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The performance of eight generalized gradient approximation exchange-correlation (xc) functionals

is assessed by a series of scalar relativistic all-electron calculations on octahedral palladium model

clusters Pdn with n = 13, 19, 38, 55, 79, 147 and the analogous clusters Aun (for n up through 79).

For these model systems, we determined the cohesive energies and average bond lengths of the opti-

mized octahedral structures. We extrapolate these values to the bulk limits and compare with the cor-

responding experimental values. While the well-established functionals BP, PBE, and PW91 are the

most accurate at predicting energies, the more recent forms PBEsol, VMTsol, and VT{84}sol signif-

icantly improve the accuracy of geometries. The observed trends are largely similar for both Pd and

Au. In the same spirit, we also studied the scalability of the ionization potentials and electron affini-

ties of the Pd clusters, and extrapolated those quantities to estimates of the work function. Overall, the

xc functionals can be classified into four distinct groups according to the accuracy of the computed

parameters. These results allow a judicious selection of xc approximations for treating transition

metal clusters. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4733670]

I. INTRODUCTION

Transition metal clusters are agglomerations of atoms

ranging in size from only a few to several thousands of atoms.

Like all types of nanoparticles, they represent the transi-

tion from molecular entities to bulk materials.1 Physical and

chemical properties of smaller systems often show no clear

trends with cluster size, the non-scalable regime, while prop-

erties of larger systems vary systematically with cluster size in

the scalable regime.2,3 Scalability allows tuning of properties

and makes larger clusters especially interesting for applica-

tions in nanoscience, photonics and catalysis.1

Experimental data often do not suffice to rationalize the

observed behavior of nanoparticles, so that their study by

theoretical means has gained significant importance.2,3 Sys-

tems studied range from clusters supported on oxides to bare

nanoparticles of considerable sizes.4–6 Transition metal clus-

ters also are used as models of metal surfaces since extrapolat-

ing their properties to the bulk limit often allows predictions

about such surfaces.5,7

The scaling behavior of larger clusters, especially with

respect to structural and energetic aspects,4–13 has seen

intensive computational examination. Density Functional

Theory (DFT) is the most popular approach for accurate

theoretical studies of such systems, in particular larger ones.14

Generalized gradient approximation (GGA) exchange-

correlation (xc) functionals in combination with density

fitting schemes15 offer an attractive trade-off between com-
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putational requirements and accuracy, with notable success

in reproducing experimental results.5,7 For main-group

compounds, large sets of reference data16 exist, a fact

which fostered development of successful hybrid density

functionals.17,18 For transition metal clusters such data sets

and corresponding or comparative studies are rare. Many

functionals have yet to be evaluated for such systems. Thus,

no xc approximation has emerged that can be considered as

the method of choice for transition metal clusters.13,19–22

Some hybrid functionals have been shown to be want-

ing in accuracy for compounds with metal-metal bonds.23,24

In contrast, modern GGA functionals provide better accuracy

despite their relatively simple dependency upon only the elec-

tron density and its gradient.13,23–25 The accuracy of popu-

lar GGA functionals often is assumed to be at the limit for

this relatively simple level of approximation.26–28 Yet, the re-

cently published VMT and VT{84} families of functionals

may hold some innovation since they treat some electronic sit-

uations more rigorously.29,30 First tests on small data sets sug-

gested good applicability and increased accuracy for molecu-

lar bond energetics.29 More extensive studies largely confirm

that trend, though with some subtleties.30

To assess the performance of those new functionals on

transition metal clusters, the present all-electron DFT study

compares them with five more established GGA functionals,

focusing on the effect of the xc approximation on the scal-

ability of key properties of clusters, namely average bond

lengths, cohesive energies, ionization potentials and electron

affinities. We chose palladium and gold, two elements impor-

tant for applications in catalysis. All model systems studied
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were chosen as clusters of octahedral symmetry, Pdn with nu-

clearities n = 13, 19, 38, 55, 79, and 147, Aun up through

n = 79. These structures resemble symmetry-preserving ex-

tracts of the fcc lattice, assumed by both metals. These struc-

tures are preferable over the global minimum structures (see,

e.g., Refs. 11 and 31) if the focus is on models with a

common structural motif and the scaling of size-dependent

properties.

By extrapolating the results for the selected models to the

bulk limit, one is able to compare to experimental data, thus

assessing the accuracy of the employed functionals.

II. COMPUTATIONAL DETAILS

The set of six clusters of (truncated) octahedral and

cuboctahedral structures with 13 to 147 atoms is depicted

in Fig. 1. The clusters were constructed with initially uni-

form interatomic distances at the bulk experimental values,

275 pm for Pd32 and 288 pm for Au,33 then relaxed in all

degrees of freedom under the constraint of octahedral sym-

metry. For the geometry optimizations, we employed the lo-

cal density approximation (LDA) as parameterized by Vosko,

Wilk, and Nusair (VWN) (Ref. 34) as well as the following

eight GGA functionals: BP,35,36 PW91,37 PBE,38 PBEsol,39

VMT,29 VMTsol,29 VT{84},30 and VT{84}sol.30 The first

four functionals in this list are well-established and used fre-

quently in DFT studies. The GGA functionals chosen include

the recent re-parameterization PBEsol39 of the PBE func-

tional (to a different constraint) aimed at optimal performance

FIG. 1. Sketches of octahedral clusters of nuclearities 13, 19, 38, 55, 79,

and 147.

for extended solids. The latter four functionals are recent ad-

ditions to the set of GGAs which were summarized above.

For the VMT exchange functional as well as its “sol”

version, we followed the published form.29 Specifically,

both VMT and VMTsol originally were combined with the

PBE correlation functional.38 In that spirit, the VT{84} and

VT{84}sol exchange functionals were also combined with

the PBE correlation functional in the present study. Later on,

these latter functionals were adjusted to use the correlation

part of the PBEsol functional.30

All calculations were carried out with the linear com-

bination of Gaussian-type orbitals fitting-functions density

functional approach (LCGTO-FF-DF) to the Kohn-Sham

problem15 as implemented in the code PARAGAUSS (ver-

sion 3.1.6).40,41 Further computational details are provided as

supplementary material.42

Scalar relativistic effects were incorporated via the

second-order Douglas-Kroll-Hess scheme.43–46 For the Pd

studies, calculations were carried out both with and without

scalar relativistic treatment, to quantify the relativistic con-

tribution to the parameters investigated. Only the relativistic

treatment was used for Au. Spin-polarized calculations were

done for all clusters up to n = 55, whereas the larger clus-

ters were treated in spin-restricted fashion. This approach is

justified, as for Pd spin typically is quenched rapidly with in-

creasing cluster size.13 For the largest gold cluster studied,

Au79, the non-spin-polarized treatment results in an artificial

closed-shell configuration in which one unpaired electron is

split evenly between the spin-up and spin-down orbitals. The

errors in geometries and energies introduced by this approx-

imation, however, are very small. To facilitate convergence

of the SCF-procedure, a fractional occupation number tech-

nique was employed.15 This allows non-integer occupation of

orbitals, using a Fermi-type broadening function with an en-

ergy range of 0.25 eV.

III. RESULTS AND DISCUSSION

A. Average bond lengths

We studied the average bond length, dav, in the cluster

as a function of cluster size, using this quantity as a model for

the scalability of structural features of the cluster. The average

bond length is defined as the arithmetic mean of all nearest-

neighbor M-M distances in a Mn cluster (M = Pd, Au), with n

the number of metal atoms. Because all the clusters are glob-

ular and of the same symmetry, the quantity n−1/3 is approx-

imately proportional to the inverse (effective) radius of the

cluster and hence to its surface-to-volume ratio.9,42 In the lin-

ear scaling regime, dav then can be chosen as

dav = kav · n−1/3
+ dbulk. (1)

The intercept, dbulk, of the linear function is an estimate

of the bulk interatomic distance. To assess the quality of the

results, the value of dbulk can be compared to the experimen-

tal bulk values: dexp(Pd) = 275 pm,32 dexp(Au) = 288 pm.33

Recall that linear relations may also be formulated in terms

of the average coordination number of the atoms in a particle.
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TABLE I. Parameters of linear fit of average bond lengths dav in Mn clusters (M = Pd, Au) as a function of n−1/3, optimized with 9 xc functionals at the scalar

relativistic level, Eq. (1).

VWN BP PW91 PBE PBEsol VMT VMTsol VT{84} VT{84}sol

Pd r2a 0.982 0.990 0.989 0.990 0.987 0.990 0.988 0.990 0.984

kav
b

−22.77 −22.45 −22.26 −21.81 −21.87 −21.37 −20.97 −21.33 −18.87

dbulk
c,d 272.5 279.9 279.7 279.7 275.1 280.6 274.4 280.7 273.9

Au r2a 0.997 0.996 0.996 0.996 0.996 0.995 0.993 0.995 0.993

kav
b

−29.56 −29.55 −28.03 −28.05 −28.18 −27.51 −26.91 −27.46 −26.89

dbulk
c,d 286.2 294.7 293.9 293.8 288.6 294.7 287.5 294.8 287.5

aSquared correlation coefficient of linear fit.
bSlope in pm.
cAxis intercept in pm.
dExtrapolated bulk M-M distance in pm; dbulk(exp.) = 275 pm for Pd (Ref. 32) and dbulk(exp.) = 288 pm for Au (Ref. 33).

The average coordination number is linear in the surface-to-

volume ratio, but we prefer the quantity n−1/3 for its direct

connection to the cluster nuclearity.

Table I lists the parameters of the linear fit, Eq. (1), for

all functionals studied, using the scalar relativistic treatment.

Individual values of dav, for both scalar relativistic and non-

relativistic calculations are given in Tables S1 and S2 of the

supplementary material.42

For the older functionals, these results agree with those

of previous studies. Using the BP functional, Ahlrichs et al.11

determined an extrapolated dbulk of 280.9 pm for a series of

fcc Pd clusters. That value agrees somewhat better with the

experiment than one from a previous study4 which found dbulk
of 290.5 pm with BP and 281.2 pm with VWN, but did not

consider relativistic effects and only optimized the breathing

mode of the clusters. While the results cannot be compared

precisely due to the different numerical approximations in

different implementations and/or different clusters that were

used, we find good agreement with a difference of 0.8 pm in

the most favorable case.

For Pdn, the values of dbulk segregate in four groups re-

flecting the similar behavior of classes of xc functionals. Ac-

cordingly, we discern the following groups of functionals:

1. VWN gives the shortest value dbulk = 272.5 pm of the

functionals studied, deviating by 2.5 pm from the refer-

ence.

2. Three functionals, PBEsol, VMTsol and VT{84}sol

constitute the group of second-shortest bond lengths;

they agree best with the experimental value. The group

spans the range of 273.9 pm to 275.1 pm, bracketing

dexp.

3. Three earlier GGA functionals BP, PBE and PW91 show

a spread of only 0.2 pm for dbulk, from 279.7 pm to

279.9 pm. They overestimate the reference value by

almost 5 pm.

4. VMT and VT{84} extrapolate to the largest estimates

of dbulk, around 280.7 pm, 5.7 pm above the reference,

about 1 pm longer than the next-lower group.

The tendency of LDA functionals to underestimate bond

lengths, as observed here, is a commonplace, as are the

typically long bond lengths of the BP-type GGAs (Group

3, above). The presumably best cluster geometries are ob-

tained with those functionals explicitly parameterized to con-

straints appropriate for extended solids (sol-type functionals,

Group 2). Thus it seems that, with respect to geometries, the

larger clusters studied here indeed resemble solids.

Four very recent functionals (VMT, VMTsol, VT{84},

VT{84}sol) are included in the present study. They fall into

two distinct categories of predicted dbulk. The sol variants

of the functionals retain the gradient coefficient, µ, of the

PBEsol exchange approximation which may rationalize the

similarity of their results. On the other hand, the functionals

VMT and VT{84} keep the µ value of the PBE exchange

functional, producing similarly expanded bond lengths, com-

pared to experiment. The VMTsol and VT{84}sol function-

als reproduce dexp with an accuracy comparable to that of

PBEsol for the systems studied. The functionals VMT and

VT{84} show no improvement in comparison with the GGA

functionals of Group 3 (see above). In fact, the predicted

dbulk is slightly worsened, by ∼1 pm. This observation is

to some extent in line with previously published results for

small molecules,29 where the mean absolute error of bond

lengths of the VMT results was worse than that of the PBE

results, similar for VMTsol relative to PBEsol.29 More recent

comparisons on a much larger set of geometry data on small

molecules show the mean absolute error of bond lengths to be

about a 0.3 pm larger for VMT and VT{84} than for PBE, but

only about 0.1 pm larger for VMTsol and VT{84}sol relative

to PBEsol.30

While the differences among VMTsol, VT{84}sol, and

PBEsol results are small, the comparison of these functionals

still allows some insight into the effect of the xc approxima-

tion on the structure. Differences in the structure results in-

duced by the exchange part of VMT or VT{84} are reflected

in the differences between their results and those from PBE,

about 1 pm in magnitude. On the other hand, the difference

between PBE and VMTsol (VT{84}sol}) amounts to 5.3 pm

(5.8 pm); these shifts reflect the effects of the so-called re-

duced gradient contribution in the “sol” parameterization, in

combination with the effects of the different exchange ap-

proximations. In particular, the reduced gradient parameter-

ization is known to have a substantial beneficial effect on cal-

culated bulk lattice parameters which is corroborated by the

present results on average bond distances and their extrapola-

tion to the bulk limit.39
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In the same manner as for palladium, we studied

the scaling of average bond lengths in gold clusters Aun,

n = 13–79 (Table I). Results for individual clusters are pre-

sented in Table S3 of the supplementary material.42 The

trends observed for the palladium clusters are broadly repro-

duced for gold and the established grouping of functionals is

mostly valid also for Au. The VWN functional stands alone,

while the sol-functionals together group around the experi-

mental value. The somewhat distinct Groups 3 and 4 that were

observed for Pd merge for Au and contain the remaining GGA

functionals.

Pd does not have a high atomic number, Z = 46, yet

relativistic effects are already rather noticeable in the Pdn
clusters.46 To assess these effects we carried out additional

calculations at the nonrelativistic level.45 Comparing to the

nonrelativistic results, we note a contraction of dav by ∼ 5 pm

at the scalar relativistic level.9,42 When relativistic effects are

not accounted for, even the shortest value of dbulk, as com-

puted with the VWN functional, is 1.4 pm greater than the

experimental value, while all GGA functionals overestimate

dbulk by 4–10 pm. Relativistic effects contribute up to 1.8% to

the average bond length and reduce the error in dbulk by about

50%. Thus, only a relativistic treatment yields good agree-

ment with experiment.

B. Cohesive energies

The cohesive energy Ecoh of a cluster Mn is defined as

the atomization energy per atom. Accordingly, the cohesive

energies were determined for the model set of clusters Pdn
(n = 13–147) and Aun (n = 13–79) for all nine functionals

examined. For Ecoh of large clusters, one can suggest a lin-

ear scaling relation in n−1/3 by considering bulk and surface

contributions:8,9

Ecoh = kcoh · n−1/3
+ Ebulk. (2)

The upper half of Table II provides the fit parameters for

palladium clusters as obtained from results of scalar relativis-

tic calculations with all functionals examined in the recent

work; results for individual clusters are listed in Table S4 of

the supplementary material.42

As in Sec. III A for the average bond lengths, we can

partition the results for Ebulk in four distinct groups:

1. VWN yields the highest Ebulk of the functionals studied,

with a difference of 143.5 kJ ·mol−1 to the reference.

2. PBEsol, VMTsol and VT{84}sol values range from

443.2 kJ ·mol−1 to 447.6 kJ ·mol−1 with errors of

∼70 kJ ·mol−1.

3. The GGA functionals BP, PBE and PW91 give the best

agreement with the reference value, agreeing to within

10 kJ ·mol−1. The PBE functional reproduces the exper-

imental value almost exactly.

4. VMT and VT{84} are the only functionals that underes-

timate Ebulk. The errors are roughly twice as large as for

the previous group, but of opposite sign.

The relativistic contribution to Ebulk causes an in-

crease by 90–100 kJ ·mol−1, typically more than 33%. (For

non-relativistic values, see Table S5 of the supplementary

material.42) The magnitude of the relativistic contribution is

very similar for all the functionals, irrespective of the abso-

lute value of the cohesive energy. Upon inclusion of scalar

relativistic effects, all curves thus are shifted rather uniformly.

For Group 3, the relative errors are reduced by one order of

magnitude in the best case, making this group the one with

the best agreement with the experiment. Owing to the shorter

relativistic bond lengths, the binding in the clusters is also

strengthened by relativistic effects, thus increasing the cohe-

sive energy.

For a similar cluster set, previous studies have found val-

ues of 336 kJ ·mol−1 4 and 346 kJ ·mol−1 11 for Ecoh using

GGA functionals, underestimating the bulk cohesive energy.

Our results show significantly smaller errors for the best func-

tionals. We attribute this difference partially to the greater ac-

curacy of all-electron calculations compared to pseudopoten-

tial methods, as well as to the full optimization of the clusters

in all degrees of freedom consistent with octahedral symme-

try. Furthermore, our inclusion of the Pd19 cluster, with its un-

typically high cohesive energy, may be a corrective influence

on the extrapolated values, as it somewhat pushes the fitted

line towards higher cohesive energies.

In the same way, we determined the scalar relativistic co-

hesive energy also for the set of clusters Au13 to Au79. With

fits to a linear function in n−1/3 (Table II; results for individual

TABLE II. Parameters of linear fit of cohesive energies Ecoh per atom (kJ ·mol−1) of Mn clusters (M = Pd, Au) as a function of n−1/3, optimized with 9 xc

functionals at the scalar relativistic level, Eq. (2).

VWN BP PW91 PBE PBEsol VMT VMTsol VT{84} VT{84}sol

Pd r2a 0.989 0.983 0.985 0.986 0.989 0.986 0.989 0.985 0.99

kcoh
b

−493.8 −351.7 −364.4 −363.5 −440.1 −344.8 −444.9 −343.2 −444.1

Ebulk
c,d 509.5 366.1 379.7 375.6 447.6 353.9 444.0 352.1 443.2

Au r2a 0.992 0.991 0.992 0.992 0.993 0.992 0.993 0.992 0.993

kcoh
b

−440.4 −301.1 −318.5 −317.0 −391.0 −295.5 −397.2 −293.7 −396.4

Ebulk
b,d 461.2 315.6 333.6 330.1 400.2 307.5 397.8 305.6 397.0

aSquared correlation coefficient of linear fit.
bSlope in kJ ·mol−1.
cAxis intercept in kJ ·mol−1.
dExtrapolated bulk cohesive energy; Ebulk(exp.) = 376 kJ ·mol−1 for Pd (Ref. 53) and Ebulk(exp.) = 366 kJ ·mol−1 for Au (Ref. 47).
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clusters in Table S4 of the supplementary material42), we find

good agreement also for these systems.

The best agreement with the experimental value,47

366 kJ ·mol−1, is given by VMTsol and VT{84}sol, followed

very closely by PW91. The first two functionals predict Ebulk
up to 32 kJ ·mol−1 too high, whereas the latter gives an ex-

trapolated cohesive energy 32 kJ ·mol−1 too low. Compared

to palladium, for gold the agreement with experiment is sub-

stantially worse. The most accurate functional deviates by

8%, i.e., an order of magnitude worse than the best relative

deviation for Pd. The energies are generally smaller by abso-

lute value than observed for Pd, i.e., the curves are shifted

upward relative to the bulk value. Moreover, the function-

als giving the most accurate results are different from those

for Pd.

The grouping of functionals with respect to Ebulk found

for palladium remains largely the same for gold, noting once

again that groups III and IV merge. For gold, however, none

of the groups contains the experimental value. Rather, Groups

2 and 3 lie slightly more than 30 kJ ·mol−1 too low and

too high, respectively. As found for Pd, the new function-

als of the VMT and VT{84} families do not predict sig-

nificantly better cohesive energies, and perform either very

similar to other functionals within their group or slightly

worse.

This grouping of the extrapolated cohesive energies also

illuminates a somewhat subtle distinction among the enhance-

ment factors in the functionals. Observe, from Table II, that

PBEsol, VMTsol, and VT{84}sol results are quite similar

(≤ 4 kJ ·mol−1 range for both Pd and Au), while PBE differs

notably from both VMT, and VT{84} (≤22–25 kJ ·mol−1 dif-

ference for both elements). The “sol” family, PBEsol, VMT-

sol, andVT{84}sol have extremely similar exchange enhance-

ment factors in the region 0 ≤ s ≤ 3, which often has been

argued to be dominant in molecules.48,49 In contrast, the fam-

ily of “original” functionals PBE, VMT, and VT{84} has en-

hancement factors which differ by 3–4% over the region 1

≤ s ≤ 2. Furthermore, the exponents which govern the large-

s decay in VMT and VT{84} are much smaller for the cor-

responding sol variants. Therefore, at large s, VMTsol and

VT{84}sol differ less from PBEsol than the original function-

als VMT and VT{84} differ from PBE.

C. Ionization potential and electron affinity

In this section, we discuss ionization potentials and elec-

tron affinities on the example of palladium clusters treated at

the scalar relativistic level. The vertical ionization potential,

IP, of a cluster Pdn was determined using the 1SCF method,

IP = E(Pd+

n ) − E(Pdn). (3)

E(Pdn) is the total energy of the optimized Pdn cluster and

E(Pdn
+) is the total energy of the corresponding cation at the

same, fixed geometry. The electron affinity EA is calculated

in an analogous way,

EA = E(Pdn) − E(Pd−

n ). (4)

Also IP and EA values can be represented by linear func-

tions in n−1/3 as follows: 8,50, 51

IP = kIP · n−1/3
+ 8IP, (5)

EA = kEA · n−1/3
+ 8EA. (6)

The offsets 8IP and 8EA are estimates of the work func-

tion 8 of the bulk metal. Due to the overlapping valence and

conduction bands in metallic systems, adding or removing

one electron requires the same amount of energy, so that in

the ideal case both estimates are equal.

Table III shows the IP and EA results for the set of clus-

ters calculated with the nine exchange-correlation functionals.

Results for individual clusters are given in Table S7 of the sup-

plementary material.42 The IP exhibits a monotonic decrease

with increasing cluster size (smaller n−1/3), with the exception

of the Pd38 cluster for which some functionals (most notably

VWN, to a lesser extent the three sol-functionals) predict an

increase in IP. Due to the greater scatter, the linear fit is less

accurate; hence, the extrapolated results for VWN, PBEsol,

and VMTsol are less reliable.

As with Ebulk and dbulk, the extrapolated work func-

tions 8IP form distinct groups, albeit with slight differ-

ences compared to the grouping above, as PBE and PBEsol

change places. We thus find the following four groups of

functionals:

1. VWN is the only functional that significantly overesti-

mates 8IP.

TABLE III. Parameters of linear fit of ionization potentials IP and electron affinities EA (eV) of Pdn clusters as a function of n−1/3, optimized with 9 xc

functionals at the scalar relativistic level, Eqs. (5) and (6).

VWN BP PW91 PBE PBEsol VMT VMTsol VT{84} VT{84}sol

IP r2a 0.776 0.909 0.901 0.918 0.850 0.926 0.854 0.927 0.854

kIP
b 2.87 3.04 3.06 3.06 2.88 3.14 2.87 3.15 2.88

8IP
c,d 5.47 5.19 5.12 5.05 5.18 4.95 5.02 4.96 5.02

EA r2a 0.909 0.959 0.954 0.956 0.940 0.966 0.946 0.966 0.943

kEA
b

− 4.93 − 5.06 − 5.02 − 5.00 − 5.05 − 4.98 − 5.16 − 4.98 − 5.09

8EA
c,d 5.17 5.04 4.96 4.89 4.95 4.83 4.82 4.82 4.79

18 8IP – 8EA 0.30 0.15 0.16 0.16 0.23 0.14 0.20 0.13 0.23

aSquared correlation coefficient of linear fit.
bSlope in eV.
cAxis intercept in eV.
dExtrapolated (bulk) work function; 8(exp.) = 5.21 eV (Ref. 47).
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2. BP and PBEsol are the most accurate functionals, with

errors around 0.04 eV,

3. PW91 underestimates 8IP by ∼0.10 eV.

4. PBE, VMT, VMTsol, VT{84}, and VT{84}sol underes-

timate 8exp by 0.17–0.26 eV.

Group 2 contains the functionals which yield the most ac-

curate extrapolated work functions, BP and PBEsol. Group 3,

PW91 alone, is worse by more than a factor of two. As noted

in Sec. III B, the functionals BP and PW91 are also the most

accurate in determining the extrapolated bulk cohesive ener-

gies. This relationship fits with the common trend of GGA

functionals being well-suited for computing energies, which

is also substantiated by the other GGA functionals (Group

4), which — while being less accurate than Groups 2 and

3 — still provide reasonable estimates of 8IP. In contrast to

Sec. III B, PBEsol performs notably better in this case than

PBE. This observation is somewhat at odds both with the less

accurate energies of PBEsol found above, and with the be-

havior of VMTsol and VT{84}sol, which, although closely

related to PBEsol, show a much larger error. Note however

that 8IP,PBE > 8IP,VT{84} > 8IP,VMT and the same is true for

the sol-variants.

The four novel functionals of the VMT and VT{84}

families all predict 8IP in the range of 4.94–5.03 eV. The

sol-variants of the functionals occupy the lower limit of this

range, giving virtually identical values of about 5.02 eV, while

VMT and VT{84} underestimate experiment more strongly,

both yielding about 4.95 eV. As seen previously, the differ-

ence between the corresponding variants of the two families

is minor, which is not unexpected in the light of the very

similar analytical forms of the exchange functional. After all,

the exchange enhancement factors FX,VMT and FX,VT{84} dif-

fer primarily in the large dimensionless-gradient limit; there-

fore, only a small difference is likely to be observed in

the rather homogenous densities in transition metal clusters.

However, at variance with the observations for Ecoh, the sol

variants yield more accurate work functions (25% smaller er-

ror), which are almost as good as those from the PBE GGA.

This difference possibly arises because of the differing inho-

mogeneity in the two states used in the 1SCF calculation and

the way that inhomogeneity difference registers in the var-

ious enhancement factors. Broadly speaking, the VMT and

VT{84} functionals do not show improved performance for

the computation of IP and 8IP, and give a somewhat larger

error than other GGA functionals. They are, however, equally

accurate as the other functionals in reproducing the linear

scaling and qualitatively predict the observed trends.

Compared to the ionization potential, the electron affini-

ties exhibit an inverse trend as they grow with increasing clus-

ter size (Table III; results for individual clusters in Table S7

of the supplementary material42). The cluster Pd38 again lies

somewhat outside of that trend. All functionals other than

VWN predict a slightly higher EA value for Pd38 than Pd55,

violating the otherwise monotonic increase.

The extrapolated values of the work function 8EA de-

termined with all nine functionals are lower than the exper-

imental value 5.21 eV,47 ranging from 4.79 eV to 5.17 eV.

The spread of the estimates 8EA is much smaller among the

functionals than that of 8IP. A consequence of this narrower

range of extrapolated values is the partial disappearance of

the grouping of functionals. VWN and VT{84}sol provide

the upper and lower bounds to 8EA, bracketing the remain-

ing seven functionals in a 0.23 eV range, within which the

VMT and VT{84} families cluster at the lower limit, and BP

and PW91 at the upper. PBE and PBEsol deliver results inter-

mediate between Groups 2 and 3. The best agreement with the

experimental work function is obtained with the VWN func-

tional, followed by BP and PW91, which already deviate by

∼0.17 eV.

The similarity of the 8EA values predicted by the VMT

and VT{84} functionals is more pronounced than for 8IP

noted above. All four functionals predict a value of 4.79–

4.82 eV for 8IP, underestimating the experimental value by

∼0.41 eV. Differences between the two functionals are too

small to discern. These functionals do not show an advan-

tage over other GGA functionals for the computation of EA

or 8EA, as we already noted for the ionization potential. The

typical errors are larger by a factor of two than those obtained

with, e.g., BP, while the accuracy of the fit remains the same.

The amount of energy required for removing an elec-

tron from an extended metal system is equal in magni-

tude to the energy gained when adding one. Therefore, the

difference between IP and EA should converge to zero as

the cluster size approaches infinity. The residual difference

18 = 8IP − 8EA quantifies the error made when extrapo-

lating the work functions from IP and EA (Table III). For the

GGA functionals 18 is between 0.13 eV and 0.23 eV. Al-

though 18 is small compared to the magnitude of 8 (less

than 3%), the errors in IP and EA do not entirely cancel.

We observe a systematic overestimation of 18 which mainly

seems caused by the underestimation of EA noted above. The

positive values of 18 likely in part reflect differences in the

(remaining) self-interaction error of the various functionals.52

None of the xc-functionals employed is free of this error, but

different functionals have different residual self-interaction

errors. It is therefore unsurprising that they yield varying re-

sults for 18.

FIG. 2. Functions linear in n−1/3 fitted to average bond distances dav (in

pm), Eq. (1), of the Pdn, clusters studied, from scalar relativistic calculations.

The resulting straight lines illustrate the various groups of functionals (see

text): Group I – VWN; Group II – PBEsol, VMTsol, VT{84}sol; Group III

– BP, PBE, PW91; Group IV –VMT, VT{84}. The experimental value dbulk
= 275 pm is shown as dashed horizontal line.
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TABLE IV. Four groups of xc functionals according to the combined results for scalable properties of metal clusters

Group I VWN Shortest dav, energy parameters Ecoh, IP, and EA overestimated

Group II PBEsol, VMTsol, VT{84}sol Accurate dav, Ecoh overestimated, accurate IP but EA somewhat underestimated

Group III BP, PBE, PW91 Overestimated dav, but best energy parameters values of Ecoh, IP and EA

Group IV VMT, VT{84} Similar to Group III, but less accurate energies, and longer dav

D. Grouping of xc functionals

Summarizing the results found for each of the scalable

properties, the xc functionals may be classified into four broad

groups of different functional behavior. This classification is

easily discernible, for instance in Figures 2 and 3, where the

linear fits for dav and Ebulk are depicted for the example of the

palladium clusters. For the gold clusters, the values are less

well separated in some cases. Nevertheless, from an overall

point of view this classification still seems justified. Table IV

lists characteristics of the various groups.

From both the computed results and the different nature

of the functional, the only LDA functional in the study, VWN,

is in a group of its own. We find the typical tendencies of

LDA functionals for all of the parameters, i.e., shortened bond

lengths and strongly overestimated binding energies. The cor-

responding residual difference 18 = 8IP − 8EA is rather

large, hence the extrapolated values of IP and EA do not es-

timate the bulk work function reliably. Although popular for

describing some extended solids, the VWN functional may

therefore not be the first choice for transition metal clusters,

except perhaps for the calculation of geometries and the rela-

tive energetics of near-equilibrium geometries.

Functionals in Group II (the sol variants, PBEsol, VMT-

sol, VT{84}sol) provide metal-metal bond lengths of very

high accuracy and dramatically improve upon VWN energies.

For estimating the cohesive energy Ebulk these functionals fall

far short of the accuracy of other functionals. This behavior

is expected as the sol functionals are parametrized to elec-

tron gas data with the goal of improving lattice constants at

FIG. 3. Functions linear in n−1/3 fitted to cohesive energy Ecoh (in

kJ ·mol−1), Eq. (2), of the Pdn, clusters studied, from scalar relativistic calcu-

lations. The resulting straight lines illustrate the various groups of functionals

(see text): Group I – VWN; Group II – PBEsol, VMTsol, VT{84}sol; Group

III – BP, PBE, PW91; Group IV – VMT, VT{84}. The experimental value

Ecoh = 376 kJ ·mol−1 is shown as dashed horizontal line.

the expense of worsened atomic energies39 and thus less ac-

curate Ebulk. PBEsol was designed mainly to improve struc-

tural results. Therefore its accurate results for IP values are

somewhat surprising. Further assessment of this performance

may be necessary to exclude fortuitous error cancellation in

the present cases. The other two functionals in Group II do

not improve substantively upon the bond lengths and cohe-

sive energies found with PBEsol, while giving somewhat less

accurate IP and EA values. All of these functionals estimate

the work function with errors 18 ≈ 0.2 eV.

The three GGA functionals of Group III give the most

accurate values for Ebulk as well as for IP and EA. The PBE

functional is an improvement on PW91 which itself is based

on BP. This trend is reflected in the increasing accuracy of the

cohesive energy determined with these functionals although

differences within this group are generally small. Because

of the high accuracy of these functionals for cluster ener-

gies, they seem to be the methods of choice for all energetic

aspects of the metal clusters studied. However, the error of

5 pm in the optimized bond distances is rather high so that the

Group III functionals are not universally optimal, either.

The final group of functionals is composed of the two re-

maining GGA functionals in this study, VMT and VT{84}.

These two functionals are rather similar and also show a be-

havior similar to the Group III GGA methods. VMT and

VT{84} give slightly longer dbulk than the other GGA func-

tional, but somewhat less accurate values for Ecoh, IP, and

EA. However they are the most consistent estimators of 8,

with residual 18 ≈ 0.12 eV. The energetic behavior was un-

expected as earlier validation studies29,30 showed both VMT

and VT{84} to be clearly superior to PBE for atomization

energies. While the results for Au indicate less pronounced

differences between the functionals in Groups III and IV, we

still find it appropriate to retain the grouping, based not only

on the differences in results but also on the different spread of

the results within each group.

IV. CONCLUSIONS

In general, all quantities studied exhibit good scalability

with cluster size. Some outliers are found for the calculated

values of IP and EA. Nevertheless, all properties can be ex-

trapolated to bulk values with fairly high reliability. Particu-

larly, average bond lengths and cohesive energies of the clus-

ters are almost perfect linear functions of n−1/3, with n the

cluster nuclearity. The decrease of dav with decreasing cluster

size can be rationalized readily5 in terms of the comparatively

higher fraction of surface atoms for the smaller systems. Such

surface atoms are subject to a greater “buckling” and con-

traction of the structure than interior ones. With increasing
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cluster size, the average coordination number also approaches

its bulk limit, 12 for Pd and Au, approximately linearly with

the surface-to-volume ratio, i.e., with n−1/3. The same holds

for the cohesive energy.9

For bond length results, we note very similar trends for

palladium and gold clusters. The most accurate functionals

are the same in both cases (PBEsol, VMTsol, VT{84}sol);

they predict the bulk bond length with similarly small errors.

The novel GGA functionals evaluated in this study perform as

well for geometries as the established GGA functionals BP,

PW91, and PBE. In addition, we found very similar results

within the pairs [VMT, VT{84}] and [VMTsol, VT{84}sol]

which we rationalize on the basis of the rather similar ex-

change enhancement factors. The VT{84} functionals differ

from those of the VMT family only by a small additional

term in the expression for the exchange energy which in turn

appears to make only a small contribution to the geometry

results.

The accuracy at which the experimental value of the

cohesive energy is reproduced varies considerably between

palladium and gold clusters. While in the case of the PBE

functional the experimental result for palladium is essentially

reproduced (up to 0.4 kJ ·mol−1), the best extrapolations from

gold cohesive energies are obtained with the VMTsol and

VT{84}sol functional, but even those lie ∼32 kJ ·mol−1 too

high. Note that the results obtained with GGA results are not

biased in any direction. While the sol functionals tend to over-

estimate the cohesive energy, the other GGA functionals yield

mostly too low results.

The values of IP and EA of the clusters both approximate

the bulk work function 8 with increasing cluster size, but ap-

proach their individual limits from opposite directions. In this

context, recall the model of a conducting sphere for rational-

izing the trends of IP and EA values of metal clusters.8,50, 51

Note also the different susceptibility of these quantities to the

remaining self-interaction error of the various approximate

functionals. The quality of the linear fits is lower than for bond

lengths or cohesive energies. Nevertheless, the values of both

IP and EA scale almost linearly with the surface-to-volume

ratio n−1/3.

In summary, our study did not identify a single “optimal”

functional that is able to predict all the quantities studied with

best accuracy. In particular, the lack of metal cluster data in

standard validation sets (e.g., the G3 set16) implies that func-

tionals validated for inorganic and organic chemistry may be

not as effective for treating metal clusters. The present study

corroborates that for GGA functionals one seems to be faced

with a trade-off between the quality of cluster geometries

and the corresponding energetics. As shown by the present

results also for larger transition metal clusters, the sol-type

functionals PBEsol, VMTsol and VT{84}sol yield the best

structure results, while energies are best determined with the

well-established GGA functionals BP, PW91, and PBE. Fur-

thermore, the choice of functional is crucial – as results may

differ by well over 100 kJ ·mol−1 or 10 pm – and can be a ma-

jor source of error. The data reported here may thus raise the

awareness regarding strengths and weaknesses of each func-

tional and serve as a guideline for choosing the functional de-

pending on the application.
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