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We have computed the surface energies, work functions, and interlayer surface relaxations of clean
(111), (110), and (100) surfaces of Al, Cu, Ru, Rh, Pd, Ag, Pt, and Au. Many of these metallic
surfaces have technological or catalytic applications. We compare experimental reference values to
those of a family of non-empirical semilocal density functionals from the basic local density approx-
imation (LDA) to our most advanced, general-purpose meta-generalized gradient approximation,
SCAN. The closest agreement within experimental uncertainty is achieved by the simplest density
functional LDA, and by the most sophisticated general-purpose one, SCAN+rVV10. The long-range
van der Waals interaction incorporated through rVV10 increases the surface energies by about 10%,
and the work functions by about 3%. LDA works for metal surfaces through a stronger-than-usual
error cancellation. The PBE generalized gradient approximation tends to underestimate both sur-
face energies and work functions, yielding the least accurate results. Interlayer relaxations from
different functionals are in reasonable agreement with one another, and usually with experiment.

I. INTRODUCTION

The rapid development of electronic structure theory
has made it easier to analyze and describe complex metal-
lic surfaces[1], but understanding the underlying physics
behind surface energies, work functions, and interlayer
relaxations has remained a long-standing challenge[2].
Metallic surfaces are of particular importance because of
their wide range of applications including metal-molecule
junctions, junction field-effect transistors, and in cataly-
sis [3–8]. A detailed knowledge of the electronic struc-
ture is required for accurate theoretical investigations of
metallic surfaces [9, 10].

Consequently, metal surfaces have played a key role
in the development and application of Kohn-Sham den-
sity functional theory (KS DFT) [11]. The work of Lang
and Kohn [12–14] in the early 1970’s demonstrated the
ability of the simple local density approximation (LDA)
[11, 15] for the exchange-correlation (xc) energy to cap-
ture the surface energies and work functions of real met-
als. Their work stimulated the effort to understand why
simple approximate functionals work and how they can
be improved [16, 17]. Later, correlated-wavefunction cal-
culations [18, 19] gave much higher surface energies for
jellium, but were not supported by further studies [20, 21]
and were eventually corrected by a painstaking Quan-
tum Monte Carlo calculation [22]. The too-low surface
energies from the Perdew-Burke-Ernzerhof [23] (PBE)
generalized-gradient approximation (GGA) led in part to
the AM05 [24] and PBEsol [25] (PBE for solids) GGAs,
and to general-purpose meta-GGAs that remain com-
putationally efficient, including the recent strongly con-
strained and appropriately normed (SCAN) meta-GGA
[26, 27]. SCAN captures intermediate-range van der
Waals (vdW) interactions, but capturing longer-ranged
vdW interactions requires the addition of a non-local

vdW correction such as from the revised Vydrov-Van
Voorhis 2010 (rVV10) functional [28].

Ref. 29 suggests that the vdW interaction is semilo-
cal at short and intermediate range, but displays pair-
wise full nonlocality at longer ranges, and many-body
full nonlocality [30] at the longest and least energetically
important distances. Accounting for intermediate and
long-ranged vdW interactions is especially important for
layered materials [31–33] and ionic solids [34, 35]. van der
Waals interactions are also needed to correct the errors of
GGAs for bulk metallic systems [35]. The importance of
the vdW contribution to surface properties is something
we emphasize below. By naturally accounting for both
intermediate and long-range interactions, SCAN+rVV10
[29] represents a major improvement over previous func-
tionals for many properties of diversely-bonded systems
[27], however, it had not been tested for real metallic
surfaces. By studying metallic surfaces with this general-
purpose functional we can better understand why LDA
can be accidentally accurate, and demonstrate the sys-
tematic improvement of SCAN over other non-empirical
functionals. Furthermore, we will also be able to extract
the impact of intermediate and long-range dispersion.

The surface energy is the amount of energy required
per unit area to cleave an infinite crystal and create a new
surface [12]. Accurate theoretical face-dependent surface
energies are straightforward to obtain from accurate bulk
and surface calculations, since we have absolute control
over morphology and purity. Experimentally, however,
surface energies have been determined by measuring the
surface tension of the liquid metal and then extrapolat-
ing to 0K using a phenomenological method [36]. The
surface tension of the liquid phase is generally different
from the actual surface free energy of the solid state met-
als and can be considered as an “average” surface energy.
Available experimental values are also rather old (1970-
1980). They provide useful but uncertain estimates for
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the low-energy faces of bulk crystals. With this in mind,
one should be careful when comparing defect-free theo-
retical predictions with experimental data.

The work function on the other hand, is easier to mea-
sure [37] compared to the surface energy. One can con-
sider the work functions measured from a polycrystalline
sample [38] as a “mean” work function of all the pos-
sible crystallographic faces present in the sample. In a
recent work [39], Halender et. al argued that ultraviolet
photoemission spectroscopy can be used as an accurate
measurement of the work function of materials, despite
of the chances of surface contamination of the exposed
surface. However, it still remains an open question as
to which experimental work function value one should
compare theoretical values with. In practice the work
function can be calculated using DFT by accurately de-
termining the Fermi energy and vacuum potential [13, 14]
of the surface slab. Since the work function depends on
slab thickness, the role of quantum size-effects may need
to be considered.

Another fundamental property of surfaces is geomet-
ric relaxations due to strong inward electrostatic attrac-
tion on the top surface layer, which occurs mainly due to
charge density smoothing at the surface. This effect can
be accurately measured experimentally using low-energy
electron diffraction (LEED) [36, 40] intensity analysis.
The role played by the xc functional in surface relax-
ations was unclear and worth exploring in more detail.

In spite of the theoretical challenges to model and ex-
plain these metallic surface properties, density functional
theory [11, 26, 27, 41, 42] has proven to be one of the lead-
ing electronic structure theory methods to understand
characteristics of metal surfaces. Lang and Kohn [12–
14] and Skriver and Rosengaard [43] reported the surface
energies and work functions of close-packed metal sur-
faces from across the period table using Green’s function
techniques based on linear muffin-tin-orbitals within the
tight-binding and atomic-sphere approximations. In an-
other work, Perdew et al. used the stabilized jellium
and liquid drop model (SJM-LDM) [44] to understand
the dependency of surface energies and work functions of
simple metals on the bulk electron density as well as the
atomic configuration of the exposed crystal face. Devel-
oping functionals that are accurate for surfaces has been
an active area of recent activity [25, 45, 46].

Although previous works [16, 47, 48] gave very rea-
sonable descriptions of fundamental metallic surfaces, we
must consider the limitations of the local and semilocal
xc density functionals for metal surfaces [49]. Wang et
al. [50] calculated surface energies and work functions of
six close-packed fcc and bcc metal surfaces using LDA
and PBE. Their study confirms the face-dependence of
the surface energy and work function. Singh-Miller and
Marzari [51] used PBE to study surface relaxations, sur-
face energies, and work functions of the low-index metal-
lic surfaces of Al, Pt, Pd, Au and Ti. Ref. 51 found that
LDA qualitatively agrees with the experimental surface
energies, but neither LDA or PBE can be considered as

a default choice for quantitative comparison with experi-
mental values for surface properties. Following what they
have suggested, we will demonstrate that higher rungs of
Jacob’s ladder in DFT [3], such as meta-GGA’s or the
Random Phase Approximation [45], must be used to ac-
curately study surface properties.

In this work we investigated the surface energies,
work functions and interlayer relaxations of the low-
index clean metallic surfaces of Al, Pt, Pd, Cu, Ag,
Au, Rh and Ru. Here we focus on three main crystallo-
graphic faces, (111), (110), and (100), to explore the face-
dependence of the surface properties [52]. Furthermore,
we have explored the xc-functional dependence to demon-
strate the improvements non-empirical meta-GGAs can
achieve compared to GGAs. We utilized the following
approximations: LDA [11], the PBE generalized gradi-
ent approximation and its modification for solids, PBEsol
[25, 53], and the newly constructed meta-GGAs SCAN
and SCAN+rVV10. Pt (111) was used as a test case to
explore the convergence of the surface energy and work
function with respect to slab thickness, kinetic energy
cutoff, and k-points, see Appendix VI C.

II. THEORY

A. Surface energy

The surface energy, σ, can be defined as the energy
per atom, or per area, required to split an infinite crystal
into two semi-infinite crystals with two equivalent sur-
faces [54],

σ =
1

2A
[ESlab −

NSlab

NBulk
EBulk], (1)

where ESlab is the total energy of the slab, N is the total
number of atoms in the slab, EBulk is the total energy
of the bulk, and A is the surface area of the slab. The
factor of 1/2 in the above equation comes from fact that
each slab is bounded by two symmetric surfaces. DaSilva
et. al [2] showed that a dense mesh can be used to avoid
numerical instabilities in Eq. (1) coming from using dif-
ferent numbers of atoms in the slab and bulk calculations
[56]. The linear fit method is one way to find converged
values of the surface energies from slab calculations [55].
Previously, Fiorentinni et. al [57] applied this method for
Pt (100) surface. We have applied this method to obtain
converged values of the surface energies using equivalent
cutoff energies and dense k-meshes for bulk and surface
calculations. One can write Eq. (2) for the large N limit
of the layer thickness as

ESlab ≈ NEBulk + 2σA , (2)

so that the surface energy can be extracted from an ex-
trapolation of the slab energy with respect to the layer
thickness.
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B. Work function

The work function for metallic systems can be deter-
mined computationally taking the difference between the
vacuum potential and the Fermi energy [13]:

φ = Vvacuum − EFermi. (3)

The reported anisotropy of the work function for differ-
ent surfaces implies it can depend on the particular face
due to edge effects [58]. For different surfaces there are
different densities of electrons at the edges of the surface
and that causes different surface dipole barriers D, which
is explicitly related to Vvacuum. Surface dependent val-
ues of D can yield different values for the work function
since the Fermi energy is solely a bulk property.

C. Surface relaxations:

Surface relaxations arise due to the minimization of
the energy at the surface and can be computed using the

simple formula: dij% =
di−dj

d0
× 100, where di and dj are

the distance of ith and jth layer from the top layer of the
relaxed slab, and d0 is the distance between the layers of
the unrelaxed slab.

III. RESULTS & DISCUSSIONS:

A. Surface energy

The relevant surface energies measured experimentally
[36] are usually “average” surface energies of all the pos-
sible surfaces present in the sample, hence experimen-
tally measured surface energies should be compared with
the average of the surface energies for (111), (110), and
(100) surfaces [61]. Here we also use the average sur-
face energies to compare with the experimentally mea-
sured values, but from a different perspective. LDA
is known to yield accurate surface energies for jellium,
within the uncertainty of the latest QMC values [62], and
an equally-weighted average over the three lowest-index
faces from LDA reproduces the experimental surface en-
ergies to within their uncertainties. Many people have
justified the accuracy of LDA through an excellent error
cancellation between its exchange and correlation contri-
butions. Usually the LDA exchange energy contribution
to the surface energy is an overestimate, while the cor-
relation contribution is a significant underestimate, and
their combination results in an accurate prediction.

In Table I we report the mean surface energies cal-
culated using different density functionals, including re-
sults from the random phase approximation (RPA) [60].
Figure 1(left) shows the relative error (in J/m2) of the
computed values of the average surface energies com-
pared to the best available experimental results for each
metal. The consistent performance of SCAN+rVV10 can

be seen in all cases whereas PBE and SCAN both perform
poorly. RPA results are overall in good agreement with
the experimental results, however the computational cost
is higher and the improvement only marginal. One can
argue that SCAN+rVV10 is the “best” candidate for pre-
dicting metallic surface energies with its moderate com-
putational cost and high accuracy.

The relative errors and mean absolute percentage er-
rors for the computed average surface energies are shown
in Figure 1. The relative errors are calculated with re-
spect to the average experimental value from all the three
crystallographic surfaces. Our results are in agreement
within an acceptable margin compared to those previ-
ously reported in the literature [50, 51, 61, 63]. For Al,
the lefthand plot illustrates the accuracy of all methods
for simple metals that are close to the jellium limit. Ta-
ble II demonstrates that there is an overall systematic
improvement from PBE to SCAN to SCAN+rVV10 in
the Al surface energy due to the step-wise incorporation
of intermediate-range dispersion in SCAN and long-range
dispersion in rVV10. The long-range contributions from
rVV10 in Al account for 12% of the total surface energy,
and foreshadows the importance of including this con-
tribution for the d metals. However, we find that the
dispersion contribution from SCAN+rVV10 to the total
surface energy can be as large as 18%.

Transition metal surfaces are more challenging due to
their localized d orbitals which cause inhomogeneities
in the electron density at the surface. These inhomo-
geneities lead to a wider spread in the results from the
different functionals. PBE yields the largest errors for the
transition metal surface energies due to its parametriza-
tion for slowly varying bulk densities. PBEsol was in-
stead fit to jeliium surface exchange-correlation energies
and yields a significant improvement compared to PBE.
To improve the results further, vdW interactions need to
be incorporated. SCAN was constructed to interpolate
the xc enhancement factor between covalent and metallic
bonding limits in order to deliver an improved description
of intermediate-range vdW interactions. Consequently,
SCAN is more accurate than PBE but not PBEsol, since
no information about surfaces was used in SCAN’s con-
struction. Still, even without parameterizing to jellium
surfaces, SCAN and PBEsol are similar and exhibit anal-
ogous trends for all of the metals. With the addition of
long-range vdW from rVV10, SCAN+rVV10 surpasses
the accuracy of PBEsol, indicating that the total vdW
contribution to the surface energy is more important than
previously recognized since SCAN alone is unable to out-
perform PBEsol.

Although LDA does not explicitly include vdW inter-
actions, we infer portions of the long-range part are some-
how captured through error cancellation in the exchange
and correlation contributions. RPA, which also includes
vdW interactions, tends to overestimate the surface ener-
gies. This is somewhat expected based upon the results
for jellium slabs [64, 65] where the xc contributions to
the surface energy show similar relative trends between
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Metals LDA PBE PBEsol SCAN SCAN+rVV10 RPAc Experimental
Al 1.08 0.89 1.06 1.03 1.16 1.07 1.14a

Cu 1.98 1.48 1.74 1.68 1.89 2.04 1.83b

Ru 3.19 2.48 2.89 2.77 2.99 3.45 2.99a

Rh 2.86 2.47 2.71 2.6 2.81 3.10 2.7b

Pd 2.19 1.59 1.90 1.8 2.04 2.32 2.00a

Ag 1.2 0.84 1.08 1.03 1.22 1.42 1.25b

Pt 2.26 1.79 2.12 1.92 2.15 2.7 2.49a

Au 1.41 0.87 1.16 1.06 1.29 1.41 1.5a

a Experimental results from Ref. 36.
b Experimental results from Ref. 59.
c gpaw results from Ref. 60.

TABLE I. Mean surface energy of (111)[σ111],(110)[σ110] and (100) [σ100] surfaces of different metals in J/m2.
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FIG. 1. The relative error (RE) of the average surface energy (left) of the (111), (110), and (100) surfaces compared to
experiment [36, 59]. The mean absolute percentage error (MAPE) of the surface energies (right) for each functional.

LDA and RPA as a function of the Seitz radius.

The righthand plot in Figure 1 shows the mean abso-
lute percentage errors (MAPE). SCAN+rVV10 is clearly
the best semilocal density functional, though LDA is
a close second. Incorporation of vdW interactions is
important for dealing with the interactions of clean
metallic surfaces and their surroundings, however, and
SCAN+rVV10 can be expected to perform more system-
atically than LDA for a broader set of properties. Though
RPA provides a good additional benchmark when experi-
mental data is scarce, its higher computational cost limits
its applicability for general surface problems and rein-
forces the utility of a functional such as SCAN+rVV10,
which is accurate, efficient, and naturally incorporates
dispersion.

Table II and Figure 2 illustrate the detailed perfor-
mance of each method for each crystallographic face.
SCAN+rVV10 frequently overlaps with LDA, while the

systematic underestimation of the surface energies by
PBE is easy to see. We find excellent agreement of our
PBEsol results with that of Sun et al. [66], and that our
LDA and PBE values and trends are in good agreement
with others recently reported [50, 51, 61]. The general
trend of σ111 < σ100 < σ110 can be seen from Fig. 2 for
Al, Cu, Ag, Pt and Au respectively. However, this trend
seems to be broken for Ru, Rh and Pd.

B. Work function

The relative errors and MAPE with respect to exper-
iment for the work functions of the (111) surfaces are
plotted in Figure 3. Tabulated values of the work func-
tion for each face can be found in Table III, and are
plotted in Fig. 4. Since we could not find experimen-
tal references for Ru (110) and (100) work functions, we
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FIG. 2. σ111 (left), σ110 (middle), and σ100 (right) for the selected metals in this work.

instead focus on the (111) surface for simplicity. The
performance trends for (111) generally hold for the other
crystallographic faces as well. Our results for LDA and
PBE are generally within ≈ 0.15 eV of those reported
in the literature [51, 70]. For Al, LDA overestimates
the work function for the (111) surface by 0.1 eV, but is
dead on experiment for the other two faces. PBE and
SCAN perform similarly for Al, but show larger devia-
tions from one another for the d-block metals. PBEsol
and SCAN+rVV10 yield the smallest errors for Al. The
effect of geometric relaxation on the work function was
not explored, but is likely negligible.

Figure 3 also shows the relative errors in the calcu-
lated values of the work function for the transition met-
als. These systems have entirely or partly filled d-orbitals
which are localized on the atoms.

Hybridization between the d and s orbitals varies with
the crystallographic orientation resulting in changes in
the surface-dipole and, consequently, the work function.
The redistribution of the d electrons in noble metals also
impacts the surface energy due to changes in the bulk
Fermi energy, and these changes vary from one face to
another [71].

The difference in work function values predicted by dif-
ferent functionals originates from the different Fermi en-
ergies predicted by each functional. The lower Fermi en-
ergy predicted by LDA results in an overestimated work
function, since the average electrostatic potentials calcu-
lated from different functionals differs by less than 0.2
eV from each other. PBE and SCAN predict compar-
atively larger Fermi energies leading to underestimated
work functions. On the other hand, SCAN+rVV10 not
only lowers the Fermi energy value but also increases the
average electrostatic potential compared to SCAN and
thus gives a much better work function. From Fig. 3
it is clear that PBE systematically underestimates the
(111) work functions and its accuracy is erratic. The
underestimation of the (111) work function by PBE per-
sists for the other faces as well. For Al and Cu PBE
is accurate but shows much larger errors for the other

metals. For Al and Ru, PBE and SCAN are fortuitously
close though not for any particular physical reason, and
in general SCAN improves upon PBE through its incor-
poration of vdW contributions to the surface potentials.
Though PBEsol and SCAN incorporate different physi-
cal limits in their construction, their overall performance
for work functions is quite similar, and typically the er-
rors from these functionals are within the experimental
uncertainties. They are also outperforming LDA for the
work functions, which was not the case for the surface
energies above.

The inclusion of interemdiate-range vdW interactions
is not enough, however, as the long-range contribu-
tions can still raise the work function by an apprecia-
ble amount. The (111) surface of Ru is one such case
where the addition of rVV10 to SCAN increases the work
function by nearly 0.3 eV, significantly reducing the er-
ror compared to experiment. Incorporating the long-
range dispersion amounts to between 3 and 6% of the
total work function for the (111) surfaces, underscor-
ing the importance of its inclusion. Though LDA and
SCAN+rVV10 were of similar quality for the surface en-
ergies, SCAN+rVV10 clearly takes the top spot for com-
puting accurate work functions of the (111) surfaces. We
note that the trend φ110 < φ100 < φ111 predicted by
Smoluchowski [58] is not observed for Ru, Rh and Pt,
but is observed for the other metals.

The photoelectrons ejected from the metal experience
an image potential, which in DFT is influenced by the be-
havior of the exchange-correlation potential (functional).
The attractive dispersion interaction lowers this poten-
tial, systematically increasing the work function. By
incorporating a long-range contribution to the poten-
tial from rVV10, SCAN+rVV10 systematically and accu-
rately predicts surface energies within experimental un-
certainties. Addition of rVV10 to the GGAs would likely
reduce their errors as well, provided the bare functional
underestimates the experimental reference, but it would
worsen the LDA results for all but Rh. The systematic
behavior of SCAN for diversely bonded systems lends
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Metals Surface LDA PBE PBEsol SCAN
SCAN LDA GGA

+rVV10 (Other works) (Other works)

Al 111 0.99 0.77 0.99 0.91 1.11 0.91h 0.67g

110 1.09 0.96 1.11 1.09 1.19 0.93g,1.27b

100 1.15 0.95 1.08 1.08 1.18 0.86g,1.35b

Cu 111 1.81 1.33 1.59 1.49 1.74

110 2.13 1.63 1.88 1.84 2.02 2.31d

100 1.99 1.48 1.76 1.71 1.91 2.15e

Ru 111 2.81 2.14 2.49 2.39 2.55

110 3.42 2.27 2.94 2.81 3.12 3.45f

100 3.34 3.02 3.25 3.11 3.3 3.52f

Rh 111 2.67 2.09 2.40 2.33 2.61

110 2.86 2.55 2.77 2.76 2.82 2.88f

100 3.04 2.77 2.97 2.71 3.00 3.52f

Pd 111 1.88 1.36 1.63 1.54 1.77 1.87h 1.31g

110 2.25 1.61 1.93 1.83 2.05 1.97f 1.55g

100 2.43 1.79 2.15 2.03 2.29 1.49g,2.15e

Ag 111 1.13 0.78 1.00 0.97 1.16

110 1.32 0.93 1.19 1.12 1.33 1.26f

100 1.16 0.81 1.04 1.00 1.18 1.2b

Pt 111 1.98 1.56 1.85 1.64 1.89 2.23h 1.49g

110 2.46 1.94 2.31 2.08 2.32 1.85g,2.49e

100 2.35 1.88 2.21 2.04 2.25 1.81g,2.47e

Au 111 1.24 0.75 1.1 0.93 1.17 1.04g 0.74g

110 1.61 0.99 1.26 1.2 1.47 1.55i 0.9g,1.7b

100 1.39 0.86 1.13 1.05 1.24 1.39k 0.85g,1.36e

TABLE II. Surface energies (J/m2) of the (111), (110), and (100) surfaces for the selected metals.

a Experiment ; Ref. 36
b FCD-GGA ; Ref. 63
c Experiment ; Ref. 59

d Green function LMTO ; Ref. 43
e PBE-GGA ; Ref. 50

f Full potential LMTO ; Ref. 67
g PBE calculation ; Ref. 51
h All-electron LDA ; Ref. 2
i PWPP-LDA ; Ref. 68
j PWPP-LDA ; Ref. 69

itself to correction by rVV10 achieving a well balanced
performance both for surface and bulk [26, 27] properties.

Since, the surface energies are calculated using the re-
laxed slab model the effect of surface relaxations are al-
ready incorporated in the calculations.

C. Surface relaxation

At the surface, the presence of fewer neighboring ions
can cause changes in the equilibrium positions of the
ions due to the changes in the inter-atomic forces. Sur-



7

Metals Surface LDA PBE PBEsol SCAN
SCAN LDA GGA

Expt.
+rVV10 (Other work) (Other work)

Al 111 4.36 4.2 4.24 4.19 4.23 4.251 4.022 4.26± 0.033,4.32± 0.064

110 4.08 3.96 3.98 3.99 4.00 4.31 4.32 4.06± 0.035,4.23± 0.134

100 4.41 4.27 4.32 4.35 4.42 4.381 4.092 4.41± 0.033,4.32± 0.064

Cu 111 5.20 4.88 4.98 4.98 5.09 4.946,4.9± 0.024

110 4.68 4.38 4.48 4.47 4.53 4.597,4.56± 0.14

100 4.79 4.42 4.43 4.47 4.54 4.59± 0.038,4.73± 0.14

Ru 111 4.78 4.37 4.51 4.38 4.65 5.339 4.7110

110 4.68 4.42 4.55 4.52 4.72 4.659

100 5.1 4.78 4.86 4.9 4.97 5.039

Rh 111 5.23 5.00 5.12 5.16 5.20 5.311,5.46± 0.094

110 4.9 4.53 4.66 4.65 4.83 4.989 4.8± 0.0512,4.86± 0.214

100 5.44 5.12 5.38 5.34 5.37 5.259 5.1113,5.3±, 0.154

Pd 111 5.66 5.32 5.52 5.39 5.47 5.6414 5.252 5.44± 0.0315,5.67± 0.124

110 5.32 4.95 5.07 5.04 5.09 4.872 5.216,5.07± 0.24

100 5.54 5.12 5.25 5.19 5.26 5.112 5.317,5.48± 0.234

Ag 111 4.97 4.49 4.66 4.57 4.63 4.75± 0.0118,4.53± 0.074

110 4.61 4.16 4.28 4.21 4.26 4.25± 0.0319,4.1± 0.154

100 4.64 4.26 4.35 4.3 4.37 4.42± 0.0220,4.36± 0.054

Pt 111 6.08 5.72 5.85 5.90 5.97 6.0614 5.692 6.08± 0.1522,5.91± 0.084

110 5.6 5.18 5.31 5.27 5.36 5.5221 5.262 5.423,5.53± 0.134

100 6.06 5.69 5.82 5.94 6.01 5.662 5.924 ,5.75± 0.134

Au 111 5.49 5.12 5.19 5.32 5.41 5.6325 5.152 5.3− 5.626,5.33± 0.064

110 5.36 4.94 5.02 5.17 5.3 5.4125 5.042 5.227,5.16± 0.224

100 5.49 5.07 5.17 5.26 5.28 5.5325 5.12 5.22± 0.0427,5.22± 0.314

TABLE III. Work function of (111) [φ111], (110) [φ110] and (100) [φ100]surfaces of different metals.

1 PWPPW-LDA ; Ref. 72
2 PBE ; Ref. 51

3 Experiment ; Ref. 73
4 Experiment ; Ref. 74
5 Experiment ; Ref. 75
6 Experiment ; Ref. 76
7 Experiment ; Ref. 77
8 Experiment ; Ref. 78

9 Full potential LMTO ; Ref. 67
10 Experiment ; Ref. 79
11 Experiment ; Ref. 80
12 Experiment ; Ref. 81
13 Experiment ; Ref. 82
14 FLAPW-LDA ; Ref. 2
15 Experiment ; Ref. 83
16 Experiment ; Ref. 84
17 Experiment ; Ref. 85
18 Experiment ; Ref. 86
19 Experiment ; Ref. 87
20 Experiment ; Ref. 88
21 PWPP-LDA ; Ref. 68
22 Experiment ; Ref. 89
23 Experiment ; Ref. 90
24 Experiment ; Ref. 91
25 PWPP-LDA ; Ref. 71
26 Experiment ; Ref. 92
27 Experiment ; Ref. 93
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FIG. 4. φ111 (left), φ110 (middle), and φ100 (right) for the surfaces studied in this work.

face reconstructions have been measured for Ag, Pt and
Au. [94–96] In these kinds of experimental measurements
surface reconstructions are possible since the top layers
rearrange in order to reach a new equilibrium position,
and hence can change the work function. Nevertheless,
we can always compare the performance of one functional
to another compared to the best available experimental
values.

Tables VI, VII, and VIII show the tabulated values
of the percentage relaxation for the top 4 layers of the
three surfaces. Different exchange-correlation functionals
may predict different interlayer relaxations compared to
the experimental data [40, 97–101]. It is important to
note that for d23% and d34% we have found only a few
experimental results to compare with.

In most cases SCAN+rVV10 and SCAN predict rea-
sonably accurate interlayer relaxations in comparison to
the experimental results. However, the values for the
(100) surfaces of Cu, Pd and Ag calculated using the

SCAN+rVV10 and SCAN are much lower than the ex-
perimental results. Only PBEsol predicts a reliable value
of d12% in these cases. Notice that in many cases the per-
centage interlayer relaxation values calculated by LDA
are much larger than the experimental values. More-
over, Tables VI, VII, and VIII also show that the LDA
and PBE results calculated in this work are in agreement
with Ref. 51.

IV. SUMMARY

We studied three important surface properties of met-
als using the local density approximation, two general-
ized gradient approximations (PBE and PBEsol), and
a new meta-GGA (SCAN) with and without a van der
Waals correction. The surface energy, work function
and interlayer relaxation were calculated and compared
with the best available experiential values. The choice
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of exchange-correlation potential has a noticeable effect
on the surface properties of metals especially on the sur-
face energy [102]. The performance of SCAN is compa-
rable to PBEsol, which is a boon for meta-GGA develop-
ment, since existing GGA’s struggle compared to LDA
in predicting good surface energies and work functions
[51]. van der Waals interactions are present at metal-
lic surfaces and have a non-negligible contribution to the
surface energy and work function, but make a smaller
impact on the interlayer relaxation. Ferri et al. [103] also
found that van der Waals corrections can improve sur-
face properties. van der Waals interactions provide an
attractive interaction between one half of a bulk solid
and the other when the halves are separated, so vdW
interactions tend to increase the surface energy. Typi-
cally vdW forces lower the energy of a neutral solid more
than for a charged system, so vdW interactions also tend
to increase the work function. LDA overestimates the
intermediate-range vdW attraction but has no long-range
component. These two errors of LDA may cancel almost
perfectly for surface properties. Although it is well un-
derstood that LDA predicts an exponential decay rather
than the true asymptotic nature of the surface barrier
potential, the discrepancy only matters for cases where
the surface states are extended into the vacuum, such as
in the case of photoemission and scanning tunneling mi-
croscopy. Surface energies and work functions are more
or less a property of the local electron density at the sur-
face and hence LDA can give excellent results.

PBE underestimates the intermediate range vdW and
has no long-range vdW, so it underestimates surface en-
ergies and work functions. PBEsol and SCAN have real-
istic intermediate-range vdW and no long-range vdW, so
they are more accurate than PBE but not as good as LDA
for predicting surface properties. The asymptotic long-
range vdW interactions missing in semilocal functionals
can make up to a 10% difference in the surface energy
or work function, which implies there is a limit to the
accuracy of these methods. SCAN+rVV10 stands out in
this regard as it is a balanced combination of the most
advanced non-empirical semilocal functional to date and
the flexible non-local vdW correction from rVV10. In ad-
dition to delivering superior performance for layered ma-
terials [33], SCAN delivers high quality surface energies,
work functions, and surface relaxations for metallic sur-
faces. SCAN+rVV10 includes realistic intermediate- and
long-range vdW interactions, so it tends to yield more
systematic and accurate results than LDA, PBEsol, or
SCAN. Accurate measurements for these properties are
needed in order to validate the performance of new and
existing density functionals. Overall we find that SCAN
is a systematic step up in accuracy from PBE and that
adding rVV10 to SCAN yields a highly accurate method
for diversely bonded systems.

Surface LDA PBE PBEsol SCAN SCAN+
rVV10

111 0.174 0.629 0.356 0.463 0.238

TABLE IV. MAE (J/m2) in calculated (111) surface energies
compared to the experimental values.

Surface LDA PBE PBEsol SCAN SCAN+
rVV10

111 0.141 0.209 0.119 0.126 0.089

TABLE V. MAE (eV) in work function of (111) surfaces com-
pared to the experimental results.
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VI. APPENDICES

A. Stabilized jellium model

The jellium model (JM) studied in Refs. 12, 13, and
118 is a simple model to study surface properties in which
the positive ionic charge is replaced by a uniform positive
background truncated at a planar surface. Although the
jellium model shows “universality” in predicting the rs
dependence of metallic surface properties, it’s not per-
fect. It has the following defects:

1. Negative surface energy for rs ≈ 2,[12]

2. Negative bulk modulus for rs ≈ 6. [119]

These defects are corrected in the SJM using a “struc-
tureless pseudopotential” [120]. SJM treats the “differen-
tial potential” between the pseudopotential of the lattice
and the electrostatic potential of the uniform positive
background perturbatively, adapting the idea that each
bulk ion belongs to a neutral Wigner-Seitz sphere of ra-
dius r0 with r0 = z1/3rs.

http://arxiv.org/abs/de-sc/0012575
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Metals Surface LDA PBE PBEsol SCAN
SCAN LDA PBE Expt.

+rVV10 (Other work) (Other work)

Al d12% 1.64 1.46 1.55 1.81 1.89 +1.35g +1.04f 1.7± 0.3i

d23% -0.66 -0.72 -0.73 -1.27 -1.27 +0.54g −0.54f −0.5± 0.7i

d34% 0.1 0.07 0.09 0.17 0.16 +1.04g +0.19f

Cu d12% -0.44 -0.34 -0.39 -0.39 -0.51 −0.7± 0.5b

d23% -5.43 0.01 0.1 -0.1 0.14

d34% -4.8 -0.01 -0.1 0.13 -0.09

Ru d12% -16.73 -18.41 -19.84 -19.82 -17.26

d23% -15.35 -9.58 -11.39 -12.06 -15.8

d34% -3.74 -8.43 5.84 6.11 -4.01

Rh d12% -1.24 -1.93 -1.56 -1.53 -1.37

d23% -0.5 -0.89 -0.36 -0.2 -0.72

d34% -1.11 1.05 1.07 1.16 1.29

Pd d12% -0.45 -0.45 0.55 0.91 1.07 −0.22g +0.25f +1.3± 1.3c

d23% -0.52 -0.24 -0.3 -0.49 -0.42 −0.53g −0.34f −1.3± 1.3c

d34% -0.48 0.15 0.11 0.2 0.14 −0.33g +0.10f

Ag d12% 0.15 -0.15 -0.07 -0.43 0.24 −0.53h −0.3h −0.5± 0.3d

d23% -0.11 -0.3 -0.07 -0.12 -0.27 −0.07h −0.04h −0.4± 0.4d

d34% -0.14 -0.15 -0.8 -0.24 -0.49 0.22h 0.16h 0± 0.4d

Pt d12% 1.05 0.89 0.79 2.48 2.67 0.88g +0.85f +1.1± 4.4e

d23% -0.32 -0.71 -0.65 -0.39 -0.15 −0.22g −0.56f

d34% 0.14 -0.04 -0.03 -0.62 -0.61 −0.17g −0.15f

Au d12% -0.42 0.99 0.76 1.09 1.5 0.8g −0.04f

d23% -0.58 -0.75 -0.65 -0.78 -0.82 −0.3g −1.86f

d34% -0.24 -0.29 -0.18 -0.27 -0.31 −1.4f

TABLE VI. Inter-layer relaxations for the (111) surfaces of different metals.

a LEED ; Ref. 40
b LEED ; Ref. 104
c LEED ; Ref. 105
d LEED ; Ref. 101
e LEED ; Ref. 99
f PBE ; Ref. 51

g FLAPW-LDA ; Ref. 2
h DFT(LDA & PBE) ; Ref. 106

surface JM SJM SJ-LDM Expt
Al 111 −.605a 0.953 1.096b 1.14a

TABLE IX. Surface energies (J/m2) of (111)surfaces of Al
from different jellium models.

surface JM SJM SJ-LDM Expt
Al 111 3.74a 4.24 4.09b 4.3a

TABLE X. Tabulated values of work function (eV) of (111)
surface of Al using different jellium models.

a Ref. 48 and 121

b Ref. [122]



11

Metals Surface LDA PBE PBEsol SCAN
SCAN LDA PBE Expt.

+rVV10 (Other work) (Other work)

Al d12% -7.04 -7.27 -6.84 -8.86 -8.44 −6.9g −5.59f −8.5± 1.0a

d23% 5.28 4.1 3.99 6.05 3.88 +2.2f +5.5± 1.1a

d34% -1.02 -0.86 -0.91 -1.12 -0.79 +2.2± 1.3g −1.29f +2.2± 1.3a

Cu d12% -9.9 -9.98 -10.07 -11.75 -11.17 −10± 2.5b

d23% 5.26 4.81 5.00 5.82 5.73 0± 2.5b

d34% -2.91 -1.18 -0.99 -3.89 -2.6

Ru d12% -18.44 -19.8 -14.7 -15.75 -17.2

d23% -9.65 -6.23 -8.55 -9.41 -9.24

d34% -2.01 0.93 1.64 -0.88 -1.85

Rh d12% -14.2 -10.54 -8.97 -11.33 -11.25

d23% 2.74 2.49 3.09 2.87 3.57

d34% -1.45 1.41 1.91 3.26 3.89

Pd d12% -6.88 -5.38 -8.88 -9.5 -7.6 −5.3g −8.49f −5.8± 2.2c

d23% 4.03 3.84 4.11 4.73 4.00 +3.47f +1.0± 2.2c

d34% -0.35 -0.21 -0.3 -0.28 -0.44 −0.19f

Ag d12% -7.71 -6.87 -8.84 -8.81 -7.38 −8.81j −9.19j −7.8± 2.5d

d23% 4.71 3.69 4.45 3.99 4.16 3.59j 4.1j

d34% -1.07 -0.97 -1.23 -0.86 -0.42 −1.11j −1.5j

Pt d12% -16.47 -17.15 -16.1 -24.5 -23.3 −15.03f −18.5± 2.2e

d23% 8.96 10.08 8.85 14.37 14.55 +7.61f −24.2± 4.3e

d34% -1.82 -1.91 -1.82 -2.53 -2.23 −1.7f

Au d12% -14.08 -13.87 -13.52 -14.54 -14.09 −9.8g −12.94f −20.1± 3.5i

d23% 9.01 9.24 8.71 10.11 10.14 −7.8g +7.83f −6.2± 3.5i

d34% -4.00 -3.29 -3.58 -4.17 -3.68 −0.8g −2.66f

TABLE VII. Inter-layer relaxations for the (110) surfaces of different metals.

a LEED ; Ref. 107
b LEED ; Ref. 108
c LEED ; Ref. 109
d LEED ; Ref. 110
e LEED ; Ref. 99
f PBE ; Ref. 51

g PWPP-LDA ; Ref. 111
h LDA-SGF ; Ref. 67

i LEED ; Ref. 95
j DFT(LDA & PBE) ; Ref. 106

B. Jellium surface energies from semilocal density
functionals

Jellium surface energies for different rs can depends
on the semilocal exchange-correlation functional. In this

section, we tabulated the calculated values of jellium sur-
face energies for LDA, PBE, PBEsol and SCAN. We men-
tion here that the rVV10 long-range correction to SCAN
is less important for the jellium surface than a real sur-
face. This preserves the fact that the jellium surface is
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Metals Surface LDA PBE PBEsol SCAN
SCAN LDA PBE Expt.

+rVV10 (Other work) (Other work)

Al d12% 1.22 1.18 0.9 1.08 1.26 +0.5g +1.73g 1.8a

d23% -0.44 -0.65 -0.38 0.0 -0.06 0.47g

d34% -0.32 -0.26 -0.24 -0.67 -0.69 −0.27g

Cu d12% -2.88 -2.48 -2.18 -3.98 -3.19 −1.1± 0.4b

d23% -0.41 1.22 1.15 -0.25 -0.75 1.7± 0.6b

d34% 0.0 0.11 0.03 -0.13 -0.03

Ru d12% -17.71 -13.12 -15.79 -15.85 -15.65

d23% -2.24 0.4 -1.69 -2.76 -2.52

d34% 0.83 3.29 1.32 1.47 1.39

Rh d12% -7.71 -4.13 -3.63 -4.45 -4.43

d23% -2.39 0.47 0.81 1.37 1.83

d34% -2.23 0.92 1.14 0.98 1.32

Pd d12% -0.69 -1.13 -1.17 -0.94 -0.9 −0.6i −1.3g 3.0± 1.5c

d23% 0.28 0.24 0.43 0.32 0.21 0.0g +1.0± 1.5c

d34% -0.54 0.26 0.23 0.49 0.59 +0.35g

Ag d12% -1.13 -1.74 -1.41 -1.78 -1.16 −1.81k −1.87k 0± 1.5d

d23% 0.87 0.79 0.69 0.89 0.83 0.56k 0.51k

d34% 0.17 0.2 0.16 -0.06 0.28 0.42k 0.3k

Pt d12% -2.61 -2.2 -3.84 -4.29 -3.72 −2.37g +0.2± 2.6e

d23% -0.04 0.03 0.38 -0.96 -0.96 −0.55g

d34% -1.66 -1.35 -1.39 -1.37 -0.77 +0.29g

Au d12% 0.88 0.52 0.6 0.54 0.53 −1.2g −1.51g −20± 3f

d23% -0.721 -0.75 -0.65 -0.78 -0.82 0.4g 0.33g +2± 3f

d34% 0.44 0.24 0.17 0.22 0.19 0.24g

TABLE VIII. Inter-layer relaxations for the (100) surface of different metals.

a LEED ; Ref. 112
b LEED ; Ref. 113
c LEED ; Ref. 114
d LEED ; Ref. 115
e LEED ; Ref. 116

f Hex XRD ; Ref. 100
g PBE ; Ref. 51

h PWPP-LDA ; Ref. 117
i LDA-SGF ; Ref. 67

j PWPP-LDA ; Ref. 69
k DFT(LDA & PBE) ; Ref. 106

an appropriate norm for SCAN itself. rs Exact LDA PBE PBEsol SCAN
(erg/cm2)

2 2624 15.7 -7.2 1.6 0.3
3 526 27.2 -11.6 2.7 -7.0
4 157 42.7 -18.5 3.2 -19.1
6 22 15.7 -46.4 4.1 -71.4

TABLE XI. Exchange energies ([σEX −
σExact−EX ]/σExact−EX) of jellium surface for different
values of rs.
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Error LDA PBE PBEsol SCAN

ME (Ha) 160.89 -72.3 15.53 -18.66
MARE (Ha) 160.89 -72.3 15.53 22.60

MRE (%) 45.83 -20.93 2.90 -24.30
MARE (%) 45.83 -20.93 2.90 24.45
RMSD (%) 36.31 17.61 1.04 32.40

TABLE XII. Error in Exchange energies of jellium surface
for different values of rs calculated for the values in Table XI.

rs TDDFT DMC LDA PBE PBEsol SCAN
(erg/cm2)

2 3446 3392± 50 -3.2 -5.8 -2.7 -0.7
3 797 768± 10 -4.1 -7.0 -2.9 -1.1
4 278 261± 8 -4.1 -9.4 -4.0 -1.6
6 58 53 -6.1 -10.3 -2.9 1.6

TABLE XIII. Exchange-correlation energies ([σXC −
σExact−XC ]/σExact−XC) of the jellium surface for different
values of rs.

Error LDA PBE PBEsol SCAN

ME (Ha) -41.38 -72.23 -32.37 -9.14
MARE (Ha) 41.38 72.23 32.37 9.60

MRE (%) -5.5 -20.93 -3.13 -0.45
MARE (%) 5.5 -20.93 3.13 1.25
RMSD (%) 2.4 17.61 0.59 1.42

TABLE XIV. Error in Exchange-correlation energies of jel-
lium surface for different values of rs calculated for the values
in Table XIII.

C. Computational details:

We performed first-principles density functional theory
(DFT) calculations using the VASP package [123] in com-
bination with projector augmented wave (PAW) method
[124, 125]. For both bulk and surface computations, a
maximum kinetic energy cutoff of 700 eV was used for the
plane-wave expansion. The Brillouin zone was sampled
using Gamma centered k-mesh grids of size 16 × 16 × 16
for the bulk and 16 × 16 × 1 for the surfaces. The top
few layers in the slab were fully relaxed until the energy
and forces were converged to 0.001 eV and 0.02 eV/Å,
respectively. Dipole corrections were employed to cancel
the errors of the electrostatic potential, atomic forces and
total energy, caused by periodic boundary condition.

For the slab geometry, 20Å of vacuum was used to re-
duce the Coulombic interaction between the actual sur-
face and its periodic image. For (111) surfaces, a hexag-
onal cell was used with each layer containing one atom
per layer. The same procedure was employed for (100)
tetragonal and (100) orthorhombic cell. The cells are
built using the theoretical lattice constants obtained from
fitting the Birch-Murnaghan(BM) equation of state for
the bulk with each functional, see Tab. XV. We do not
consider exchange-correlation contributions to the pla-
nar averaged local electrostatic potential (VV acuum). We
used Pt (111) to test the convergence of the surface prop-
erties with respect to different computational variables
such as k-mesh, cut-off energy, layer and vacuum thick-
ness of the slab geometry. All the computed surface prop-
erties presented in this work, are well converged with re-
spect to these computational variables.
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P. Garćıa-González, “Quantum Monte Carlo calcula-
tions of the surface energy of an electron gas,” Physical
Review B 76 (2007).

[23] J P. Perdew, K. Burke, and M. Ernzerhof, “Generalized
gradient approximation made simple,” Physical Review
Letters 77 (1996).

[24] R. Armiento and A. E. Mattsson, “Functional designed
to include surface effects in self-consistent density func-
tional theory,” Physical Review B 72 (2005).

[25] J P. Perdew, A. Ruzsinszky, G. Csonka, O A. Vydrov,
G E. Scuseria, L A. Constantin, X. Zhou, and K. Burke,
“Restoring the density-gradient expansion for exchange
in solids and surfaces,” Physical Review Letters 100
(2008).

[26] J. Sun, A. Ruzsinszky, and J P. Perdew, “Strongly

constrained and appropriately normed semilocal density
functional,” Physical Review Letters 115 (2015).

[27] J. Sun, R C. Remsing, Y. Zhang, Z. Sun, A. Ruzsinszky,
H. Peng, Z. Yang, A. Paul, U. Waghmare, X. Wu, M L.
Klein, and J P. Perdew, “Accurate first-principles struc-
tures and energies of diversely bonded systems from
an efficient density functional,” Nature Chemistry 8
(2016).

[28] R. Sabatini, T. Gorni, and S. de Gironcoli, “Nonlo-
cal van der Waals density functional made simple and
efficient,” Physical Review B 87 (2013).

[29] H. Peng, Z H. Yang, J P. Perdew, and J. Sun, “Versa-
tile van der Waals density functional based on a meta-
generalized gradient approximation,” Physical Review
X 6 (2016).

[30] A. Ambrosetti, N. Ferri, R A. DiStasio, and
A. Tkatchenko, “Wavelike charge density fluctuations
and van der Waals interactions at the nanoscale,” Sci-
ence 351 (2016).
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