure carbon source in an evaporator, would result in gra-

phene fi lms of different thicknesses. The graphene prepared 

by hydrocarbon decomposition is normally with a single 

layer. This is because the decomposition reaction occurs 

only on a bare TM surface, and consequently the growth is 

a self-terminating process that stops when the TM surface is 

fully covered by a single layer of graphene. [ 53 ]  On the other 

hand, if the graphene is prepared from the other two carbon 

sources, the vetical growth would not stop until the supply 

of surface carbon is terminated, consequently the multilayer 

graphene can be formed. [ 52 ]   

  2.2.     Single Crystalline Graphene on Ru(0001) 

 The graphene shown in  Figure    2   is synthesized by annealing 

a ruthenium single crystal substrate containing small amount 

of carbon (approximately 15 ppm). [ 41 ]  Graphene grows on 

Ru(0001) surface when carbon is segregated from the bulk 

of the substrate by annealing. The annealing process is as 

follows: slowly ramping the temperature of the ruthenium 

   Figure 1.    STM images and photoelectron spectra of graphene on different substrates. STM 
images of (a) graphite and (b)-(e) graphene on Pt(111), [ 43 ]  (Copyright 2011, American Institute 
of Physics)  Ir(111), [ 47 ]  (Copyright 2012, American Institute of Physics) Rh(111) [ 42 ]   (Copyright 
2012, American Institute of Physics) and Ru(0001). [ 41 ]  (Copyright 2009, Wiley-VCH) The 
STM images are of the same scale. (f) C 1s photoelectron spectra taken in normal emission 
graphite and graphene on the TM surfaces. [ 48 ]  (Copyright 2008, American Physics Society) All 
panels reproduced with permission. 
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preferred orientations. This means the 2D crystal of graphene 

is polycrystalline with many rotational domains. 

 The morphology of the polycrystalline graphene on 

Pt(111) was studied with STM. The overview STM image in 

Figure  3 (a) shows that the roughness of the surface is due to 

a high density of defects (short lines, protrusions and holes). 

The close-up images in Figure  3 (b) reveal that these defects 

are mainly located at the domain boundaries, indicated by 

the dashed lines. Within the domains, the surface is smoother 

and shows typical hexagonal moiré patterns. 

 The orientation and periodicity of the moiré pattern 

varies with the rotation angle of the graphene in each domain. 

Based on the moiré pattern’s orientation with respect to the 

graphene lattice’s orientation, six typical moiré superstruc-

tures are found. In Figure  3 (c) upper panels the lattice vec-

tors of moiré superstructures are parallel to the lattice vector 

of graphene, as in the 2 × 2, 3 × 3, and 4 × 4 domains shown. 

The corrugation of these domains is within 0.03 nm, indi-

cating the graphene fi lm is very fl at without much distortion 

in the vertical direction. The lower panels of Figure  3 (c) show 

three rotational domains in which the lattice vectors of the 

moiré superstructures are not aligned with the graphene lat-

tice vector. The corrugation of these domains is 0.05–0.08 nm. 

Nevertheless, these corrugations are much smaller than those 

of graphene on Ru(111). 

 Compared with graphene on Ru(0001), the density of 

defects is very high even inside the domains. The domain size 

varies from a few to tens of nanometers. The domain size 

can be bigger if the nucleation density is reduced at an early 

stage of graphene growth. Indeed, an average domain size 

the hill region, all the carbon atoms sit on the hollow site of 

the substrate, implying a larger graphene-Ru distance caused 

by a relatively smaller C-Ru interaction. This hypothesis has 

been confi rmed by DFT calculations. [ 54 ]  In addition, interac-

tion variation in such a moiré unit cell is further confi rmed in 

other situations by site specifi c adsorption of metal clusters 

and molecules in a unit cell of such surfaces. [ 55 ]  

 Another important fi nding is that the graphene lattice is 

continuous over substrate steps with no interruption of its 

structure. The small image inserted in Figure  2 (c) is an STM 

image taken at a step-edge area, showing that the graphene 

overlayer remains perfectly crystalline over the Ru step 

without bond-breaking or defects. These results indicate that 

high quality 2D graphene crystals with larger size can be syn-

thesized even if the substrate terraces are narrow. Similarly, 

high quality epitaxial graphene has been successfully synthe-

sized even on polycrystalline copper substrates. [ 36 ]   

  2.3.     Multi-Domain Graphene on Pt(111) 

 Epitaxial graphene on Pt(111), shown in  Figure    3  , has been 

synthesized by decomposition of ethylene at an elevated 

temperature. [ 43 ]  The samples are prepared by exposing clean 

Pt(111) surface to high purity ethylene while the Pt substrate 

is heated to 1073 K. [ 43 ]  The partial pressure of ethylene is 

5 × 10 −7  mbar and the exposure lasts 100 s.  

 As shown in the LEED pattern in Figure  3 (a), the dif-

fraction pattern of graphene is composed of sharp arcs, indi-

cating that the graphene has a unique periodicity but many 

   Figure 2.    Graphene on Ru(0001). (a) LEED pattern of clean Ru(0001) and (b) graphene on Ru(0001), the electron beam energy is 60 eV. 
(c–e) STM images of graphene on Ru(0001). The inset in (c) shows graphene at a step edge of the substrate. The rhombus in (e) indicates a unit 
cell of the moiré pattern, in which the three different regions are marked by the circle and triangles. (f) Atomic model of graphene on Ru(0001) in 
a unit cell. Tunneling parameters: (c) V bias  = 1.2 V, I = 0.17 nA; (d) V bias  = −1.2 V, I = 0.35 nA; and (e) V bias  = −0.46 V, I = 0.27 nA. Reproduced with 
permission.[41] (Copyright 2009, Wiley-VCH) .
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concept of silicene originated with theore-

ticians when they constructed a model of 

free-standing single-layer. [ 57 ]  Because of 

the large Si-Si bond length and the partial 

sp 3  hybridization, free-standing silicene 

is always nonplanar, in a so-called low-

buckled geometry. The silicene sample 

cannot be prepared through the exfolia-

tion method because no parent material 

exists for silicene. Therefore the primary 

method to synthesize silicene sheets is epi-

taxial growth of silicon on solid surfaces. 

Recently, the silicene strips and fi lms have 

been successfully synthesized on TM sub-

strates, for example, Ag(110), Ag (111), 

Ir(111) and zirconium diboride (ZrB 2 ) 

thin fi lms supported on Si wafers. [ 30,58–74 ]  

The silicene on Ir(111) has only one phase 

with large rotation domains. [ 60,61 ]  But the 

silicene on Ag(111) has much more com-

plicated phases and domains. [ 31,62–65,72 ]  

Similar to the graphene-TM systems, the 

exceptional behavior of silicene is mainly 

attributed to the interaction with the sub-

strate. In this section, we review the epi-

taxial silicene on Ir(111) and Ag(111) 

surfaces. 

  3.1.     Silicene on Ir(111) 

 The epitaxial silicene on Ir(111) sur-

face shown in  Figure    4   is synthesized 

by depositing silicon on the Ir(111) sur-

face and post annealing at 400 °C for 30 

min. [ 61 ]  The LEED pattern of the sample 

is shown in Figure  4 (a). The spots high-

lighted by the yellow dashed circles are 

assigned to the Ir(111) substrate. The 

silicene diffraction spots can be separated into two identical 

patterns with different orientations, as shown in the sketch 

map in Figure  4 (b), in which the spots are in two colors 

for the two domains. Each domain can be identifi ed as a 

(√7 × √7) superstructure with respect to the Ir(111) substrate. 

The corresponding angles between Ir[110] and the high sym-

metry direction of (√7 × √7) of the two silicene domains are 

40.9° and 19.1°, respectively.  

 The STM images in Figures  4 (c) and (d) show two 

silicene rotational domains that are obtained at different 

locations on the same sample. The angles between the ori-

entations of the two domains and the Ir[110] direction are 

40.9° and 19.1°, respectively. This is consistent with the two 

equivalent domains detected in (√7 × √7) LEED patterns in 

Figure  4 (a). The overview image in Figure  4 (c) shows a long-

range ordered hexagonal lattice of protrusions. Figure  4 (e) 

shows the line profi le along the black line in Figure  4 (d). 

The periodicity of the bright protrusions in the STM image 

is about 0.72 nm, which is √7 times the Ir(111) lattice con-

stant (0.271 nm). The height of the protrusions in the silicene 

of about one hundred nanometers has been observed in epi-

taxial graphene grown with sparse nucleation. [ 43 ]  However, 

the polycrystallinity is unavoidable for epitaxial graphene on 

Pt(111). [ 43,50 ]  

 The dramatic difference between graphene-Ru(0001) and 

graphene-Pt(111) systems is mainly attributed to the inter-

action between the graphene and the substrate. In addition, 

the nucleation density also plays a role. For mass production 

of high quality large scale graphene by means of TM sur-

face epitaxial methods, all the important factors discussed in 

section 2.1 need to be considered.   

  3.     Epitaxial Silicene on TM Surfaces 

 Silicene is a 2D atomic crystal which has a honeycomb struc-

ture similar to that of graphene, but made up of silicon atoms 

rather than carbon atoms. It has attracted much interest of 

scientists because it is expected to have many useful physical 

properties, for instance the quantum spin Hall effect. [ 56 ]  The 

   Figure 3.    STM images of graphene on Pt(111) with (a) large area, (b) different domains and 
(c) typical rotational domains: upper row: 2 × 2, 3 × 3, and 4 × 4; lower row: (√37 × √37)
R21°, (√61 × √61) R26°, and (√67 × √67) R12°. The inset in (a) shows the LEED pattern. The 
dashed lines in (b) indicate the domain boundaries. The [2110] direction of graphene lattices 
is indicated by the yellow arrows and moiré unit cells are in green rhombuses. Reproduced 
with permission. [ 43 ]  (Copyright 2011, American Institute of Physics). 
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temperature, deposition rate and silicon coverage are all 

important parameters for the formation of large scale defect-

free silicene. If the temperature is outside a narrow range, 

the silicene either does not form at all or desorbs from the 

surface. The deposition rate plays an important role because 

it can affect the nucleation rate and growth rate of silicene. 

A recent DFT calculation by H. Shu et al. shows that on 

Ag(111) the silicene nucleation rate is very high compared 

to graphene nucleation on TM surfaces. The higher rate 

originates from the low diffusion barrier of Si atoms and the 

low nucleation barrier. [ 66 ]  Therefore, higher deposition rates 

would lead to silicene samples that have smaller domains 

and more defects. In addition, the coverage of silicon is also 

important since an inappropriate value would lead to other 

silicon phases. 

 Although the silicene-Ag(111) system has been inten-

sively studied in the past few years, many issues are still 

under debate. The synthesis of monolayer silicene was fi rst 

reported by Lalmi et al. on the Ag(111) surface. [ 31 ]  However, 

based on their experimental measurements, the reported lat-

tice parameter of silicene was about 17% smaller than that 

of bulk silicon. Le Lay et al. later argued that such a small 

lattice is actually from clean Ag(111) (1 × 1) surface rather 

than silicene. [ 76 ]  Vogt et al. claimed that they synthesized the 

monolayer silicene on Ag(111) for the fi rst time, revealing a 

superstructure of (3 × 3) silicene on a (4 × 4) Ag(111) sur-

face in STM images, as shown in  Figure    5  (a). [ 67 ]  This result 

is supported by a number of following works. [ 71 ]  Feng et 

al. also observed this phase, but they interpret it as a non-

complete silicene stabilized by hydrogen with ordered holes 

(Figure  5 (b)). [ 64 ]  Instead, they propose the real monolayer 

silicene is in another phase with a honeycomb-like (√3 × √3) 

R30° superstructure, as shown in Figure  5 (c). This structure 

was also reported by Resta et al. and other groups. [ 72–74 ]  

However, contrary to that by Feng et al., these works show 

that the (√3 × √3) R30° phase is always found on the thicker 

patch of the sample, indicating that it is actually multilayer 

silicene, as shown in Figure  5 (d). Since the Si coverage and 

overlayer is about 0.6 Å, indicating that the silicene on 

Ir(111) is buckled. 

 In the high resolution STM image in Figure  4 (f) upper 

part, the different regions of a unit cell are marked by upward 

and downward triangles. Three neighboring protrusions form 

a six-member ring, as is marked by the hexagon. Based on 

the STM results and DFT calculations, a model is proposed in 

Figure  4 (f) lower part, in which the protruding silicon atoms 

are yellow and the other silicon atoms are orange. The unit 

cell of the √7 × √7 superstructure is indicated by the rhombus. 

There are six silicon atoms in one unit cell: one (yellow) 

sits on the top site; two sit at the hcp hollow and fcc hollow 

sites; the other three sit at the bridge sites. This model indi-

cates that the silicon atoms are situated in different chemical 

environments with respect to the iridium surface, which is 

responsible for the overall geometric confi guration of the 

buckled silicene on Ir(111). A simulated STM image is shown 

in Figure  4 (f) middle part, which is nicely consistent with the 

experimental STM image. 

 Further electron localization function calculation implies 

that the interaction between silicon atoms is covalent 

bonding, while the interaction between silicon and iridium 

is mainly electrostatic. The above DFT calculation suggests 

that the interaction between silicene and Ir(111) is weaker 

than that between silicon atoms, therefore the intrinsic 

electronic structure of silicene is preserved. However, elec-

tronic structure of epitaxial silicene on Ir(111) needs to be 

further investigated experimentally, so as to fi nd out whether 

the electronic dispersion resembling that of relativistic Dirac 

fermions at the K points of the Brillouin zone really exists or 

not.  

  3.2.     Silicene on Ag(111) 

 The epitaxial silicene on Ag(111) is synthesized by directly 

depositing silicon onto Ag(111) surface while the sub-

strate is maintained at around 250 °C. [ 59,62–64 ]  The substrate 

   Figure 4.    Silicene on Ir(111). (a) LEED patterns and (b) the corresponding schematic diagrams of the silicon superstructure formed on the Ir(111). 
(c) and (d) STM images showing two different (√7 × √7) superstructure domains of silicene on Ir(111). (V bias  = −1.5 V; I = 0.25 nA) (e) Line profi le 
along the black line in (d), revealing the periodicity of the protrusions (0.72 nm) and a corrugation of around 0.4 Å for the silicene. (f) STM 
image (upper), simulated STM image (middle) and atomic model (lower) of buckled silicene on Ir(111). The rhombus indicates a unit cell. The 
triangles indicate the two different regions in a unit cell. The honeycomb feature is indicated by the black hexagon. Reproduced with permission. [ 61 ]  
(Copyright 2013, American Chemistry Society) .
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linear dispersion should not be simply assigned to the Ag sp 

states either. Recently, it is demonstrated that this particular 

electronic structure actually arise due to the hybridization 

between silicene and Ag orbitals. [ 75 ]  Very similar to the epi-

taxial graphene on TM, the epitaxial silicene also needs to be 

decoupled from the TM substrate for the future applications 

in electronic devices.   

  4.     Hafnium Honeycomb Lattice on Ir(111) 

 Apart from the honeycomb lattice of graphene and silicene 

in which the atoms are bonded through the sp 2  hybridized 

 p  orbitals, the fi rst pure metal epitaxial honeycomb lat-

tice, of hafnium, was reported by L. Li et al. recently. [ 24 ]  In 

this 2D lattice, which is supported on Ir(111) substrate, the 

atoms are connected mainly through d orbitals. The epitaxial 

hafnium honeycomb lattice is synthesized by depositing Hf 

on the clean Ir(111) surface at room temperature and post 

annealing at 300 °C. 

 The LEED pattern of the hafnium honeycomb lattice on 

Ir(111) sample shows a (2 × 2) superstructure with respect 

to the Ir(111) substrate [inset in  Figure    6  (a)]. The overview 

STM image in Figure  6 (a) reveals a continuous 2D lattice 

of honeycomb structure. The orientation of the honeycomb 

lattice is parallel to the close-packed [110] direction of the 

Ir(111) substrate. In the zoomed-in image in Figure  6 (b), a 

perfect honeycomb structure is clearly resolved. The height 

profi le curve in Figure  6 (c) indicates a 5.40 Å periodicity of 

the honeycomb lattice, which is consistent with the (2 × 2) 

superstructure implied by the LEED pattern. Therefore, the 

the Ag substrate temperature strongly affect the structure of 

the epitaxial silicene, various different structural phases have 

been identifi ed by adjusting the growth conditions. Therefore, 

further detailed work on this system is needed in the future 

investigations.  

 Interestingly, Chen et al. found a phase transition of 

silicene on Ag(111). [ 65 ]  At temperature above 40 K, silicene 

on Ag(111) is (√3 × √3) R30° honeycomb structure as we dis-

cussed before, however, below 40 K, it changes to two mirror-

symmetric rhombic structures, which are boundary-separated 

but energy-degenerated, as shown in the STM images and 

the models in Figure  5 (e). The energy barrier between these 

two mirror confi gurations were calculated not more than 

38 meV, which enables the dynamic fl ip-fl op motion that 

cannot be followed by STM at sample temperature higher 

than 40 K, resulting the (√3 × √3) R30° honeycomb struc-

ture in STM images. One must note that this interpretation 

is based on a monolayer silicene model. If the (√3 × √3) R30° 

phase appears on the multilayer silicene, as reported by Vogt 

et al., [ 72,74 ]  the dynamic fl ip-fl op motion must originate from 

a weak inter-layer interaction, which requires further experi-

mental investigation. 

 The graphene-like electronic structure of silicene on 

Ag(111), for example, linear electronic dispersion resem-

bling that of relativistic Dirac fermions at the K points of the 

Brillouin zone, was reported by Vogt et al. based on angle-

resolved photoemission spectroscopy measurements, and 

by Chen et al. based on STS measurements. [ 67,68 ]  However, 

the exclusive assignment of the observed linear dispersion 

to silicene was questioned later because the infl uence of the 

Ag substrates was shown to be non-ignorable. [ 69 ]  But the 

   Figure 5.    Silicene on Ag(111). (a) [ 67 ]  (Copyright 2012, American Physics Society) (b) [ 64 ]  (Copyright 2012, American Chemistry Society) STM images 
of the 3 × 3 superstructure of silicene on Ag(111) with two different structure models. (c) STM image and corresponding ball model of one monolayer 
silicene showing the (√3 × √3) R30° honeycomb superstructure.  V  bias  = 1.2 V, measurement temperature 77 K. [ 64 ]  (Copyright 2012, American 
Chemistry Society) (d) STM image showing both the 3 × 3 and the (√3 × √3) R30° phases. The height profi le along the white dashed line is shown 
on the right panal, indicating the (√3 × √3) R30° patch is higher than the 3 × 3 patch. [ 74 ]  (Copyright 2013, American Institute of Physics) (e) STM 
image and corresponding ball models of the two energy-degenerated (√3 × √3) R30° rhombic superstructures domains of Silicene.  V  bias  = 0.1 V, 
measurement temperature 5 K. [ 65 ]  (Copyright 2013, American Physics Society) All Reproduced with permission. 
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on Ru(0001), giving rise to nice single crystal graphene but 

highly coupled with the substrate. On the other hand, the 

interaction is weak for graphene on Pt(111), resulting in a 

rather less coupled graphene but with multiple domains. 

Therefore, a TM of intermediate interaction with graphene 

would be a better substrate, on which the crystalline and 

physical properties would both be preserved. Indeed, such a 

substrate is found in Ir(111), on which the graphene has large 

domains and a slightly rippled surface. 

 Ir(111) and Ag(111) are both good TM substrates for 

growing silicene. It seems silicene-Ag(111) is more compli-

cated comparing with silicene-Ir(111), because multiple phases 

and small domains are formed. Particularly, a dynamic fl ip-fl op 

motion is observed on the (√3 × √3)R30° phase of silicene on 

Ag(111) at room temperature, which can be attributed to a 

weak interaction of the top layer silicene with the substrate 

underneath. Since Ir(111) is a good substrate for both gra-

phene and silicene due to its intermediate interaction with 

the supported overlayer, it is not surprising that a honeycomb 

structure of hafnium is also formed on such a substrate. We 

expect that on the TM substrates of intermediate interaction 

with the supported 2D crystals, more new 2D crystals could 

be found. So far, the research is mainly focus on the graphene-

TM and silicene-TM systems. In future, other 2D crystal-TM 

systems should be explored. And, further work should be 

done on investigating the physical properties that are strongly 

desired for fundamental research and practical applications.  
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Hf-Hf bond distance is determined to be 3.12 Å, which is 

very close to the Hf-Hf distance in the bulk. Such a close 

Hf-Hf distance in the honeycomb lattice indicates that the 

lattice is a compact graphene-like structure, instead of an ad-

atom array on the substrate.  

 DFT calculation confi rmed that the honeycomb lattice is 

a stable structure made of pure hafnium. The simulated STM 

image is consistent with the experimental one, as shown in 

Figure  6 (d). On the other hand, a Hf-Ir alloy honeycomb lat-

tice would produce an image which is completely different 

from the experimental one. Therefore, both experiment and 

theory suggest the existence of a continuous single-layer 

Hf fi lm with honeycomb structure supported on the Ir(111) 

substrate, which may be called hafnene, as a special case of 

possible metalenes. [ 24 ]  

 Further calculations suggest that the Hf honeycomb lat-

tice is metallic and strongly spin polarized (and hence ferro-

magnetic) with a magnetic moment of 1.46 μB per Hf atom. 

In addition, the calculation also suggests the presence of 

Dirac cones at the Fermi level near the K and K′ points of the 

Brillouin zone, which is very similar to the electronic struc-

ture of graphene. [ 5 ]  It is estimated that the Fermi velocity of 

the cones is about 25% of that of graphene. The inclusion of 

the spin-orbit coupling, on the other hand, opens a gap at the 

Dirac point at the Fermi level by about 0.05 eV.  

  5.     Conclusion and Outlook 

 Epitaxial growth is an effective method to synthesize a 

variety of 2D atomic crystals on TM substrates. The struc-

ture and quality of the 2D crystals can be infl uenced by many 

factors, including (1) the interaction of the crystal with its 

substrate, (2) the lattice mismatch, (3) the nucleation den-

sity in early stages of growth, (4) the source of the carbon 

atoms, (5) the growth rate, and so on. In the graphene-TM 

systems, the graphene-substrate interaction plays the major 

role. For example, the interaction is very strong for graphene 

   Figure 6.    Honeycomb hafnium layer (hafnene) on Ir(111). (a) STM image,  V  bias  = −1.0 V;  I  = 0.8 nA. The inset LEED pattern reveals a 
2 × 2 superstructure. (b) STM image shows the honeycomb lattice of Hf adlayer,  V  bias  = −0.7 V;  I  = 0.16 nA. (c) A height profi le taken along the 
blue line in (b). The periodicity of the honeycomb lattice is 5.4 Å. (d) STM image (upper), simulated STM image (middle) and ball and stick model 
(lower) of Hf honeycomb lattice. The rhombus indicates a unit cell. The hexagons indicate the six member rings in the lattice. Reproduced with 
permission. [ 24 ]  (Copyright 2013, American Chemistry Society). 
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