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We propose a generalized gradient approximation constructed for hybrid interfaces, which is based on the
Perdew, Burke, Ernzerhof �PBE� functional form and interpolates between the rapidly PBE and slowly varying
�PBEsol, the revised PBE for solid-state systems� density regimes. This functional approximation �named
PBEint� recovers the right second-order gradient expansion of the exchange energy and is accurate for jellium
surfaces, interacting jellium slabs, molecules, solids, and metal-molecule interfaces.
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The modeling of hybrid interfaces, such as organic mol-
ecules on metal substrates, is of utmost importance to ana-
lyze and/or to engineer molecular and optoelectronic
devices.1,2 Despite recent progress in the theoretical under-
standing and description of these systems3–8 conventional
and/or preliminary calculations for large systems are always
performed within the Kohn-Sham density-functional theory
�DFT�,9 using conventional approximations to the exchange-
correlation �xc� energy, such as the generalized gradient ap-
proximation �GGA�.10 Due to their simplicity, GGA func-
tionals are computationally very efficient but for good
numerical accuracy the satisfaction of exact xc energy prop-
erties is required.

The GGA form for exchange energy of a spin-unpolarized
system is

Ex
GGA�n� =� drn�r��x

unif�n�r��Fx
GGA�s�r�� , �1�

where �x
unif is the exchange energy per particle of the uniform

electron gas, Fx
GGA is the exchange enhancement factor, and

s= ��n� / �2kFn� is the reduced density gradient which mea-
sures the variation in the electron density over a Fermi wave-
length �F=2� /kF, with kF= �3�2n�1/3= �9� /4�1/3 /rs repre-
senting the magnitude of the local Fermi wave vector, and rs
is the local bulk parameter. �Unless otherwise stated, atomic
units are used throughout, i.e., e2=�=me=1.� Recent
work11,12 showed that a GGA cannot be both accurate for
atoms and solids. A GGA that is accurate for atoms should
recover the asymptotic expansion of neutral atoms for large
Z, Ex=−0.2208Z5/3−0.196Z+¯, where Z is the nuclear
charge. This expansion is well described by the nonempirical
Perdew-Burke-Ernzerhof �PBE� GGA functional, whose en-
hancement factor is

Fx
GGA�s� = 1 + � −

�

1 + �PBEs2/�
, �2�

where �PBE=0.2195 and �=0.804 is fixed from the Lieb-
Oxford bound.10 The value of �PBE is almost twice larger
than the one obtained from the second-order gradient expan-
sion ��GE=10 /81� �Ref. 13� that is exact in the slowly vary-
ing density regime. Thus, the PBEsol functional12 was pro-
posed for solids and surfaces, which recovers the gradient

expansion for exchange over a wide range of density gradi-
ents ��PBEsol=�GE�. Several PBE-like approximations were
constructed in the last decades,14–19 however none of them
was explicitly derived to achieve best accuracy for
interfaces.

In this paper we propose a simple approximation �named
PBEint� constructed for interfaces, by replacing in Eq. �2�
�PBE with

�PBEint = �GE + ��PBE − �GE�
�s2

1 + �s2 . �3�

Our construction ensures that in the rapidly varying density
regime �PBEint→�PBE and in the slowly varying density re-
gime �PBEint→�PBEsol. Note that with the choice of Eq. �3�
we do not construct an explicit interpolation between PBE
and PBEsol but rather connect smoothly the two density re-
gimes. Nevertheless, the resulting exchange enhancement
factor �see Fig. 1� smoothly varies between PBEsol, at small
values of s �mostly needed for solids and surfaces�, and PBE,
at high values of s �needed for molecules�. The second-order
gradient expansion of the exchange energy is thus recovered
by PBEint over a large range of reduced-gradient values
�s�1; see Fig. 1�. The value of � was fixed to 0.197 from
the constraint d2Fx

PBEint�s� /d�s2�2 �s=0=0 that ensures a mono-
tonic behavior of dFx

PBEint /d�s2� �inset of Fig. 1� and a right
sign of d /ds�s−1dFx

PBEint /ds� �Ref. 20� for a smooth func-
tional derivative 	Ex

PBEint /	n. For the correlation functional
we also used a PBE-like expression and replaced the value of
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FIG. 1. �Color online� Exchange enhancement factor for PBE,
PBEsol, and PBEint. Inset: derivative of the enhancement factor
versus the squared reduced gradient s2.
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the second-order gradient expansion coefficient 
�rs�. In the
PBE functional the high-density limit value 
�rs→0�
=
PBE=0.06675, calculated by Ma and Brueckner,21 is used.
In PBEsol the coefficient is empirical and fitted to jellium
surfaces �
PBEsol=0.046�. Refitting jellium surfaces, we ob-
tained 
PBEint=0.052, in between the previous values.

In Fig. 2 we show the xc enhancement factor Fxc
GGA

=�xc
GGA�n ,�n� /�x

unif�n� for two values of rs. In the range s
�1 and 2�rs�10, which is the most important for densely
packed solids, Fxc

PBEint is practically identical with Fxc
PBEsol. In

the range 2�s and 2�rs, which is relevant for the descrip-
tion of atomic and molecular properties, PBEint shows a
significantly larger nonlocality than PBEsol. Thus, we may
expect PBEint to be accurate for solids and reasonably good
for molecules.

As a first test to verify the accuracy of our GGA for in-
terfaces, we performed a study at the exchange level for
jellium interfaces. The interaction between two identical,
thick jellium slabs at different distances can model a “nan-
ogap” used in molecular electronic devices.1 We chose two
jellium slabs of thicknesses 2.75�F each, and we introduced
and calculated the following relative errors:

Xerr�z� =
1

5 − 2
�

2

5 �Ex
EXX�z,rs� − Ex

GGA�z,rs�
Ex

EXX�z,rs�
�drs,

Yerr�rs� =
1

2
�

0

2 �Ex
EXX�z,rs� − Ex

GGA�z,rs�
Ex

EXX�z,rs�
�dz

with z the distance between the slabs in units of �F. The
exact exchange �EXX� energy for two jellium slabs is com-
puted as described in Ref. 22. The upper panel of Fig. 3
reports the Xerr�z� values for PBE, PBEsol, and PBEint. The
quantity Xerr�z� describes how well, for a given z, the ex-
change energy is described averaging over jellium slabs with
2�rs�5. This is the range that includes most of the metals.
PBE gives an error four times larger than PBEsol for z

0.5, showing the importance of the second-order gradient
expansion of the exchange energy for jellium interfaces.
Note that for z�0, PBE is as accurate as PBEint because of
an error cancellation between the surface and bulk regions.
The PBEint error is smaller than PBEsol one at all distances
and provides support for the nonlocality of the enhancement
factor shown in Fig. 1. The lower panel of Fig. 3 reports the
corresponding Yerr�rs� values. The quantity Yerr�rs� describes
how well, for a given rs, the exchange energy is described
averaging over different distances 0�z /�F�2. For small rs
PBE gives the best results but then the error rapidly in-
creases. PBEsol is the best in the low-density regime �high
rs�. In the range 2.3�rs�4 PBEint is the most accurate
approximation.

TABLE I. Jellium surface exchange-correlation energies
�erg /cm2� for PBE, PBEsol, PBEint, and the fixed-node diffusion
Monte Carlo �DMC� calculations �Refs. 24 and 25�.

rs PBE PBEint PBEsol DMC

2 3265 3378 3374 3392�50

3 741 774 774 768�10

4 252 267 267 261�8

6 52 56 56 52.5
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FIG. 2. �Color online� PBE, PBEsol, and PBEint xc enhance-
ment factors Fxc for the spin-unpolarized case as a function of the
reduced gradient s for rs=2 and rs=10.
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FIG. 3. �Color online� Xerr�z� �top panel� and Yerr�rs� �bottom
panel� for PBE, PBEsol, and PBEint. See text for details.
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FIG. 4. �Color online� PBEint and PBEsol wave-vector-resolved
xc surface energies �xc�k�, versus k /2kF for jellium slabs of thick-
nesses a=2.23�F and rs=2.07 and rs=3, respectively. Also shown
are the exact initial slopes.
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In order to study in detail the behavior of PBEint at jel-
lium surfaces, we constructed the xc hole that recovers the
PBEint xc energy functional following the calculation de-
scribed in Ref. 23. We found that the numerical solution of
H�s� can be fitted with the same analytic expression as PBE-
sol �see Eq. �14� of Ref. 23�, with parameters a1=1.9549
�10−8, a2=0.0143741, a3=0.066962, a4=0.000753, and a5
=0.012064. The wave-vector-resolved xc surface energies
�xc�k� �defined in Eq. �17� of Ref. 23� are shown in Fig. 4;
the jellium xc surface energies are reported in Table I. In-
spection of the data shows that PBEint yields results as good
as PBEsol. We recall that PBEsol can describe jellium sur-
faces at any wave vector with high accuracy.23

Then, we considered systems with real atoms, including:
�i� bulk, �ii� molecules, and �iii� metal-molecule interfaces.
The complete set of results, including accurate reference
data, is reported in supplementary material;26 here the main
results are summarized and compared with the limiting cases
PBE and PBEsol. �i� We computed equilibrium lattice con-
stants and bulk moduli for a small but representative set of
materials �simple metal: Na; transition metals: Ag, Pd, and
Cu; semiconductors: Si and GaAs; and ionic solid: NaCl�.
Mean errors �MEs� and mean absolute errors �MAEs� are
reported in Table II. The PBEint functional provides accurate
results, not as good as PBEsol but almost twice as good as
PBE. A similar trend is found for the bulk moduli. �ii� We
computed atomization energies �at optimized geometries� for
the AE6 set of molecules27 �see Table II�, which is a popular

benchmark test set for DFT atomization energies. PBEint,
although not reaching the accuracy of PBE, performs better
than PBEsol and yields reasonably good atomization ener-
gies.

�iii� Finally, we considered model systems for real metal-
molecule interfaces. We modeled the metal as a finite cluster.
As shown in Ref. 8, differences between xc functionals are
stable with respect to the cluster size. We focused our atten-
tion on the sulfur-copper interface and studied the interaction
energy of phenylthiolate �PT�, SCH3, and SH molecules on
copper clusters of 17 and 9 atoms. The adsorption of thi-
olated molecules on noble metals is in fact one of the most
studied examples of metal-molecule interfaces,5,28–30and Cu
is a simple model for noble metals.31 Results are summarized
in Table III for all systems and compared with MP2 calcula-
tions. The use of MP2, although it might result problematic
for a metal because of the small highest occupied molecular
orbital-lowest unoccupied molecular orbital gap, was found
to provide accurate results for metal-molecule interactions
when small and medium size metal clusters are
considered.29,30 In Fig. 5 we also report the full dissociation
curve for the SCH3 on Cu17. PBEint provides a good descrip-
tion of the interaction energy, in close agreement with MP2,
over a large range of Cu-S distances �2.5�r�5.5�. More-
over it yields in general the best results for both the equilib-
rium distance and interaction energy at equilibrium. Note
that for the considered systems, characterized by a covalent
bond between the molecule and the substrate, dispersion
interactions7 are expected to play a minor role �also due to

TABLE II. Error statistics for PBE, PBEsol, and PBEint density
functionals.

PBE PBEint PBEsol

Lattice constants �Å� of seven solids

ME 0.070 0.036 0.008

MAE 0.070 0.040 0.026

Bulk moduli B0 �GPa� of seven solids

ME −8.79 −3.69 3.80

MAE 10.30 10.00 8.03

AE6 atomization energies �kcal/mol�
ME 11.588 23.863 34.898

MAE 14.565 24.780 34.898
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FIG. 5. �Color online� Interaction energy of the SCH3 molecule
on a Cu17 cluster as resulting from PBE, PBEint, and PBEsol cal-
culations. MP2 results are also reported.

TABLE III. Equilibrium distance R0 �bohr� and interaction energy Eint �mhartree� of SCH3 adsorbed on a
Cu17 cluster, and PT and SH molecules on a Cu9 cluster.

PBE PBEint PBEsol MP2

SCH3-Cu17 R0 3.03 2.96 2.92 2.97

Eint 107.36 114.82 121.32 118.46

PT-Cu9 R0 3.29 3.21 3.17 3.17

Eint 92.77 102.78 109.83 102.01

SH-Cu9 R0 3.31 3.24 3.20 3.22

Eint 86.76 97.88 105.14 92.70
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the small size of the molecule�. Thus, a direct comparison
between GGA DFT and MP2 results can be performed.

In conclusion, we constructed a PBE-like functional
which is much better than PBE for real solid-state systems,
more accurate than PBEsol for molecular systems and better
than both PBE and PBEsol for jellium-jellium and metal-
molecule interfaces. We found that at a hybrid interface, in
case of strong interactions like covalent bonds, the xc ap-
proximation must be accurate especially for the metal and its
surface, and must have a stronger nonlocality than PBEsol
GGA because of the significant variations in the density near
the molecule. Our PBEint has all these features and is a
promising tool for the study of hybrid surfaces.

Computational details. For solid-state calculations we
used the FHI-AIMS program32 with the light numerical basis
set, scalar relativistic effects included through the zeroth-
order relativistic approximation, and a 18�18�18 k-point

grid. Results for PBE �PBEsol� agree with the ones in Ref.
33 with a MAE of 0.007 �0.009� Å.

For molecular and cluster calculations we used the
TURBOMOLE program34 and the def2-TZVPP Gaussian basis
set.35 The geometry of the SCH3-Cu17 was obtained by cut-
ting a fully optimized Cu �110� surface with adsorbed
molecules.31 For PT-Cu9 and SH-Cu9 a cluster extracted
from a Cu �111� surface was combined with molecules in
perfect perpendicular orientation.
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