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Synthesis of vertical heterostructures that include atomically thin layers of materials with 

topologically nontrivial energy bands is desirable for exploring exotic quantum states. Here, we 

report on atomic-layer-by-layer deposition of magnesium on copper(111) surface by molecular 

beam epitaxy, monitored in-situ by low-energy electron microscopy (LEEM) and diffraction 

(LEED), and modeled by ab initio theory. We find that a two-dimensional (2D) MgCu2 

intermetallic compound forms during initial Mg deposition and persists till a full monolayer of 

Mg is formed. Deposition of additional Mg triggers a phase transition from the commensurate 

MgCu2 to an incommensurate Mg2Cu layer and enables growth of the second layer of Mg. Ab 

initio calculations indicate non-trivial topology of the electron bands in the interfacial Mg2Cu 
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layer and the existence of Dirac nodal lines near the Fermi level. The new 2D Mg2Cu material 

emerges as a promising platform to study new topological states of matter. 

 

1. Introduction 

Magnesium (Mg), the fourth most common element on Earth, is a simple, free-electron-like 

metal. It is very reactive and naturally occurs only in combination with other elements. Mg 

alloys, mixtures of Mg with other metals, have attracted attention as lightweight materials in 

aerospace applications. Antibacterial, biodegradable Mg-Cu alloys with precipitates of 

intermetallic Mg2Cu phases are used for bone implantations. Due to their large capacity for 

reversible intake of hydrogen, Mg-Cu intermetallic compounds, especially Mg2Cu, also hold 

promise for hydrogen storage. Nevertheless, most research on intermetallic Mg-Cu compounds 

has been focused on the bulk-powder form[1, 2], while atomically thin Mg-Cu layers have not 

been explored. 

On the other hand, ultra-thin, quasi-two-dimensional (2D) materials have attracted much 

attention because of their fascinating quantum properties and possible new applications beyond 

the reach of their bulk 3D counterparts. Following the ground-breaking discovery of graphene[3-

5], a variety of atomically thin crystals have been produced, such as 2D group III-V materials[6-

15], transition-metal dichalcogenides[16-18], and 2D Mxenes[19, 20]. Search for new 2D materials 

with topologically nontrivial band structures, e.g., displaying new types of band-degeneracy 

points and lines with associated emergent quasi-particles, is currently a forefront research topic. 

2D nodal-line fermions are predicted to emerge in honeycomb-kagome materials[21], Lieb 

lattices[22] and in MX (M = Pd, Pt; X = S, Se, Te) monolayers[23], featuring high density of states 

and Fermi velocities, and giving rise to flat edge states and exotic transport properties. However, 

the experimental realization of 2D materials with robust nodal-line fermions has been scarce[24]. 

In this work, we report the synthesis of atomically thin interfacial Mg-Cu intermetallic 

compounds with nested honeycomb-triangular atomic lattices, and the observation of their 
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phase transitions induced by layer-by-layer heteroepitaxy of Mg on Cu(111) surface. We utilize 

the real-time monitoring capability of LEEM to investigate continuous Mg deposition, 

nucleation, and epitaxy on Cu(111) surface, and characterize the related structures using LEED. 

Initial Mg deposition leads to the formation of 2D intermetallic compound MgCu2, created by 

substituting one Cu atom with one Mg atom in every (√3×√3) supercell on the top Cu(111) 

layer. Subsequently, an Mg monolayer forms on top and continuously grows and covers the 

whole surface. Further Mg deposition triggers a surface-phase transition; the commensurate 2D 

intermetallic MgCu2 compound transforms into the incommensurate Mg2Cu phase. Eventually, 

the bi-layer Mg emerges and grows up on top. We have also investigated the work-function 

differences between the intermetallic compounds and the Mg layer by the Mirror-mode LEEM 

spectroscopy. Combining reciprocal-space LEED characterization and ab initio calculations, 

we deciphered the atomic structures of both intermetallic compounds, and unveiled the Dirac 

node-line features of the free-standing 2D intermetallic compound Mg2Cu. 

 

2. Results 

2.1. Initial Mg deposition on Cu(111) surface 

We deposited Mg on a pre-cleaned Cu(111) substrate using a system that integrates 

molecular beam epitaxy MBE synthesis and LEEM/LEED surface characterization. The initial 

stage is illustrated by a sequence of bright-field LEEM images in Figure 1 (a-d). The pristine 

Cu(111) surface shows smooth step edges of the height of a single Cu atom. As the Mg atoms 

land, they etch the step edges, making them rugged, as highlighted by the green arrows in Figure 

1 (a-d). This is quite different from the step-flow growth mode of borophene on copper 

surfaces11, 12. The distinct step-edge-etching process illustrated here indicates surface alloy 

formation. Figure 1e shows the in-situ LEED pattern taken after the initial Mg deposition, which 

reveals a clear √3×√3 reconstruction, as highlighted by the red dashed circles.  



  

4 
 

Further investigation of the orientations of these rugged terrace edges shows that all small 

edges protrude to the lower terrace direction, as highlighted by the green arrows and black 

terrace numbers. This is distinct from the original smooth step edge curves on clean copper 

surfaces (see Figure 1a), which all protrude to the upper terrace orientation because of atomic 

sublimation during edge formation.  

 
 

Figure 1.  Initial Mg deposition on Cu(111) surface induces roughening of the step edges. a) A 

bright-field LEEM image of a clean Cu(111) surface before Mg atoms deposition. The step 

edges, highlighted by the green arrows, are smooth. The field of view is 4 μm. b) An image of 

the same area after deposition of Mg atoms for 10 s. The step edges are modified a bit and 

become less straight and smooth. c) and d) Bright field LEEM images after Mg deposition for 

13 s, and 22 s, respectively. Further deposition of Mg atoms on Cu(111) continuously modifies 

the step edges and creates some small protrusion, in the direction of the lower terrace. e) A 

LEED pattern taken after initial deposition of Mg on Cu(111) surface. Besides the prominent 

Cu(111) first-order diffraction spots (dashed yellow circles), some new LEED spots appear that 

correspond to a (√3×√3) reconstruction (red dashed circles). f) An atomic model of a clean 

Cu(111) surface. The right-hand side shows a higher terrace. The blue rhomboid indicates the 

primitive unit cell of Cu(111) surface. g) An atomic model of MgCu2 formed after Mg initial 
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deposition. Mg atoms (blue color) form an ordered (√3×√3) reconstruction on Cu(111), as 

highlighted by the pink rhomboid. Notable, the straight step edge deforms into an arc-like shape 

due to the enlargement of the upper terrace (the blue dashed line and black arrows) induced by 

embedded Mg atoms. h) The top and side views of the relaxed atomic model of MgCu2 on 

Cu(111) surface. Mg atoms protrude up by ~ 0.7 Å from the Cu(111) plane。 

 

The observed roughening of the step edges occurs as the embedded Mg atoms push away 

copper atoms laterally and extend the frontier of each top-layer terrace. The process of 

embedding Mg and the concomitant evolution of the terrace edges is illustrated by the atomic 

models in Figure 1 (f and g). Figure 1h shows the top and side views of the atomic model for 

the Mg-√3×√3-Cu(111) reconstruction, optimized by ab initio calculations. The top copper 

atoms (reddish color) form a honeycomb lattice, with Mg atoms (blue color) are filling the 

hexagonal vacancies. From the side view, we could see that the Mg atoms are embedded into 

the top copper layer and are only ~0.7 Å above the copper plane. The stoichiometric ratio of 

Mg and Cu atoms in this √3×√3 reconstruction is 1:2, indicating that the intermetallic 

compound formed is MgCu2. 

 

2.2. The emergence of the first Mg layer on the Cu(111) surface. 

Further Mg deposition induces nucleation and growth of a new layer on the top, as shown in 

the sequence of bright-field LEEM images in Figure 2. After depositing Mg atoms up to around 

30 seconds, new islands (highlighted by the blue color) emerge on the (reddish) copper surface, 

as shown in Figure 2b. These islands quickly grow along the rough step edges and form some 

long striped shapes, as illustrated in Figure 2 (c and d). In contrast, growth of Mg islands on 

broad flat terraces generates some fractal growth frontiers, as indicated by the green arrows in 

Figure 2 (e and f). These are typical features of the diffusion-limited-aggregations (DLA) film 

growth mode, where additional atoms arrive before the first atoms relax to the favorable sites 
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at the growth frontier, which mainly occurs at low substrate temperatures and high growth rates 

regime[10, 25]. As more Mg atoms are deposited, the top layer continuously grows and covers the 

entire surface, as shown in Figure 2 (g and h). 

 

 
Figure 2.  A sequence of bright-field LEEM images illustrating the growth process of the first 

layer of Mg on Cu(111). a) A clean Cu(111) surface before Mg growth. Smooth step edges are 

clearly visible, as highlighted by black arrows. b) A bright-field LEEM image taken after Mg 

deposition for 33 s. Some Mg islands have appeared, as highlighted by the blue color. The step 

edges became blurry and less straight. c) and d) LEEM topography after Mg deposition for 44s 

and 97s. Mg islands continuously grow, mainly following the contour of step edges, and 

showing rough boundaries. e) and f) LEEM topography after Mg deposition for 230 s and 240 

s. On flat and broad terraces, Mg islands grow with a dendritic structure, as highlighted by the 

green arrows. g) and h) LEEM topography after Mg deposition at 258 s and 291 s.  Eventually, 

Mg covers the entire surface. 

 

A LEED pattern taken from the top Mg layer is presented in Figure 3a, where the (0,0) 

center spot and one-half of the field of view are blocked for better visibility of the non-(0,0) 
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spots. The LEED spots of the clean Cu(111) surface are highlighted by the yellow dashed circles 

and reciprocal lattice by the yellow triangle. Interestingly, the √3×√3 reconstruction survives 

beneath the top Mg layer; the corresponding diffraction spots are highlighted by the red dashed 

circles. Besides these two types of lattices inherited from the initial stage, some new LEED 

spots, highlighted by the green dashed circles and triangle lattices, appear, as well. These new 

spots are as one would expect from a 5×5 superstructure on the Cu(111) surface. A closer 

inspection of the diffraction spots located between (0,0) and (0,1), we discern that the (0,4/5) 

spot has comparable intensity to that of the copper (0,1) spot and is much brighter than other 

supercell spots. This indicates that the (0,4/5) spot originates in the diffraction from the top Mg 

lattice, and that the supercell is a high-order-commensurate (HOC)[26] structure comprised of 

(4×4)-Mg lattice cells placed on top of (5×5)-Cu(111) cells. From this, we infer that the top Mg 

layer has the lattice constant of ~3.195 Å, which is around 5/4 of that of the Cu(111) surface, 

and that it has six-fold symmetry. This agrees very well with the lattice constant (3.203 Å) of 

the regular Mg(0001) surface and indicates that here top Mg atoms form a densely pack 

Mg(0001) layer. The top view of the atomic model for the Mg(0001)/MgCu2/Cu(111) structure 

is shown in Figure 3b, where the unit cells of the Cu(111), the MgCu2 intermetallic compound, 

an Mg(0001) layer, and the (4×4)-Mg/(5×5)-Cu reconstruction are highlighted by orange, red, 

pink, and green rhomboids respectively. 
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Figure 3.  The atomic structure and the work function of Mg monolayer on Cu(111). a)  A 

LEED pattern taken after a full monolayer of Mg covered the Cu(111) surface. Besides the clear 

diffraction spots from Cu(111) (the yellow rectangle and dashed circles) and from the (√3×√3) 

reconstruction (the red dashed circles), a new set of ordered LEED spots appears (the green 

triangular lattice and dashed circles), which corresponds to a super-modulated (4×4) Mg / (5×5) 

Cu(111) surface. The reciprocal lattice of the single Mg layer (the light blue dashed circles) 

corresponds to the Mg-Mg lattice constant of 3.2 Å. b) An atomic model of an 

Mg/MgCu2/Cu(111) monolayer. The unit cells of Cu(111), MgCu2, Mg layer, and the (4×4) Mg 

/ (5×5) Cu(111) modulation are highlighted by yellow, red, light blue, and green rhomboids, 

respectively. c) A sub-monolayer of Mg on MgCu2/Cu(111) surface. The Mg layer and the 

MgCu2 on the copper surface are highlighted by the blue and reddish colors, respectively. d) 

The normalized intensity of reflected electrons vs the electron landing energy, for 

MgCu2/Cu(111) surface and Mg islands (highlighted in c by the green, blue, red, yellow dots). 

The Mg monolayer shows a work function ~0.11 eV lower than that of the MgCu2/Cu(111) 

surface. 
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Next, we utilized the LEEM technique[29] to measure the difference in the work function 

between MgCu2 /Cu(111) and Mg(0001) surfaces. By slowly increasing the start voltage Vo, we 

can go from the mirror mode (in which the landing energy EL < 0) where all the electrons are 

reflected before they reach the surface, to the LEEM mode (EL > 0), where they land on the 

surface and interact with the material. The transition between the two modes is marked by a 

steep drop in the intensity of the reflected electrons and occurs at the critical voltage at which 

electrons start to land on the surface (EL = 0). Since the Fermi level (EF) is identical for the 

whole surface, variations of the local work function play the main role in modulating the 

transition start voltages (VT).  

To investigate the work functions of different layers, we deposited an Mg(0001) layer 

covering about one-half of the MgCu2 / Cu(111) surface, as shown in the bright-field LEEM 

image in Figure 3c, where the Mg(0001) layer is highlighted by blue color and MgCu2 /Cu(111) 

surface by reddish color. By ramping the start voltage and tracking the transition from the mirror 

mode to the LEEM mode, we recorded the intensity-voltage dependence of the reflected 

electrons at four different locations (as highlighted by the green, yellow, blue, and red dots in 

Figure 3c), and show the normalized curves in Figure 3d. Here the green and blue spots are 

located on the MgCu2 / Cu(111) surface, and the yellow and red spots are located on the 

Mg(0001) surface. We found that curves taken from the same material coincide, while they are 

clearly different from those taken from the other material. The intensity of electron reflected 

from the Mg(0001) surface drops at about 0.11 V lower start voltage, indicating that the work 

function of Mg(0001) is ~0.11 eV lower than that of the MgCu2 / Cu(111) surface. 
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Figure 4.  A sequence of bright-field LEEM images illustrating the process of growth of the 

second densely packed Mg layer on Cu(111). a) The full monolayer of Mg on MgCu2/Cu(111) 

surface. b) A bright-field LEEM image taken after additional deposition of Mg for 90 s. Islands 

(highlighted by the light-yellow color) of the second densely packed Mg layer nucleate near the 

step edges. c) and d) LEEM topography after Mg deposition for 140s and 195s. Islands of the 

second densely packed Mg layer, with rough boundaries, grow mainly following the contour of 

step edges. e)  f)  g) and h) LEEM topography after Mg deposition for 244s, 293s, 335 s, and 

420 s, Mg islands keep growing continuously and eventually cover the entire surface. 

 

2.3. The growth of the second Mg layer on Cu(111) and the concurrent phase transition 

of the intermetallic compound 

As more Mg atoms land on the surfaces, a new Mg layer appears, with a distinct contrast in 

the electron reflection, and continuously expands on the surface. This process is illustrated in 

Figure 4 by the sequence of bright-field LEEM images, with the first Mg layer highlighted by 

the blue color and the second Mg layer by the yellow color. The second Mg layer typically 

nucleates near the step edges and forms islands with rough edges that grow on both terraces 

Figure 4 (b-d). These islands continuously grow, merge, and eventually cover the entire surface 
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Figure 4 (e-f). The surface of the second Mg layer is less smooth than the first layer; some very 

small bumpy features appear, indicating that some local domains and domain boundaries form 

on the surface. On the other hand, while we keep the deposition rate of Mg constant, the speed 

of growth of the second Mg layer decreases slightly, which suggests that some Mg atoms either 

permeate into the substrate and form some new alloy or evaporate to the vacuum because of the 

reduced sticking coefficient. Detailed investigation on the growing speed of Mg on Cu(111) at 

different coverages was performed in an experiment by continuously growing Mg on Cu(111) 

surface from 0 to around 1.5 layers, with the details shown in the Supplementary Video and 

Supplementary Information. 

Figure 5a shows the LEED pattern taken after the surface was fully covered by the second 

Mg layer. The (00) center spot and one-half of the field of view have been blocked to enhance 

the contrast of the off-center spots. The LEED spots of the Cu(111) substrate and its 5×5 

supercell are highlighted by the yellow and green dashed circles, with their reciprocal lattices 

highlighted by yellow and green lines, respectively. LEED spots from the Mg(0001) are 

highlighted by the pink dashed circles, and its (4×4) reconstruction coincides with the (5×5) 

supercell of the Cu(111) surface and forms a (4×4) Mg / (5×5) Cu HOC superstructure. LEED 

patterns of these three structures remain the same as those taken from the first Mg layer in 

Figure 3a. However, after the second Mg layer is formed, the prominent LEED spots of the 

√3×√3 reconstruction that we observe in the first Mg layer disappear. Instead, a new set of 

prominent LEED spots (highlighted by the red dashed lines in Figure 5a) appears, and 

corresponds to the 10/9*(√3×√3) supercell of Cu(111). Based on our analysis presented above, 

the √3×√3 reconstruction originates from the interfacial MgCu2 intermetallic compound formed 

between the monolayer Mg layer and the Cu(111) substrate. The reasons for its vanishing after 

the deposition of the second Mg layer and the emergence of a new structure with a slightly 

larger unit cell, presented us with a puzzle.  
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Figure 5.  The LEED pattern, the atomic structure, and the related electron band structure after 

second layer Mg growth on Cu(111) surface. a) A LEED pattern taken after the deposition of 

second densely packed Mg layer on Cu(111) surface. The bright Cu(111) spots (yellow triangle 

and dashed circles) and (4×4) Mg / (5×5) Cu(111) spots (green triangle lattice) remain the same. 

However, the spots corresponding to the original (√3×√3) reconstruction are replaced by those 

of a new ordered lattice (red dashed circles) this is commensurate with neither the bottom 

copper nor with the top Mg layer. In real space, the new lattice has a period of 4.92 Å, i.e., 

10/9*(√3×√3)-Cu(111), and this is consistent with the lattice of the Mg2Cu intermetallic 

compound. b) An atomic model of the MgCu2 layer sandwiched between a monolayer of Mg 

and the Cu(111) surface. c) An atomic model of the Mg2Cu layer sandwiched between an Mg 

bilayer and the Cu(111) surface. d) The calculated electron band structure of a free-standing 

Mg2Cu layer, in the vicinity of EF, with the three bands labeled as α, β, and γ. The electron-like 

γ band linearly crosses the two hole-like bands α and β, forming two gapless nodal loops. The 

EF level is highlighted by the pink plane. e) The top view of the band structures with the two 

nodal loops highlighted by blue and red lines, respectively. f) A cross-cut of the band structure 

along the high symmetry directions M-K-Г-M (as indicated by green lines in e). with the 
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crossing nodal points highlighted by the blue and red arrows. The three bands, dominated by 

the copper px, py, and pz orbitals, are highlighted by the green, blue, and red colors, respectively. 

A hint at the possible explanation we found by inspecting the Mg-Cu phase diagram[28], 

which shows that besides MgCu2 there is another prominent intermetallic compound, Mg2Cu, 

with the higher Mg:Cu ratio. A magnesium atom has a larger diameter than the copper atom, 

therefore the 2D Mg2Cu compound should have a larger unit cell than the 2D MgCu2 compound. 

All of these are consistent with our experimental observations, and suggest that a phase 

transition occurs during the second Mg layer growth, and that this new structure could be a 2D 

Mg2Cu intermetallic compound sandwiched between a double-layer Mg and the Cu(111) 

substrate. 

Figure 5 (b and c) present the top and side views of the schematic atomic models of these 

two intermetallic compounds. In the MgCu2 model, a copper atom in each (√3×√3) supercell of 

the Cu(111) surface is substituted by an Mg atom, forming a Cu honeycomb lattice with Mg 

atoms embedded at the vacant honeycomb centers. The distance between neighboring Mg and 

Cu atoms is 2.556 Å. This MgCu2 layer is sandwiched between a monolayer of Mg(0001) and 

the Cu(111) substrate. The Mg2Cu model is a ‘mirror’ structure, in which the honeycomb Mg 

lattice has a Cu atom embedded at each honeycomb center, as shown in Figure 5c. From the 

LEED pattern, we infer that the lattice constant of the new Mg2Cu structure is ~11% larger than 

that of the MgCu2, leading to the neighboring Mg-Cu distance of 2.84 Å. With this lattice 

constant, the emergent Mg2Cu structure can form commensurate supercells with neither the top 

Mg layers nor the bottom Cu(111) substrate, so it exists as a continuous and ordered interfacial 

layer sandwiched between an Mg bilayer Mg and the Cu(111) substrate. Because of 

incommensurability, electronically Mg2Cu behaves as if it were nearly free-standing. Hence, 

we performed ab initio calculations based on this atomic model for the flat free-standing Mg2Cu 

layer. We found that this structure stably preserves the flat shape, and that the relaxed 
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neighboring Mg-Cu distance is ~2.80 Å, in excellent agreement with our experimental 

observations. 

2.4. First-principles calculations reveal multiple Dirac nodal-line features in Mg2Cu 

The 3D electron band structure of the free-standing Mg2Cu layer is shown in Figure 5d. 

Close to EF, there are three electronic bands — two hole-like (denoted as α and β), and one 

electron-like (denoted as γ). At the Femi level (highlighted by the pink plane) the bands α and 

γ form closed contours, a hexagonal and circular, respectively, while the β band shows an open 

contour with six hyperbolic curves. Notably, the γ band intersects linearly the α and β bands, 

without opening an energy gap there.  Hence, two concentric, closed Dirac nodal loops are 

formed, centered at the Г point. The top view of these two nodal line loops (Figure 5e), shows 

that the intersection between bands β and γ has the shape of a hexagram (highlighted by the 

number 1), while the intersection between bands α and γ has a hexagon shape (the number 2).  

Cross-cuts of the electronic band structure along the high symmetry M-K-Г-M directions 

are illustrated in Figure 5f, with the EF indicated by the red dashed line. The main contributions 

to the three bands α, β, and γ, are the copper py, px, and pz orbitals, as indicated by the blue, 

green, and red color, respectively. The crossing points along this direction between the bands β 

and γ are highlighted by the blue arrows. This Dirac nodal loop (DNL-1) does not reside at a 

constant energy but varies from the minimum (between K and Г points) of 125 meV above EF 

to the maximum (between Г and M) of 509 meV above EF. The crossing points along this 

direction between the bands α and γ are highlighted by the red arrows. This second Dirac nodal 

loop (DNL-2) shows a much smaller energy variation, from the maximum (between K and Г) 

of 21 meV below EF to the minimum (between Г and M) of 79 meV below EF. 

This band structure of free-standing Mg2Cu layer has interesting topological properties. The 

linear crossings between the valence bands and the conduction band form two Dirac nodal lines 

near EF, leading to the nonzero topological invariant[21, 29] : Z2=(-1)2=1. The flat Mg2Cu layer 



  

15 
 

sandwiched between the Mg bilayer and the Cu(111) substrate is protected by the in-plane 

mirror symmetry and is thus robust against external perturbations. Furthermore, the 

incommensurate coordination between the Mg2Cu layer and the top and bottom encapsulating 

layers minimizes the external influence and preserves the intrinsic electronic properties of 

Mg2Cu. Compared with the crossing-cone features in the well-known Dirac/Weyl materials, 

the 2D nodal-line Mg2Cu shows extended band crossings along one-dimensional curves in the 

k space, and consequently a higher density of state of the massless nodal-line fermions near EF. 

This may provide an opportunity to better explore the exotic topological nodal physics.   

 

3. Discussion 

Interfacial quantum 2D materials sandwiched between different materials emerge as a new 

platform for the exploration of exotic quantum properties. Low dimensionality, quantum 

confinement, interfacial coupling, and proximity effects engender new physics. Some examples 

are interface superconductivity with enhanced transition temperature[30], “twistronics” in 

bilayer graphene[31] and other van-der Waals structures, interface magnetism[32], etc. In 

particular, we show here that 2D Mg-Cu intermetallic compounds sandwiched between 

Mg(0001) top layers and the Cu(111) substrate offer a possibility to tailor the interface coupling 

by tuning the MgCu2 to Mg2Cu phase transition. By virtue of incommensurate coordination 

with the top and bottom materials, the encapsulated Mg2Cu layer behaves as a quasi-free-

standing layer insofar that its electronic spectrum is considered. It shows two distinct Dirac-

nodal-line features near EF, opening the prospects for the study of corresponding topological 

states and excitations. 

In summary, by heteroepitaxy of Mg layers on the Cu(111) surface, we have synthesized 

two interfacial intermetallic Mg-Cu compounds with nested honeycomb-triangular atomic 

lattices and steered the phase transitions between the two. Using the real-time LEEM/LEED 

monitoring concurrent with MBE synthesis, we investigated the continuous deposition, 
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nucleation, and epitaxy of Mg on the Cu(111) surface, and explored the emerging real- and k-

space structures. The 2D MgCu2 compound emerges immediately after the Mg disposition by 

substituting a Cu atom in every (√3×√3) supercell of Cu(111) with an Mg atom. Thereafter, a 

monolayer of Mg appears and continuously expands on the entire surface. Further Mg 

deposition triggers a phase transition from the commensurate MgCu2 phase to the 

incommensurate Mg2Cu phase in the interfacial layer and is then followed by growth of the 

second Mg layer on top. The difference between the work function of Mg2Cu and Mg was 

investigated using the mirror-mode LEEM spectroscopy. Combining LEED characterizations 

and ab initio calculations, we decoded the atomic structures of both intermetallic compounds, 

and uncovered the Dirac-node-line features of the free-standing 2D Mg2Cu layer. We hope that 

this work will stimulate further experiments on the 2D intermetallic compounds, including 

Mg2Cu and MgCu2, and study of Dirac nodal-line physics and other exotic topological quantum 

phenomena. 

 

4. Experimental Methods 

ALL-MBE synthesis of Mg film on Cu(111) surfaces monitored by LEEM and LEED: To 

synthesize Mg films on single-crystal Cu(111) substrates layer-by-layer, we have used an MBE 

integrated with an Elmitec LEEM-III system. The base pressure was 2 × 10–10 torr. Real-time 

monitoring of film growth and accurate control of the atomic deposition rate were essential for 

the successful layer-by-layer synthesis of Mg films, with a precise control of the coverage. 

Single-crystal Cu substrates (Princeton Scientific Co.) were polished with the exposed surface 

parallel (to within < 0.1°) to the (111) crystallographic plane. The RMS surface roughness of 

the substrate as acquired was less than 10 nm. We have cleaned the substrate by repeated cycles 

of argon-ion sputtering and post-annealing at T = 650°C, until clean and broad terraces with 

sharp step-edges were observed by LEEM. Mg was deposited using a custom-built effusion cell, 
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at the evaporation temperature of 300℃. The Cu substrate was kept at 240℃ during Mg 

deposition. LEEM images and LEED patterns were taken before, during, and after the growth 

of Mg films.  

Ab initio calculations: All ab initio calculations were carried out based on the density functional 

theory (DFT) as implemented in the opEn-Source Package for Research in Electronic Structure, 

Simulation, and Optimization (Quantum ESPRESSO). Electron–ion interactions were 

remodeled by projected augmented wave (PAW) potentials. Exchange–correlation interactions 

were treated within the generalized gradient approximation (GGA-PBE). The spin-orbit 

coupling (SOC) was neglected. The kinetic energy cutoff was set to 800 eV for the 

wavefunctions. For 2D structures, a vacuum layer larger than 20 Å was used to avoid 

interactions between layers in neighboring supercells. For structure optimization, the force on 

each atom was relaxed to less than 0.001 eV/Å. The Brillouin zone was sampled using a Г-

centered 16×16 mesh for the self-consistent calculations.  
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Two-dimensional Mg-Cu intermetallic compounds with nontrivial band topology and 

Dirac nodal lines  

 
R. Wu*, Z. Wu, I. Božović*  

 
By atomic-layer-by-layer deposition of magnesium on copper(111) surface, we construct a two-
dimensional MgCu2 intermetallic compound between magnesium and copper substrate, and 
further covert it to an incommensurate Mg2Cu layer. Ab initio calculations reveal two Dirac 
nodal lines in the band structure of the Mg2Cu layer and manifest it as a promising platform to 
study new topological states. 
 

 
 


