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Abstract

Ab-initio molecular dynamics simulations in NVT ensemble have been performed to investigate

the finite temperature structure of the Mo(001) surface and its effect on work function (φ). In accord

with previous experimental and theoretical work, our simulations predict that a termination with

a stable reconstruction pattern is formed at T=123 K. This pattern vanishes when temperature

is increased to 423 K or 623 K and a disordered surface phase is formed whose time average

corresponds to a bulk-like termination. Our results demonstrate that the surface relaxation is

an important factor contributing to thermal variation of φ. At the lowest temperature, at which

a stable reconstruction pattern is formed, the work function is found to increase by ∼0.23 eV

compared to relaxed unreconstructed surface. The disappearance of stable reconstruction pattern

at elevated temperatures leads to a decrease of φ by ∼0.07 eV. In contrast, the values computed

for a non-reconstructing surface Mo(110) at T=123 K, 423 K and 623 K are found to be nearly

identical to the zero temperature value, which is a consequence of restricted atomic motion due to

high packing density in this surface.

PACS numbers: 65.40.gh, 68.35.bd, 68.35.Md
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I. INTRODUCTION

The work function (φ) represents the minimum work needed to shift an electron from the

interior of a solid to a point outside the crystal separated from the surface by a distance

that is large on the atomic scale but small compared with the linear dimensions of the

crystal [1]. Although this physical property is an important characteristics of a metal surface,

its thermal dependence is not yet well understood. Due to complicated measurements, the

relevant experimental data are rather scarce, and often contradictory [2]. Typically, the

thermal coefficient of work function (K = dφ/dT ) takes a value of order of kB and its sign

depends on the particular face of material. As the ingredients contributing to K, thermal

lattice expansion and atomic vibrations have been identified in previous theoretical work of

Kiejna [3], and these two factors tend to cancel each other to some extent. The theoretical

analysis [3] also revealed that absolute value of the thermal coefficient of work function for

a given metal decreases with an increase of the packing density in the plane.

Being motivated by the use of molybdenum as a construction material of the negative

hydrogen ion sources that are developed for the needs of future nuclear fusion devices [4],

in this work we investigate the temperature dependence of φ of the surface Mo(001) by

means of zero- and finite-temperature ground-state DFT simulations. The work function

is indeed a key characteristics of the H− source surface as its value affects the yield of

ions in the electron extraction processes [5]. As the typical operating temperature in our

target application is as high as 423 K [5], the understanding of thermal effect on the work

function is of great interest. Although the literature is rather rich in reports on theoretical

investigations of diverse low-index Mo surfaces with and without adatoms [6–12], the φ vs.

T dependence has, to the best of our knowledge, never been studied.

Another reason for choosing the Mo(001) surface as the model system in this study is

the fact that it reconstructs reversibly and continuously (i.e. the surface phase transition

is described as a second order process [13]) into a stable c(7
√
2 ×

√
2)R45◦ pattern (see

Fig. 1(e)) at low temperature, as shown in previous experimental [13–16] and empirical

force-field molecular dynamics [17] studies. Although some aspects of this reconstruction

have been studied in previous ab initio works [18, 19], its effect on the work function has

not yet been investigated. Furthermore, the surface termination of Mo(001) is temperature

dependent: the stable surface reconstruction pattern vanishes at Tc ≈250 K [14] and a
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bulk-like termination p(1 × 1) (see Fig. 1(a)) prevails at higher temperatures [17]. In this

work, we shall demonstrate for the first time that the surface reconstruction affects the

value of work function significantly and it also plays a role in temperature dependence of φ.

This paper is organized as follows. In Sec. II, the methodology used in our simulations is

introduced. The zero- and finite-temperature results for the surface Mo(001) are discussed

in Sec. III A and III B, respectively. These results are put into contrast with those for the

non-reconstructing surface Mo(110) in Sec. III C. Finally, conclusions are given in Sec. IV.

II. METHODOLOGY

The calculations have been performed using the periodic density-functional theory (DFT)

code Vienna Ab-initio Simulation Package (VASP) [20–23] in version 5.4.4. The Kohn-

Sham equations have been solved variationally in a plane-wave basis set using the projector-

augmented-wave (PAW) method of Blöchl [24], as adapted by Kresse and Joubert [25]. The

Perdew, Burke, and Ernzerhof (PBE) exchange-correlation functional in the generalized

gradient approximation proposed by Perdew et al. [26] was used. The plane-wave cutoff of

224.6 eV was used in all calculations presented in this work which is a default for the PAW

pseudopotential of Mo (version v.54, PAW PBE Mo 08Apr2002) used in our calculations (six

valence electrons). In relaxations and all work function calculations, the two-dimensional

Brillouin zone has been sampled by a mesh of M1 ×M2 k-points, whereby the numbers M1

and M2 have been chosen so that (Mi |ai|)−1 ≈0.01 Å−1 for the lattice vectors a1 and a2

parallel with the surface. The convergence criterion for the electronic self-consistency cycle,

measured by the change in the total energy between successive iterations, was set to 10−6

eV/cell. The conjugate-gradient algorithm [27] has been employed in relaxations of atomic

positions. The relaxations have been conducted until the difference in the total forces acting

on each atom were smaller than 5 × 10−3 eV/Å. The equilibrium lattice constant (a) of

body centered cubic Mo used to build all structural models employed in this work has been

determined by fitting the energy versus volume dependence, computed in a series of single

point calculations, by Murnaghan equation of state [28]. The computed value of a =3.150 Å

is found to be in a good agreement with experiment [29] (3.144 Å) as well as with previous

DFT calculations (3.150 Å) [10, 12]. The surface energy (γ) has been computed using the
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following formula:

γ =
E(slab)−NE(bulk)

2A
, (1)

where E(slab) is the energy of relaxed slab, E(bulk) is the ground-state bulk energy per

atom, N is the number of atoms in slab and A is the area per a single surface of slab. The

work function has been determined as follows [30]:

φ = Evac − EF, (2)

where Evac and EF are the vacuum level energy and the Fermi energy, respectively.

In the ab-initio molecular dynamics (MD) simulations, the simulation temperature was

controlled using the Andersen thermostat [31] with a collision frequency of 0.01 fs−1. Classi-

cal equations of motion have been integrated using the leap-frog algorithm [32] with a time

step of 2 fs. The total length of trajectories was 50 ps, whereby the initial period of 5 ps was

considered as equilibration and the corresponding data were discarded from calculations of

time averages. In order to accelerate the MD simulations, the k-points mesh was reduced so

that (Mi |ai|)−1 ≈0.03 Å−1 (i.e. a grid of 2×2 k-points was used for a 5× 5 slab model, see

Sec. III B).

The Supplemental Material [33] contains the following additional information relevant to

this section: (i) in Sec.SII it is shown that increasing the plane wave cutoff has negligible

effect on the computed values of γ and φ presented in Sec. III A, (ii) the fact that the reduced

k-points mesh employed in the MD simulations does not introduce a significant bias into

our configuration space sampling is demonstrated in Sec.SV, (iii) the structural input files

for all relaxed structures discussed in Sec. III A, as well as the corresponding k-points grids

used in calculations are provided in Sec. SI (these structural input files are also provided as

electronic supplemental information, see the file SI files.tgz).

III. RESULTS AND DISCUSSION

A. Zero-temperature simulations of Mo(001)

We start our discussion by analyzing the effect of reconstruction on work function of

Mo(001) at T=0 K. To this end, atomic relaxations of slab models with nine Mo layers and

vacuum corresponding to the width of 13 bulk layers (i.e. 20.475 Å) have been conducted.

4



The following surface terminations previously discussed in literature [18, 19] have been

considered (see Fig. 1): p(1 × 1) corresponds to unreconstructed bulk like termination,

c(7
√
2×

√
2)R45◦ represents the experimentally observed low temperature pattern [14–16],

and terminations c(
√
2×

√
2)R45◦, c(3

√
2×

√
2)R45◦, and c(5

√
2×

√
2)R45◦ are analogues

of c(7
√
2 ×

√
2)R45◦ differing in the number of zig-zag rows separated by straight misfit

lines of atoms (vide infra). For the unrelaxed unreconstructed surface (p(1 × 1)), in which

all separations between the neighboring (001) planes are the same as in bulk (i.e. a/2), the

computed values of work function and surface energy are 3.92 eV and 3.52 J/m2, respectively.

Let us define a relative average spacing between layers m and n (∆m,n) as follows:

∆m,n =
d̄m,n − d0

d0
, (3)

where d̄m,n is the average distance between layers m and n and d0 = a/2 is the separation

between two neighboring (001) planes in bulk. As evident from the data presented in Tab. I,

the relaxation of surface atoms (without reconstruction) of the structure p(1 × 1) leads

to a significant reduction (−13.4%) of the interlayer spacing between two topmost layers

(∆1,2) followed by a modest (3.7%) expansion of the spacing between the layers 2 and

3. The relaxation also leads to a significant decrease of γ to 3.259 J/m2. The computed

work function, however, turns out to be almost insensitive to these structural changes and

the value computed for the relaxed structure (3.88 eV) differs only modestly from that

determined for the unrelaxed slab. We note that our results for γ and φ are in good agreement

with the previous theoretical reports [12, 34, 35] employing the same simulation method as

we used in this work, see Tab. II.

As evident from Tab. I, the surface reconstruction tends to reduce the absolute values

of ∆1,2 and ∆2,3 observed in the relaxed p(1 × 1) structure. The change in the spacing

between the subsequent layers is virtually negligible and this result is independent of the

surface termination. In Tab. III, the average parallel displacements of atoms in layer n (δn)

with respect to positions of atoms in a bulk-like surface arrangement are compiled, which

we define as follows:

δn =
1

Nn

Nn
∑

i=1

√

(xi − x0,i)2 + (yi − y0,i)2, (4)

where xi and yi are the Cartesian x− and y− coordinates of atom i, x0,i and y0,i are those

for the bulk-like surface structure, the sum is over all Nn atoms in the layer n, and it is

assumed that the direction [001] is parallel with the Cartesian coordinate z. As expected,
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the largest δn is found for the first layer of reconstructed surfaces. The value of δ2 is an

order of magnitude smaller than δ1, and the average parallel atomic displacements for all

remaining layers are negligible. Note that by eq. 4, δn=0 for all layers of unreconstructed

surfaces with termination p(1 × 1). Combined with the results presented in Tab. I, we

conclude that a significant atomic rearrangement due to the relaxation and reconstruction

occurs only within two topmost layers of Mo(001). This result justifies the use of a relatively

thin slab model (5 layers) in our MD simulations (see Sec. III B).

The common feature of all reconstruction patterns considered in this work is the presence

zig-zag rows formed by the unsaturated surface atoms in attempt to shorten their mutual

distance from 3.15 Å to approximately the bulk nearest-neighbour (NN) spacing [18, 36]

(2.73 Å). As shown in Fig. 1, the NN spacing within a single zig-zag row formed in surfaces

with different terminations varies in a relatively narrow interval of 2.77 Å to 2.82 Å. This

shortening of bonds between pairs of atoms is accompanied by elongation of distances with

other neighbors which are stretched from 3.15 Å to 3.31-3.52 Å and this effect prevents a

further surface relaxation [18]. It has been shown by Roelofs et al. [18] that the formation of

unpaired (misfit) rows of atoms separating the zig-zag rows in the c(3
√
2×

√
2)R45◦, c(5

√
2×

√
2)R45◦, and c(7

√
2×

√
2)R45◦ patterns has a stabilizing effect as it leads to a decrease of

the nearest neighbor distances within the plane (the nearest interatomic separation between

the zigzag and the misfit rows is 3.31−3.42 Å while that between two zig-zag rows is ∼3.52

Å, see Fig. 1). In agreement with theoretical work of Haas et al. [19], our results summarized

in Tab. II suggest that the reconstruction always leads to a stabilization (i.e. decrease in

γ) of the (001) surface but the differences between various reconstruction patterns are very

small. The model with the termination c(5
√
2×

√
2)R45◦ appears to be slightly more stable

than the experimentally observed surface pattern c(7
√
2 ×

√
2)R45◦ but the corresponding

difference in γ is only 0.003 J/m2. The difference in potential energy between the most

stable model c(5
√
2×

√
2)R45◦ and the relaxed unreconstructed slab p(1× 1) at T=0 K is

only 0.0086 eV/atom, i.e. close to the kB T term for T≈100 K. One can therefore expect

that the likelihood of breaking of the Mo-Mo bonds formed in the reconstructed surfaces will

increase with increasing temperature and the reconstructed termination should eventually

become unstable at sufficiently high T. We shall demonstrate in Sec. III B that this is indeed

the case. Despite the relatively modest structural rearrangement and the corresponding

energy lowering, the effect of reconstruction on the computed value of φ is surprisingly
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large: the work function increases from 3.88 eV for unreconstructed surface to ∼4.11 eV for

the reconstructed surfaces, improving thus the agreement with experiment 4.46±0.11 [37]).

One could therefore expect that φ should decrease by ∼0.2 eV when T is increased from 0

K to T≫Tc. As we shall see in Sec. III B, such a naive estimate is only qualitatively correct

and the actual decrease of φ with T is much smaller.

B. Finite-temperature simulations of Mo(001)

Altogether, the reconstruction has a significant effect on work function of Mo(001) but,

as already mentioned, this reconstruction is temperature dependent and it vanishes at

T>Tc ≈250 K [14]. We have investigated this effect by means of Born-Oppenheimer ab

initio molecular dynamics (MD) simulations in the NVT ensemble. As shown in Sec. III A,

a substantial rearrangement of atoms in the Mo(001) surface occurs only in two uppermost

layers. In order to reduce the simulation time of the MD calculations, it is therefore legiti-

mate to use a model containing a reduced number of layers. In our MD simulations, a 5×5

model with 5 layers (containing 125 atoms) has been used, see Fig. 2(a). This model has

been prepared as a 5×5 multiple of the relaxed slab p(1 × 1) from which four bottommost

layers have been removed. The atomic positions in two bottommost layers (originally located

in the center of the slab with nine layers) were fixed whereas the atoms in the remaining

three layers were allowed to move in MD. For all MD simulations reported in this work, the

average temperatures of all individual layers of free atoms have been found to differ from

the target T by less than 1%. We note that our structural model allows for the energeti-

cally most favourable reconstruction c(5
√
2×

√
2)R45◦ but as the experimentally observed

termination c(7
√
2×

√
2)R45◦ is similar in many aspects (see Sec. III A), we expect that the

results presented in this section are valid also for this latter structure. As the initial config-

uration, the unreconstructed surface with the width of vacuum regime of 17.625 Å has been

used in all simulations. A dipole correction [38] was applied for the direction perpendicular

to the surface.

Three different simulation temperatures have been considered: T1=123 K is well below

the Tc, T2=423 K is above Tc and corresponds to a typical operating temperature in the H−

source [5] being developed for the needs of the fusion device ITER [39], and T3=623 K is well

above Tc. The average interlayer separation varies only modestly with T (see Sec.SIII in the
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Supplemental Material [33])), which is a consequence of a low thermal expansion of Mo (the

linear thermal expansion coefficient of Mo is only 4.8·10−6 K−1 [40]). Fig. 3 shows the radial

distribution functions (RDF) determined for the first and the second layer of Mo(001).

As expected, the RDF computed for the first layer at T1 differs significantly from those

determined for other two temperatures. In particular, the nearest neighbour peaks centered

at ∼2.80 Å and ∼3.44 Å, corresponding to the NN distances between atoms within a single

zig-zag row and distances between atoms in two neighboring rows, respectively (see Fig. 1),

are well separated at T1. Indeed, the average and also all instantaneous structures obtained

from this simulation are very similar to the relaxed slab with termination c(5
√
2×

√
2)R45◦

(see Fig.S1 and animation Mo001 123K.mpg provided as Supplemental Material [33]). At

T2 and T3, the two NN peaks merge together to form a single broad band centered at

the bulk-like value of ∼3.15 Å. Interestingly, the shape of RDF is rather similar for both

temperatures. These results indicate that the zig-zag rows found in all reconstructed patterns

are no longer stable at elevated temperatures. Although the average structures determined

from the MD simulations performed at T2 and T3 correspond to the unreconstructed bulk-

like termination, we emphasize that every instantaneous structure generated by MD is very

different from the ideal p(1× 1) termination (see Fig.S1 and animations Mo001 423K.mpg

and Mo001 623K.mpg provided as Supplemental Material [33]). Hence, unlike in the case of

T=123 K, the average structures can not be considered as representative configurations of

high-temperature Mo(001) structures. A similar behavior has been reported also by Wang

et al. [17] in theoretical study employing classical force-field simulations.

The temperature dependent work function has been computed as a thermal average (〈. . .〉)
by means of the ergodic hypothesis as follows:

〈φ〉 = lim
τ→∞

1

τ

∫

∞

0

dt φ(t), (5)

where τ is the total length of trajectory and φ(t) is the value of φ computed at the time t.

The structures for the φ calculations have been sampled with a time increment of 0.5 ps and

they were used to build an extended symmetric model containing nine layers and the same

vacuum gap as the models used in the zero temperature calculations. As shown in Fig. 2,

the extended model has been prepared from an MD structure by attaching the mirror image

of four layers above the first layer with fixed atoms to the bottom of the slab. In order

to obtain well converged results consistent with our static calculations, a 6×6×1 k-points
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grid with approximately the same density of k-points as used in our static calculations has

been employed in the work function calculations. Further details of the finite-temperature

φ calculations are presented in Sec.SIV of the Supplemental Material [33]. It can be seen

from Fig. 4 that φ decreases monotonically with T. This result is understandable because

the surface reconstruction causing the increase of φ from 3.88 eV to 4.11 eV at T=0 K (see

Tab. II), vanishes, on average, when T is increased above Tc (vide supra). Although the

average structures obtained from MD at T=423 K and 623 K correspond to unreconstructed

bulk-like termination, the values of φ computed for these temperatures (4.05 eV and 4.04 eV)

are still significantly higher than that obtained for the relaxed p(1× 1) surface at 0 K. This

result is a consequence of the fact that every instantaneous structure in MD at T2 and T3 is

very different from the p(1× 1) structure as it exhibits some of the structural features, such

as the shortening of the nearest neighbour Mo-Mo distances, typical for the reconstructed

surfaces described in Sec. III A (see Fig.S1 in the Supplemental Material [33]). As mentioned

above, the averaged structures from the MD correspond to terminations c(5
√
2×

√
2)R45◦

(123 K) and p(1 × 1) (423 K and 623 K) and the values of φ computed for these averaged

structures (4.11 eV, 3.87 eV, and 3.87 eV for T1, T2, and T3, respectively) are indeed very

close to the corresponding results obtained in relaxations.

C. Zero and finite temperature simulations of Mo(110)

As a further demonstration of the role of atomic displacement in the work function

dependence on T, let us consider the Mo(110) surface (see Fig. 1(f)) which does not undergo

any reconstruction. Compared to the surface (001), the particle density of atoms in the

first layer is
√
2 higher. Due to the stronger in-plane and inter-plane interactions between

atoms, the (110) surface undergoes a significantly weaker relaxation of interlayer distances

compared to the slab (001) (see Tab. I) and it is also significantly more stable, as evident

from the value of computed γ, which is 0.36 J/m2 lower than that for the slab (001) with its

most stable termination. All these results are in a good agreement with previous theoretical

reports [8, 12, 34], see Tab. I and II. The value of φ computed upon relaxation of a nine-

layers model is 4.54 eV, i.e. 0.66 eV higher than that for the unreconstructed (001) surface.

The MD simulations have been performed for T=123 K, 423 K, and 623 K with a structural

model and simulation setting analogous to those used in the MD simulations of Mo(001).
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Unlike in the (001) surface, the RDF computed for the first and the second Mo layers are

very similar in shape and the peaks are centered at expected bulk-like positions (see Fig. 5).

The large broadening of the nearest neighbor peaks observed in the case of Mo(001) at 423

K and 623 K is not observed in the case of Mo(110) and hence not only average but also

every instantaneous structure of Mo(110) is rather close to the ideal bulk-like termination

(see animation Mo110 423K.mpg provided as Supplemental Material [33]). Clearly, this

behavior is a consequence of a limited atomic motion due to the high particle density in

Mo(110). As shown in Fig. 4, the finite temperature work function (φ=4.55 eV (123 K),

4.56 eV (423 K), and 4.56 eV (623 K)) determined in the same way as in the case of Mo(001)

takes almost the same value, irrespective of T, as in our zero temperature calculations (4.54

eV). This result is perfectly in line with our results for Mo(001) suggesting that thermally

induced displacements of surface atoms strongly affect the value of work function, and it

is also consistent with the result of theoretical analysis of Kiejna [3] suggesting that the

absolute value of the thermal coefficient of work function for a given metal decreases with

an increase of the packing density in the plane.

IV. CONCLUSIONS

In summary, MD simulations and relaxations based on first-principles DFT reproduced

correctly the observed surface phase transition of Mo(001) induced by temperature. The

related structural changes occurring mainly in the first surface layer give rise to significant

variation of work function. At low temperature (123 K), at which a stable reconstruction

pattern is formed, the work function is found to increase by 0.23 eV compared to relaxed

unreconstructed surface. With increasing temperature (423 K and 623 K), the stable re-

construction pattern vanishes and the average high-temperature structures correspond to

perfect bulk-like termination. Consequently, the work function decreases but this decrease

is reduced by the fact that the instantaneous structures formed at 423 K and 623 K still

posses some of the structural features observed in the reconstructed patterns. In the case of

the surface Mo(110), in which the surface reconstruction does not occur due to high surface

particle density hindering the thermal atomic motion, the values of φ computed for T=123

K, 423 K, and 623 K are close to that for the zero-temperature structure. This result is

consistent with the previous theoretical analysis of Kiejna [3] who correlated the absolute
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value of the thermal coefficient of work function with the packing density of the surface, and

it serves as a further demonstration of important role of thermally induced atomic displace-

ments in the work function variation. The simulation protocol developed within this work

will be applied in our future work to study cesiated Mo surfaces and the effect of interac-

tion of Cs adsorbed on Mo with small molecules from the impurities originating from the

background pressure of 10-6 mbar, which are the applications relevant for the development

of effective H− sources for the needs of future nuclear fusion devices.
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TABLE I. Average relative change in separation between layers m and n (∆m,n) of relaxed slab

models of Mo(001) and Mo(110) with different surface terminations. The values reported in pre-

vious theoretical work of Che et al. [8] are given in parenthesis.

Surface Termination ∆1,2 (%) ∆2,3 (%) ∆3,4 (%) ∆4,5 (%)

Mo(001) p(1× 1) −13.4 (−11.1) 3.7 (2.3) −0.8 (−1.7) 0.2 (0.3)

c(
√
2×

√
2)R45◦ −8.5 1.2 0.2 −0.3

c(3
√
2×

√
2)R45◦ −10.2 2.6 −0.4 0.1

c(5
√
2×

√
2)R45◦ −9.7 2.1 −0.1 −0.1

c(7
√
2×

√
2)R45◦ −9.5 1.9 −0.1 −0.1

Mo(110) p(1× 1) −5.0 (−4.3) 0.7 (−0.2) 0.1 −0.4 0.0 (−0.7)

TABLE II. Surface energy (γ) and work function (φ) computed for diverse terminations of Mo(001)

and for the unreconstructed Mo(110) at T=0 K. Previous theoretical results of Chen et al. [12], De

Waele [34], and Lee at al. [35] obtained using the same DFT approximation as employed in this

work are given in parenthesis.

Surface Termination γ (J/m2) φ (eV)

Mo(001) Exp. n.a. 4.46±0.11 [37]

p(1× 1) (unrelaxed) 3.524 3.92

p(1× 1) (relaxed) 3.259 (3.29 [12],3.19 [34], 3.15 [35])) 3.88 (3.84 [34])

c(
√
2×

√
2)R45◦ 3.201 4.12

c(3
√
2×

√
2)R45◦ 3.208 4.11

c(5
√
2×

√
2)R45◦ 3.196 4.11

c(7
√
2×

√
2)R45◦ 3.199 4.10

Mo(110) Exp. n.a. 4.92±0.05 [37]

p(1× 1) 2.833 (2.81 [12],2.77 [34], 2.73 [35])) 4.54 (4.52 [34])
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TABLE III. Average in-plane displacements δn (see eq. 4) computed for five symmetry non-

equivalent layers (n) of slab models of Mo(001) with different surface terminations.

Termination δ1 (Å) δ2 (Å) δ3 (Å) δ4 (Å) δ5 (Å)

c(
√
2×

√
2)R45◦ 0.252 0.012 0.001 0.000 0.007

c(3
√
2×

√
2)R45◦ 0.195 0.028 0.001 0.005 0.003

c(5
√
2×

√
2)R45◦ 0.227 0.023 0.009 0.005 0.003

c(7
√
2×

√
2)R45◦ 0.224 0.019 0.007 0.003 0.005
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FIG. 1. Top view of the Mo(001) surface with terminations (a) p(1 × 1), (b) c(
√
2 ×

√
2), (c)

c(3
√
2×

√
2)R45◦, (d) c(5

√
2×

√
2)R45◦, and (e) c(7

√
2×

√
2)R45◦, and (f) the Mo(110) surface

with the p(1×1) termination. The atoms forming the misfit rows in the case of some reconstructed

surfaces are colored yellow while a dark gray color indicates atoms in the second layer. Selected

interatomic distances (Å) between atoms in the first layer are shown.
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FIG. 2. Side views of the slab model of Mo(001) used in MD simulations (a), and in the finite-

temperature work function calculations (b). The positions of atoms in two bottommost layers 4

and 5 of the slab (a) were fixed whereas the atoms in the layers 1−3 were free to move. The model

(b) is constructed from (a) by attaching the mirror images of layers 1-4 (labeled as 1’-4’) to the

bottom of the slab whereby the mirror plane was chosen to be parallel with (001) and to cross the

center of the layer 5.
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FIG. 3. Radial distribution functions computed for the first (left) and the second (right) layer

of the surface Mo(001) at three different temperatures. Vertical dashed lines indicate the nearest

(r = a) and the next-nearest neighbor (r =
√
2a) distances within the (001) planes of bulk Mo (cf.

Fig. 1(a)).
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FIG. 4. Work function of Mo(001) and Mo(110) computed using MD simulations for different

temperatures.
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FIG. 5. Radial distribution functions computed for the first and the second layer of the surface

Mo(110) at T=423 K. Vertical dashed lines indicate the nearest (r = (
√
3/2)a) and the next-nearest

(r = a) neighbor distances within the (110) planes of bulk Mo (cf. Fig. 1(f)).
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