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ABSTRACT
Recently developed density-functional-theory (DFT) and random-phase-approximation (RPA) meth-
ods are used to study competing isomers of some negatively charged Ta clusters, namely Ta12− and 
Ta10−, in an attempt to find a suitable strategy towards accurate studies of transition-metal clusters 
based on DFT. Also the neutral and cationic forms Ta12(0,+) of the twelve-atom cluster are studied. 
The results are compared with experimental information obtained by several methods that differ in 
the property under study and the total electric charge of the clusters. We find that a careful choice 
of the density functional, the use of relativistic two-component methods, eventually in combination 
with all-electron basis sets, and the application of RPA-type methods, may all be necessary steps for a 
good assessment. Such an assessment should be made in relation to several experimental properties 
as much as possible.
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1. Introduction

The structures of negatively charged Ta clusters, Tan−, 
6 ≤ n ≤ 13, were recently studied by combining the 
trapped-ion electron-diffraction m ethod ( TIED) with 
several electronic-structure methods [1]. In most cases, 
the electronic-structure methods predicted the struc-
turally best fitting isomer to be the energetically lowest 
lying one, so there was agreement between theory and
experiment in that respect. In the case of Ta12−, however,  
the electronic-structure methods disagreed with exper-
iment, to some extent also in the case of Ta10−. Such
a situation is not unusual in studies of metal clusters,
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which is most frequently done by density-functional-
theory (DFT) basedmethods, since different functionals,
basis sets, and pseudopotentials may energetically favour
different motifs.

In the case of Ta12−, the computational methods
employed seemed to point to an icosahedral cage as
the most stable structure, while a four-atom-capped
hexagonal bi-pyramid and several geometrically close-
lying isomers based on the pentagonal bi-pyramid motif
were found to display higher energies by most of
the methods employed, even the most advanced ones.
Those methods included several density functionals, the
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direct random-phase approximation (dRPA), and two-
component (2c)DFT computations, including spin–orbit
coupling. In principle, there are two possible explana-
tions to such a discrepancy, which are not incompatible.
First, the formation of the icosahedral cage isomer could
be prevented by large energy barriers, even if it were the
most stable one. Second, that isomer could, in reality,
be not the most stable: one would need a very precise
selection of the electronic structure methods in order to
determine the right energy ordering.

Quite recently, there have been key advances in the
development of DFT [2,3], RPA-type [4–10], and rel-
ativistic two-component (2c) methods [11,12], which
could help devise a better approach to the study of, for
instance, metal clusters, and perhaps, solve some of the
existing discrepancies between theory and experiment.

Some local-hybrid density functionals have been
developed [2,13–16], also range-separated [17,18] and
long-range-corrected [19] functionals, which provide
very good performance in a number of tests, normally
superior to that of the generalised gradient approxima-
tion (GGA) or meta-GGA (MGGA) functionals, even if
exact exchange is added to the latter. There is little experi-
ence on the performance of all those functionals in com-
bination with 2c methods, specifically not for metal clus-
ters. Moreover, there are relatively recent developments
in RPA-type methods, by adding perturbative correc-
tions, such as the second-order exchange (SOX), second-
order screened exchange (SOSEX) and approximate-
exchange-kernel (AXK) methods [5,6]. There are also
some developments in 2c-RPA theory [8,9] (Kramers-
restricted), including, very recently, a non-restricted ver-
sion [10].

Applying all those kinds of theoretical methods
together could be interesting, in part because the exper-
imental information on metal clusters comes from dif-
ferent sources [20,21]. One may have for instance, quite
precise information on the cluster geometries by TIED
experiments [22–24], on the vibrational spectrum [20],
and on the magnetic moments or dipole moments (or
polarizabilities) by magnetic or electric deflection exper-
iments [25–28] or X-ray magnetic circular dichroism
(XMCD) [29]. In all those experiments the clusters
might have different total charges, and different cluster-
generation procedures could have been used too. There-
fore, one might need to use a combination of theoret-
ical methods in order to fully understand the body of
experimental information.

In the present case, apart from the TIED experi-
ments already mentioned [1], we have the infrared-
multiphoton-dissociation (IR-MPD) experiments by
Fielicke’s group on the Ta6−20

+ series [30], the electric-
deflection experiments by Moro et al. [25], and the

magnetic-deflection e xperiments b y D iaz-Bachs e t al.
[31]. There are also some reactivity studies, the first 
by Hamrick et al. [32], who suggest the existence of 
two isomers of Ta12. The threshold ionisation poten-
tials of Ta3−64 have been obtained by Collings et al. 
using photoionization-efficiency spectra [33]. There are 
also time-of-flight mass spectrometry (TOFMS) [34] and  
Coulomb-explosion experiments carried out by strong-
field i onisation o f Tan c lusters ( n <  30) [ 35]. Ta3 has 
been the subject of a Raman-spectroscopy study in an 
Ar matrix [36] while Ta3− has been investigated by pho-
toelectron spectroscopy and DFT computations [37]. It 
must be noted, as pointed out in those experimental 
studies, that Ta, either in cluster or nanoparticle form, 
is quite interesting from the chemical point of view 
[38–47].

There are many theoretical studies on Tan(+,0,−) clus-
ters of different sizes, most of them by DFT, using GGA 
or MGGA functionals, sometimes incorporating exact 
exchange in a global-hybrid form [1,48–55]. These stud-
ies include the structures of neutral clusters n ≤ 78, stud-
ied by molecular dynamics using an analytical potential 
by Jiang et al. [48], also using DFT, by Kraft et al. [1] for  
6 < n < 13 with a genetic algorithm [GA], for 2 < n < 17 
by Li et al. [52], for n = 2–23 by Fa et al. [49], and 
more recently by Han et al. [55] for n = 9–13. Du et al.
[53] have studied cationic clusters 6 < n < 16 by DFT and 
compared their simulated IR spectra with the experimen-
tal spectra of Gruene et al. [30]. More recently, Huang et 
al. [56] have conducted a wide study on the reactions of 
Tan− with N2 up to n = 57, using a TOFMS, combined 
with photoelectron spectroscopy (PES) for Ta10−, which  
reveals the appearance of the bi-capped square antiprism 
isomer in that experiment.

The purpose  of the present work is to clarify the dis-
agreement between theory and experiment in the case of 
Ta12−, also in Ta10−, by using some of recently devel-
oped theoretical methods. We will pay some attention to 
Ta12(0,+) too.  Our work might help, we believe, to fi nd  
a better computational strategy for the study of metal 
clusters.

2. Computational details

We have determined the equilibrium geometries by the 
TPSSh/dhf-TZVP and BH-LYP/dhf-TZVP methods for a 
few competing isomers of Ta12−, numbered 1 to 5, in sev-
eral electronic states. The simulated scattering functions 
from the equilibrium geometries are in good agreement 
with those from the TIED experiment for isomers 3 to 
5, especially for the latter [1]. In those geometry opti-
mizations the MGGA hybrid functional of Tao, Perdew, 
Staroverov and Scuseria [57] (TPSSh) or the GGA hybrid



BH-LYP (consisting of Becke’s 88 exchange plus 50%
exact exchange and Lee–Yang–Parr correlation) have
been used [58,59]. On the optimised geometries we have
carried out DFT computations with a number of density
functionals, mainly with TPSSh, BH-LYP, the long-range
corrected hybrid ωB97x of Chai and Head-Gordon [19],
and the recently developed TMHF density functional of
Holzer and Franzke [16], using larger basis sets, namely
what we call the dhf-TZVPPD-2c and dhf-QZVPPD-2c
[61] basis sets, which are just the corresponding dhf-
(T/Q)ZVPP-2c basis sets plus a p shell with exponent
0.27701105074·10−1 (T) or 0.20413673674·10−1 (Q).
Those exponents are the same as those of the diffuse
p shells in the def2-TZVPPD and def2-QZVPPD basis
sets. We have also performed dRPA computations using
the Kohn–Sham spin-orbitals obtained with a number
of density functionals and basis sets, at least with dhf-
TZVPPD-2c, although, following references [6,7], we
attach more relevance to the dRPA results obtained with
the TPSSh density functional, which are quite similar
to those obtained with TPSS [60], also in the present
case. In some selected cases, beyond-RPA calculations,
such as second-order-screened-exchange (SOSEX) and
approximate-exchange-kernel (AXK) calculations [5,6]
have also been done.

In addition, we have conducted two-component DFT
computations (2c-DFT), which incorporate spin–orbit
coupling, using the dhf-TZVP-2c and dhf-TZVPPD-2c
basis sets [61]. Selectively, we have performed 2c-RPA
computations, of the direct type, on some isomers of
Ta12−, as well as on the corresponding isomers of the
neutral system, and also on two isomers of Ta10−.

The dhf-TZVP(-2c), dhf-TZVPPD-2c and dhf-
QZVPPD-2c [61] basis sets have been used together with
the dhf-ecp-2c pseudopotential [62] and the universal-
ecp-60 basis [63] as auxiliary RI-J basis set. The def2-
TZVPPD and def2-QZVPPD auxiliary basis sets [64]
have been used for RPA-type TZ and QZ computa-
tions, respectively. Itmust be noted that the dhf-TZVPPD
and, especially, the dhf-QZVPPD basis give dRPA results
which are quite close to their relativistic counterparts, but
the latter were preferred for consistency with the 2c-RPA
and DFT computations.

In a few cases, we have done all-electron 2c com-
putations by the X2C Hamiltonian [12] incorporating
spin–orbit coupling, using the x2c-TZVPall-2c or x2c-
TZVPPall-2c basis sets and the corresponding auxiliary
RI-J basis [65].

We have also carried out a wider but straightforward
study about the dependence of the energy difference
between isomers 5 and 2 of Ta12− on the density func-
tional, as it is one of the keys to a better description
of Ta clusters, probably of metal clusters in general. For

that purpose, a relatively large set of density function-
als have been employed, from simple LDA-type like S-
VWN [66–68] to the recently developed local hybrids like  
LH20t [15] or TMHF [16].

We have employed the multiple grid m5 for DFT and 
RPA-type computations, g5 for 2c-DFT and 2c-RPA, and 
the radially enlarged 5a [69] for the all-electron X2C 
computations.

All the computations have been done with either Tur-
bomole 7.3 or Turbomole 7.7 [70].

3. Results and discussion

The structures of the Ta12− isomers studied in the present 
work are presented in Figure 1. Isomer 1 is four-atom-
capped hexagonal bi-pyramid. Isomer 2 is an icosahedral 
cage structure, whereas isomers 3 to 5, which  may be  
considered incomplete icosahedrons, have a pentagonal 
bi-pyramid motif with a five-atom cap surrounding one 
tip, and diff er mostly in howmuch the cap is open on one  
side. Therefore, isomers 3 to 5 can be seen as distorted 
forms of a C5v structure (not shown), which happens to  
be a saddle point, so they are quite close geometrically 
and energetically. For each isomer, optimised geometries 
for electronic states of several spin multiplicities can  nor-
mally be obtained, although in the case of isomers 3 to 
5, also depending on the density functional, some elec-
tronic states cannot be represented by a local minimum 
corresponding to that isomer.  The optimised geometries  
have been obtained by the TPSSh/dhf-TZVP and BH-
LYP/dhf-TZVP methods. On the latter set of geometries, 
BH-LYP- and ωB97x-based single-point computations 
have been done, while the former set has been employed  
for the rest of the computations, mostly using the TPSSh, 
TMHF, and the ωB97x density functionals.

It should be recalled that isomers 1 and 2 are far from 
providing a good fit to the experimental TIED data, so 
they can be discarded as being present in the TIED exper-
iment [1], while isomer 5 provides a scattering profile 
in very good agreement with the experimental one. To a 
lesser extent, isomers 3 and 4 are also consistent with the  
TIED data. However, 1, and especially 2, are very com-
petitive in energy. In fact, as we have already mentioned 
and will see again, the latter (isomer 2) appears as lowest-
lying isomer by most methods, often being by 1 eV or 
even more lower than isomers 3 to 5.

It must also be recalled that many more isomers were 
considered in our previous study, which was based on the 
use of a genetic algorithm [1],  but it was  5 that gave the 
best agreement with the TIED experiments, with a very 
low value for the profile factor.

In order to fi nd a good strategy towards a reason-
ably reliable determination of the relative energies of the



Figure 1. The Ta12− isomers considered in the present work.

Table 1. Basis-set dependence of the TPSSh and dRPA@TPSSh relative energies (given in eV) for several electronic states of isomers 1-5. 
All computations are performed on the TPSSh/dhf-TZVP optimised geometry of the corresponding electronic state unless it is specified 
otherwise.

Isomer Term/Symm �E dhf-TZVP �E dhf-TZVPPD-2c �E dhf-QZVPPD-2c �E/dRPA dhf-TZVPPD-2c �E/dRPA dhf-QZVPPD-2c

1 2A"/Cs 0.27 0.33 0.32 0.24 0.11
4A/C1 0.53 0.60 0.59 0.51 0.39

2 4Au/Ci 0.00 0.00 0.00 0.07 0.03
2A2/C5v 0.06 0.09 0.08 0.00 0.00
6Ag/Ci 1.36 1.33 1.33 1.38 1.32

3 2A"/Cs 0.39 0.46 0.45 0.25 0.15
4A/C1 0.41 0.48 0.47 0.31 0.22
6A/C1 0.55 0.62 0.66 0.59 0.52

4 2A/Cs 0.50 0.58 0.57 0.26 0.15
5 4A/C1 0.54 0.60 0.58 0.42 0.31

2A/C1(a) 0.63 0.68 0.66 0.48 0.37
6A/C1(a) 0.75 0.80 0.78 0.76 0.65

(a) Using the 4A/C1 TPSSh/dhf-TZVP optimised geometry.

three motifs, we first examine the sensitivity of the DFT
and dRPA values to geometry and density-functional
changes.

Table 1 presents the TPSSh-based energy differences
calculated with several basis sets. The DFT values do
not change much from dhf-TZVP to dhf-QZVPPD-2c.
The dhf-TZVPPD-2c and dhf-QZVPPD-2c basis sets
give almost the same values, whereas dhf-TZVP agrees
within 0.1 eV. The dRPA calculations use the TPSSh
Kohn–Sham orbitals and energies so they are noted as
dRPA@TPSSh. The resulting relative energies are, as one
would expect, more sensitive to the basis set, although
still, the dhf-TZVPPD-2c values are quite close to the
dhf-QZVPPD-2c ones, the difference being less than
0.13 eV. With the latter basis set one gets quite small
energy differences between the three motifs, which lie
within 0.15 eV, isomer 2 being the lowest lying. The
dRPA@TPSSh method reduces the energy differences as
compared to TPSSh, but also gives 2 as the lowest-lying
isomer. By both methods, a doublet is clearly the spin
multiplicity of the lowest-lying electronic state of isomer
1, while for isomers 2 and 3 to 5, the quartet and the dou-
blet multiplicities are quite close, even the sextet being
competitive in the case of isomers 3 to 5.

The TPSSh and BH-LYP density functionals were
found in our previous study to behave very differently
so they can be taken, to some extent, as representative of
two limiting cases in DFT behaviour. For that reason, we
have done the sameDFT computations of Table 1with the
BH-LYP density functional (see Supplemental Data, SD,

Table S1). The energy differences between isomer 2 and
all other isomers are higher than with TPSSh, the basis-
set dependence is also weak enough, with a maximum
difference of 0.12 eV.With the dhf-QZVPPD-2c basis set,
the smallest energy difference between isomers 3 to 5 and
2 is found for isomer 3 at 0.87 eV using BH-LYP, whereas
the same difference is 0.45 eV in the case of TPSSh, also
for 3. Note that the spin multiplicities from doublet to
sextet are nearly degenerate for isomer 5, which is closer
geometrically to C5v symmetry, and therefore closer to
the Jahn–Teller instability locus than isomers 3 and 4.

For the calculations with the ωB97x and TMHF den-
sity functionals, we use the TPSSh geometries, but, in the
case of ωB97x, we have tested the sensitivity to geome-
try changes by using the BH-LYP optimised geometries
as well. It must be noted that the TPSSh and BH-LYP
optimised geometries are, in the case of isomers 3 to
5, significantly different. Also, that ωB97x gives energy
differences which are closer to the BH-LYP than to the
TPSSh values. In Table S2 of the SD, it can readily be seen
that the 1−2 energy differences are not very dependent
on the geometry optimisation level, while the (3,4,5)−2
ones differ a little bit more, but still, the minimum values
are very close, 0.83 eV (TPSSh geometry of 5) and 0.84
eV (BH-LYP geometry of 3).

Table 2 summarises the DFT energy differences
obtained with the four density functionals in combina-
tion with several basis sets. It is readily seen that BH-LYP
and ωB97x present structure 2 as the lowest-lying by
about 0.9 eV while TPSSh and TMHF give much smaller



Table 2. Summary of the DFT energy differences for isomers 1–5 
calculated with the TPSSh, BH-LYP, ωB97x, and TMHF density func-
tionals in the corresponding lowest-lying multiplicity for each 
isomer and density functional.

�E/eV

Isomer 1 2 3 4 5

TPSSh
dhf-TZVP 0.27 0.00 0.39 0.50 0.54
dhf-TZVPPD-2c 0.33 0.00 0.46 0.58 0.60
dhf-QZVPPD-2c 0.32 0.00 0.45 0.57 0.58
BH-LYP
dhf-TZVP 0.83 0.00 0.78 1.00 1.12
dhf-TZVPPD-2c 0.93 0.00 0.90 1.08 1.21
dhf-QZVPPD-2c 0.95 0.00 0.87 1.10 1.22
ωB97x
dhf-TZVP 1.32 0.00 1.01 1.22 0.85
dhf-TZVPPD-2c 1.35 0.00 1.02 1.21 0.83
TMHF
dhf-TZVP 0.63 0.00 0.47 0.60 0.21
dhf-TZVPPD-2c 0.66 0.00 0.49 0.62 0.21

Table 3. 2c and X2C DFT comparison of the 5−2 energy differ-
ence. Ns represents the average number of unpaired electrons. 
The basis sets dhf-TZVP-2c, dhf-TZVPPD-2c, and the all-electron 
basis x2c-TZVPall-2c have been used. �E(5−2) ≡ E(5)−E(2).

Density functional Basis �E(5−2)/eV Ns(5) Ns(2)

TMHF(a) dhf-TZVP-2c 0.14 4.12 1.92
TMHF(a) dhf-TZVPPD-2c 0.12 4.04 1.97
TMHF(a),(c) x2c-TZVPall-2c −0.18 3.49 1.89
TMHF(b) dhf-TZVP-2c 0.33 3.92 1.75
TPSSh(a) dhf-TZVP-2c 0.59 2.76 2.07
TPSSh(a) dhf-TZVPPD-2c 0.62 2.76 2.07
TPSSh(a),(c) x2c-TZVPall-2c 0.34 2.46 2.06
BH-LYP(b) dhf-TZVP-2c 1.19 2.26 1.61
BH-LYP(b),(c) x2c-TZVPall-2c 0.88 1.68 1.57
ωB97x(a) dhf-TZVP-2c 0.69 3.67 1.63
ωB97x(b) dhf-TZVP-2c 0.88 3.95 1.34

(a) Using the TPSSh/dhf-TZVP geometries for the quartet states, 4Au (isomer 2)
and 4A (isomer 5).

(b) Using the TPSSh/def2-SVP geometries for the quartet states, 4Au (2) and
4A(5).

(c) Exact two-component approach [12].

energy differences. Interestingly, TMHF favours isomer
5, the best TIED-fitting one, as the second most stable,
while, in contrast to TPSSh, the 1−2 difference is quite
large. Thus, TMHF seems to agree much closer with the
TIED experiments than even TPSSh. In general, TPSSh
and TMHF on the one hand, and BH-LYP and ωB97x
on the other, behave very differently from the other cou-
ple. The dhf-TZVPPD-2c anddhf-QZVPPD-2c basis sets
give very similar values.

We have further done 2c-DFT computations with the
dhf-TZVP-2c and dhf-TZVPPD-2c basis sets as well as
all-electron computations using the exact X2C Hamilto-
nian on the 5−2 energy difference. The results are given
in Table 3.

In all those computations, spin–orbit coupling is
included self-consistently. The results are substantially
different from all of the former computations. With

the TMHF functional, one obtains energy differences of
small magnitude: 0.12 eVwith the dhf-TZVPPD-2c basis
set and, remarkably, −0.18 eV by the X2C method with
the x2c-TZVP-all-2c basis set, the latter being the only
computation so far which predicts isomer 5 to be lower
than 2. With the TPSSh and the BH-LYP functionals
there is a similar reduction in the 5−2 relative energy
from dhf-TZVPPD-2c to x2c-TZVPall-2c, but the X2C
energy difference is still positive, although relatively small
for TPSSh.

Considering Tables 1–3, it is clear that the choice of the
density functional is probably the most important factor
determining the energy difference between motifs, more
than the effect of the optimised geometry, the spin mul-
tiplicity, or even the type of electronic-structure method
employed.

Therefore, we have tested a number of density func-
tionals of different types: LDA, GGA andMGGA includ-
ing global hybrids, as well as local and range-separated
hybrids. We have done the computations on isomers 2,
5, and also on a C5v structure, a saddle point noted as
sC5v, geometrically very close to 5, which can be seen as
a Jahn–Teller distortion from the sC5v structure.We have
employed the TPSSh/dhf-TZVP optimised geometries.
Although the optimised geometry would not vary much
with the density functional in the case of isomer 2, there
are significant variations in the case of isomer 5, so we
use the sC5v structure as a second reference, which could
be more consistent along the density functional list. The
sC5v−5 energy differences are very small in most cases
but note that they do not have to be positive, except for
TPSSh. The most relevant results are presented in Figure
2, which are the values obtained with the S-VWN [66,67,
68], PWLDA [66,67,71], BP86 [66,67,68,72,73], B-LYP
[59,66,67,72], B-VWN [66,67,68,72], PBE [66,67,71,74],
B97 [75], B97-1 [76], TPSS [60], BH-LYP [58,59,66,67,72],
B3-LYP [59,66,67,68,72,77], PBE0 [66,67,71,74,78],
VSXC[79], M06 [80], TPSSh [57,60,66,67,71], LH07t-
SVWN [66,67,68,81], LH12ct-SsifPW92 [66,67,71,82],
LH14t-calPBE [66,67,71,74,83,84], CAM-B3LYP [59,77,
85], LH14 [14,72], ωB97x [19,75], HSE06 [17,74,78],
LRC-ωPBEh [74,86], MPSTS [13,60], LH20t [15,74,87]
and TMHF [16,88] functionals. More information is
given in Figures S1 to S3 of the SD. The m5 grid
has been used in all these tests and found to be suffi-
cient for all kinds of functionals by numerical sensitivity
tests.

It is immediately seen that very fewdensity functionals
give a small or negative 5−2 energy difference. Among
those are TMHF, LH20t, TPSS, and TPSSh. Comparing
the values given by some global hybrids with their GGA
or MGGA local counterparts, for instance, BH-LYP vs
B-LYP, PBE0 vs PBE, TPSSh vs TPSS or even B3-LYP



Figure 2. DFT comparison of the energy differences between isomers 5 and 2, including structure sC5v (a saddle point of C5v symmetry
very close geometrically to isomer 5). The �E(X−2) values (X = sC5v ,5), are given in eV and correspond to the lowest-lying electronic
states of each structure by the corresponding density functional. The dhf-TZVP basis has been used and the computations are done on
the TPSSh/dhf-TZVP optimised geometries.

vs BP86 or B-VWN, one observes no obvious correla-
tion with the amount of exact exchange, the 5−2 energy
differences being sometimes relatively similar. In other
words, inclusion of exact exchange does not generally
lead to smaller 5−2 energy differences. Comparing the
range-separated hybrids with the parent or most sim-
ilar hybrid GGA or MGGA density functional (Figure
S1) one observes a clearly reduced energy difference
in ωB97x as compared to B97, a much larger value in
CAM-B3LYP as compared to B3-LYP. There is no clear
correlation neither between the amount of spin contam-
ination in the Kohn–Sham (KS) determinant of isomer
5 and the 5−2 energy difference (isomer 2 presents little
spin contamination in its quartet state by most computa-
tions), although the density functionals which give low or
negative (LH20t) 5−2 energy differences produce mod-
erate spin contaminations for isomer 5 (see Figure S2).
We have also tested some Minnesota density function-
als, from M05 [89] to some of the non-separable ones,
see Figure S3a. Most of those functionals give positive
5−2 energy differences, ranging from small in the case
of the non-separable ones, to relatively large in the case of
the revised versions ofM06(-l) [90]. RemarkablyMN12-l
[91] gives a lower difference than the screened-exact-
exchange MN12-sx [18]. Two functionals, M06-l [92]
and M06-2x [80] (the latter was parametrised only for
nonmetals, therefore not really adequate for the present
case), give negative energy differences, even when M06
gives a sizeable positive value. It must be further noted
that the revised version of TPSS (revTPSS) [93], its reg-
ularised version [94] (regTPSS) and the PBE functional
for solids (PBEsol) [95], all give quite similar results
for the 5−2 energy difference as their general-purpose
counterparts (see Figure S3b).

The local hybrids TMHF and LH20t give small or neg-
ative 5−2 energy differences. They are both based on the
meta-GGA B95 correlation functional, but while TMHF
uses the Tao-Mo (TM) exchange [88] that of LH20t is
based on the PBE functional. The adjustable parameters
of LH20t have been obtained by using thermochem-
ical and kinetic data, while TMHF has been defined
from first principles (i.e. without using thermochemical
test sets), still giving very good statistical performance.
For instance, both functionals display similar deviations
in the W4-11-atomisation-energies subset [96] of the
GMTKN55 test set [97], LH20t giving a mean standard
deviation (MSD) smaller inmagnitude andTMHFgiving
a lower root-mean-square deviation, both outperform-
ing TPSS, TPSSh, and TM, as well as other local-hybrid
density functionals [16,17]. In the BH76 subset for reac-
tion barrier heights [98–100], LH20t is slightly superior
to TMHF, and both are significantly better than TPSSh
or TM [16]. They also perform similarly well in a test
of 41 excitation energies of small molecules, TMHF giv-
ing the smallestMSD value among the tested functionals.
The long-range-corrected ωB97x-D density functional
[19,101], which also includes an empirically determined
dispersion correction, provides MSD values lying within
those of TMHF and LH20t (BH76), or a little higher in
magnitude (W4-11) [16]. It must be noted that TMHF
and LH20t differ in the form of the local mixing func-
tion (LMF), also in the fact that the latter is constructed
with a calibration function of the pig2 (partial integra-
tion gauge 2) type, which is based on the B88 exchange
functional [72]. While LH20t uses a LMF based on the
iso-orbital indicator (t-LMF) [2], TMHF uses a more
complex one based on the correlation length proposed
by Johnson [14], used in the argument of an exponential



term, such that the LMF tends to 1 at long distances [16].
The latter tends to be relatively small at the position of
the nuclei while the former can take relatively high val-
ues there, still being small along the bonds [15]. It must
also be noted that in LH20t, B95 is re-parametrised, and
also that the PBE GGA correction to the LSDA exchange
enters with a factor of 0.781. It must also be recalled that
ωB97x has a small fraction of short-range exact exchange
in addition to the long-range correction part [19]. Finally,
it is remarkable that LH20t has been found to give a very
good performance in the MVO-10 set (mixed-valence,
metal–oxide systems), where it describes equally well
localised and highly delocalised systems, in contrast to
the other functionals tested, even when ωB97x-D also
gives a good average performance [15]. None of these
functionals eliminates self-interaction completely. LH20t
has been tried in the SIE4x4 test [97], which consists
of dissociation-energy calculations for symmetric dimer
cations of first-row atoms and simple molecules done
at several interatomic distances with moderately good
results [15].

It must be noted that the MPSTS functional [13] also
has a very sophisticated LMF, but does not perform as
well as LH20t or TMHF [16].

UsingTMexchange [88] togetherwith B95 correlation
[87], without exact exchange, what we call here TMB95,
one gets a very sizeable negative 5−2 energy difference,
−0.35 eV. Thus, in this case, the effect of including exact
exchange in the form of a local hybrid (TMHF) is not
really small. PBEB95, that is the PBE exchange [74] and
B95 [87] correlation functionals put together, gives a
small but positive difference of 0.14 eV. Going back to
the density-functional comparison with the full set of
functionals, one can observe a sort of convergence: the
most sophisticated functionals tend to give small 5−2
energy differences, but there is not a real correspondence
between performance and the rung of ‘Jacob’s ladder’.
TMHF and LH20t have a good combination of correla-
tion and exchange parts, include reasonable LMFs and,
LH20t, has a calibration function, determined such that
the weight of the GGA part of the exchange is dimin-
ished in comparison with the original PBE density func-
tional. Although the test sets in which both are tried
do not include metal clusters, they both provide very
good performance in all of them, which is indicative that
both should be tried in metal clusters as well. Since they
are constructed very differently, TMHF is derived from
first principles (i.e. without using thermochemical test
sets), they can be used to somehow bracket the exact
result.

Therefore, we have also used LH20t for the 2c and
X2C computations. By the 2c-LH20t/dhf-TZVPPD-2c

method, one gets 0.04 eV while at the X2C-LH20t/x2c-
TZVPall-2c level, the 5−2 energy difference is −0.35 eV
(that of TMHF is −0.18 eV).

We have also checked the density-functional depen-
dence of the RPA 5−2 energy difference, calculated by
the dRPA method and occasionally by the ACSOSEX
and AXK beyond-RPA methods. Only a subset of the
density functionals considered in the former DFT com-
parisons have been used. Kohn–Sham orbitals produced
by semi-local density functionals, should, in principle, be
preferred [6,7], and TPSS has often been used. But the
TPSSh KS spin-orbitals and energies produce quite sim-
ilar values [7], also here. We have used the TPSS, TM,
TMB95, PBE, BP86, B-LYP and B-VWN density func-
tionals, but also tested the related hybrid density func-
tionals TPSSh, TMHF, LH20t, PBE0, B3-LYP, BH-LYP,
B97, and ωB97x. The results are given in Table S3 of the
SD (see also the addendum for basis set dependence), also
Figures S4a to S4c. The 5−2 energy differences obtained
by dRPA can be grouped in three sets, quite indepen-
dently of the DFT energy difference: TPSS, TM, and
TMB95 give values from 0.37 to 0.46 eV while PBE, B-
LYP, BP86 and B-VWNgive values in the range 0.62–0.67
eV. The hybrid density functionals give somewhat less
deep dRPA energies than their semi-local counterparts,
but the 5−2 dRPA energy differences are usually very
similar. TPSSh gives 0.36 eV, PBE0 0.54, B3-LYP 0.66,
B97 0.63 eV while LH20t gives 0.35 eV. TMHF, BH-LYP,
and ωB97x, however, give even less deep dRPA ener-
gies and very high 5−2 energy differences. Note (Fig-
ures S4a to S4c) that hybrid functionals produce larger
HOMO–LUMOgaps, give somewhat deeper KS expecta-
tion values of the Hamiltonian, but less deep correlation
energies, such that the total dRPA energies are also less
deep. The latter may tend to correlate with larger 5−2
energy differences, but that is only apparent in the case
of the most extreme functionals by that measure, namely
BH-LYP, TMHF and ωB97x.

It must be noted that the AXK method performs
well in several subsets of the GMTKN55 test set [5], for
instance the BHDIV10 subset for reaction barrier heights
[97], and the ADIM6 subset for the noncovalent n-alkane
dimers [102]. Its performance with the SIE4x4 test set is
better than that of dRPA, giving, interestingly, positive
errors while ACSOSEX gives negative ones, typically of
the same magnitude, even for long inter-fragment dis-
tances [5]. In the 3d-transition-metal training set defined
by Furche and Perdew [103] though, it produces signifi-
cant errors in the dissociation energies, not being better
on average than dRPA and only improving on ACSO-
SEX, the worse performance being that obtained in the
dissociation energies of the Sc, V and Ni dimers, where



Table 4. Beyond-RPA and 2c-RPA DFT comparison. The dhf-TZVPPD-2c basis set has been used. �E values are given in eV. The DFT and 
dRPA energy differences are given for comparison, also the values computed with the dhf-QZVPPD-2c basis set.

�EDFT(5−2)(a) �EdRPA(5−2)(a) �EAXK(5−2)(a) �EACSOSEX(5−2) �E2c−DFT(5−2) �E2c−RPA(5−2)

TPSS 0.42 0.41 0.37 0.28 0.62 0.55 0.90 0.45 0.34
TPSSh 0.60 0.58 0.36 0.28 0.71 0.67 1.05 0.62 0.40
TMHF 0.32 0.29 1.18 1.08 1.22 1.17 1.15 0.12 1.20

(a) dhf-QZVPPD-2c results on the rightmost column.

the (DFT) TPSS or TPSS-D3 calculations alone give
much better results than dRPA, AXK, ACSOSEX, and
largely than ACSOX (the bare second-order exchange
kernel method), that being the ordering for decreas-
ing performance. In all those tests, the def2-QZVPP
basis set [104] was used, the results being very simi-
lar to the complete-basis-set limits when calculated by
the correlation-consistent aug-cc-pVXZ basis set series
(X = T,Q,5) [105–107]. It must also be noted that the
AXK@TPSS(h) energies in the complete-basis-set limit
are very close to the exact non-relativistic energies for
the atomsH-Ne [7]. AXK performs quite well in the non-
relativistic atomisation energies of the HEAT test [108],
as well as in the properties of transition-metal monox-
ides, although other beyond-RPA, Bethe-Salpeter-based
methods, have been found to provide better performance
in those tests, clearly improving on the corresponding
(DFT) TPSS(h) calculations [7].

Table 4 presents a DFT and RPA comparison between
the TPSS and TPSSh density functionals, to which we
have added TMHF. By the ACSOSEX method the TPSS,
TPSSh and TMHFKS spin-orbitals and energies produce
similar results, close to 1 eV. By the AXK method, the
TPSS and TPSSh energy differences go to 0.62 eV-0.71
eV while TMHF stays above 1 eV. The AXK and ACSO-
SEX correlation energies are significantly less deep than
their dRPA counterparts, by about 1.7 Eh (AXK) or 2.2 Eh
(ACSOSEX) with the TPSS density functional, the cor-
rections being a little bit smaller, by about 0.1 Eh, with
TPSSh. By the 2c-RPA@TPSSh computation, the 5−2
energy difference is 0.40 eV, almost the same as with (1c)
dRPA, and significantly lower than the 2c-TPSSh value of
0.62 eV. The corresponding TPSS results are very similar.
With the dhf-QZVPPD-2c basis set, the dRPA energy dif-
ferences are reduced by about 0.1 eV as compared to their
dhf-TZVPPD-2c counterparts, so similar reductions in
the 2c-RPA results can be expected.

As said, the AXK and even more the ACSOSEX cor-
rections to the dRPA correlation energies are relatively
large, but still far from those of SOX. The average cou-
pling strength ᾱ, defined as the difference between the
SOX and AXK corrections relative to the SOX correc-
tion can be used as a test of the accuracy of the AXK
method. With values larger than 0.5 the AXK energies
may be affected by large errors, although there could be

some exceptions [5]. Considering the two isomers, 5 and
2, we have ᾱ(5) = 0.50(0.48) and ᾱ(2) = 0.49(0.46), for
the AXK@TPSS(h) methods, which suggests that AXK
is likely not an improvement over dRPA or even (DFT)
TPSS(h). According to the results on the benchmark tests,
ACSOSEX could even be less so. Itmust also be noted that
ACSOSEX is one-electron self-correlation free and gives
half the correlation energy of dRPA in two-electron sin-
glets [5,6,109]. Indeed, ACSOSEX@TPSS(h) increasingly
underestimates the non-relativistic energies from He, by
1 (2) mEh, to Ne, by 23 (27) mEh, while AXK@TPSS(h)
stays quite close to the exact value, slightly overshoot-
ing for larger non-dynamical correlation (the largest
differences being −11 mEh in Be (−7 mEh in Li) for
AXK@TPSS(h)) [7].

Therefore, we tend to attach more relevance to DFT,
2c-DFT, and the corresponding dRPA results in what
concerns the energetics of the Ta12− isomers.

In conclusion, 2c-DFT computations by the TMHF
and LH20t density functionals (see above) give very small
values for the 5−2 energy difference. The correspond-
ing dRPA@TPSSh and 2c-RPA@TPSSh values are pos-
itive but quite small values. The all-electron X2C/x2c-
TZVPall-2c computations give negative energy differ-
ences with both TMHF and LH20t. Considering together
those results we conclude that the 5−2 energy difference
could indeed be very small, perhaps even negative.

It also must be noted that taking into account temper-
ature and entropic effects by chemical potential calcula-
tions (T = 95K) does not change the relative energies too
much [1], the 5−2 energy difference would be reduced
by less than 0.1 eV at 95 K (TPSSh/dhf-TZVP geome-
tries and vibrational frequencies). Inclusion of dispersion
corrections by the D3-BJ and D4 methods [110–112]
increase the 5−2 energy difference very little, both by
about 0.03 eV. If the exact 5−2 energy difference were
very small but still positive and considering the PBP-
based isomers 3 to 5 together, that is, assuming small acti-
vation barriers, increasing the temperature would favour
the stability of the 3–5 manifold. Therefore, in thermal
equilibrium, there could be a temperature range where
there is a mixture of isomers.

Since isomer 2 is not consistent with the scatter-
ing profile found in the TIED experiments, we have
explored the possibility of kinetic trapping. For that



Figure 3. Reaction coordinate calculated by the TPSSh/def2-SVP method for the lowest quartet and doublet states, and relative ener-
gies (eV) calculated by the 2c-TMHF/dhf-TZVP-2c method on the geometries reoptimized at the TPSSh/dhf-TZVP level. Isomer 7 is an
intermediate [1]. Broken lines correspond to energies computed using the optimised geometries of the doublet state.

purpose, we have located the reaction coordinate con-
necting isomers 3 and 2 by TPSSh/def2-SVP compu-
tations [113] and reoptimized the stationary points by
the TPSSh/dhf-TZVP method. We have then done 2c-
TMHF/dhf-TZVP-2c computations on those optimised
geometries. The relative energies corresponding to the
saddle points of the 3↔5 conversion are close to that of
5 at the optimisation level, so we conclude that such a
process has a small barrier, which cannot be accurately
determined without further geometry re-optimizations.
The results are shown in Figure 3 and clearly suggest a
relatively large energy barrier for the 5↔2 conversion,
beyond 1 eV and larger for the reverse process. It is not
completely a consequence of the choice of the density
functional. By 2c-BH-LYP/dhf-TZVP-2c computations
on the TPSSh/def2-SVP geometries, isomer 3 lies well
above 2, by about 1 eV, likely too large a difference, but
there is still a barrier of about 0.5 eV for the 3→2 conver-
sion. By the TPSSh/dhf-TZVP method 3 lies above 2 by
0.39 eV and the 3→2 barrier is 0.7 eV, about the same as
with the 2c-TPSSh/dhf-TZVP-2c method. Note that iso-
merisation entails a very significant rearrangement of the
cluster atoms, so small values for the 3−2 or 5−2 energy
differences may come with high 3→2 isomerisation bar-
riers. Note also that structures 3–5 are less compact than
2, which may also favour kinetic trapping.

Furthermore, it must be noted that Ta11− has been
found to have a PBP-based structure (incomplete icosa-
hedron), similar to isomers 2–5 with one atom less
around one PBP tip [1]. Also, that by adding one atom
to isomer 5 one easily gets an icosahedral Ta13− isomer.
In fact, from Ta9− to Ta12− the TIED experiments point
to PBP-based/incomplete icosahedral structures [1].

From the computations above, we conclude that iso-
mer 5, isomers 3 to 5 in general, are very close in energy
to 2, but also that the 5↔2 isomerisation is prevented by,
at least, a moderate, more likely high energy barrier. It
must be added that isomer 1, which has an HBP-based

structure, is, by the TPSSh density functional, also very
close to isomers 2 and 5, see Table S4. The barrier for
the 5→1 isomerisation is about 0.8–0.9 eV by 2c-TPSSh
computations, see Figure S5 for details.

Given there is experimental information on neutral
and cationic Ta clusters, it is interesting to take into
account isomers 5 and 2 of the neutral and cationic sys-
tem and compare them with the negatively charged sys-
tem (Ta12(−,0,+)). The results are given in the SD, Tables
S5 and S6. Ta12 has been found to have nearly zero mag-
netic moment in the low-T deflection experiments of
Díaz-Bachs et al. [31], to have two threshold-ionisation
energies in the experiments of Collings et al., proba-
bly arising from the existence of two different isomers
[33], and the kinetic experiments of Hamrick and Morse
[32] are also consistent with the existence of two iso-
mers. The IR-MPD experiments of Gruene et al. [30] on
the cationic Ta clusters show only few and weak peaks
in the case of Ta12+, so no indication can be made on
the existence of two isomers. The DFT computations of
Du et al. [53] give the best agreement with the IR-MPD
experiments for a five-capped PBP isomer of Ta12+, sim-
ilar to isomers 3 to 5, which they find to be very high
lying, the icosahedral isomer, similar to 2, being the low-
est lying. The DFT computations of Li et al. [52] on
the neutral systems also point to the icosahedral motif
as the lowest-lying form of Ta12, the five-capped PBP
and the four-capped HBP being much higher in energy.
It must also be noted that the results of our isomer
search for Ta12− by a genetic algorithm [1] are very
much in line with the recent ones on the neutral clusters
obtained by Han et al. by deep-neural-network tech-
niques [55]. Generally speaking, the comparison between
DFT and experimental results points to the need of better
functionals.

Table S5 presents the 5−2 energy differences for
Ta12(−,0,+) computed by the 2c-TMHFmethodwith both
the dhf-TZVP-2c and the dhf-TZVPPD-2c basis sets,



Table 5. Energy differences 2−1 between two competing isomers of Ta10− (1, bicapped square antiprism and 2, tricapped pentagonal 
bipyramid) calculated by the TPSSh, TMHF and LH20t density functionals. �EDFT(2−1) and �E2c−DFT(2−1) represent the one and 2c  
energy differences calculated with the pseudopotential, �EX2C−DFT(2−1) is the energy difference computed by the X2C method with 
the all-electron basis sets. �E2c−RPA(2−1) is the 2c-RPA energy difference. The dhf-TZVPPD-2c (TZ) and dhf-QZVPPD-2c (QZ) as well as 
the all-electron x2c-TZVPall-2c (x2c-TZ) and x2c-TZVPPall-2c (x2c-TZP) basis sets have been used.

�EDFT(2−1)(a) �E2c−DFT(2−1)(b) �E2c−RPA(2−1) �EX2C−DFT(2−1) (b)

TZ TZ QZ TZ QZ x2c-TZ x2c-TZP

TPSSh 0.21 0.14 0.13 0.15 0.15 0.16 0.12
TMHF −0.13 −0.29 −0.30 0.42 0.41 −0.31 −0.31
LH20t 0.20 0.12 0.10 0.13 0.13 0.08 0.06

(a) Isomer 1 is in a 2B1 (D4d) state and isomer 2 in a 4A2 (C3v) state. The 2c computations have been done in C1 symmetry.
(b) Average numbers of unpaired electronsNs for isomers1 and2. 2c-TPSSh:Ns(1) = 0.96, Ns(2) = 2.94; 2c-TMHF:Ns(1) = 0.91, Ns(2) = 0.14; 2c-LH20t:Ns(1) =
0.95, Ns(2) = 2.76 with the dhf-TZVPPD-2c basis set and Ns(1) = 0.96, Ns(2) = 2.96; 2c-TMHF: Ns(1) = 0.91, Ns(2) = 0.79; 2c-LH20t: Ns(1) = 0.95, Ns(2) =
2.91with thedhf-QZVPPD-2c basis set. X2C-TPSSh:Ns(1) = 0.93, Ns(2) = 2.93; X2C-TMHF:Ns(1) = 0.88, Ns(2) = 1.11; X2C-LH20t:Ns(1) = 0.92,Ns(2) = 2.88
with the x2c-TZVPall-2c basis set. X2C-TPSSh:Ns(1) = 0.93, Ns(2) = 2.95; X2C-TMHF:Ns(1) = 0.87, Ns(2) = 1.97; X2C-LH20t:Ns(1) = 0.92,Ns(2) = 2.90with
the x2c-TZVPPall-2c basis set.

together with the average number of unpaired electrons
Ns, resulting in each of the computations. It is readily
seen that the 5−2 energy differences are all positive but
quite small, the largest value is that of the neutral sys-
tem, 0.43 eV, that of the cation is about 0.3 eV. We have
also done 2c-RPA computations using the TPSSh den-
sity functional (Table S6). The 5−2 energy difference
computed by the 2c-TPSSh/dhf-TZVPPD-2c method for
the neutral system is positive, about the same as in
Ta12−. Interestingly, for the neutral system, the corre-
sponding 2c-RPA@TPSSh computations point to isomer
5 having nearly-zero average number of unpaired elec-
trons, the Kramers-restricted and unrestricted compu-
tations giving almost coincident energies. For isomer 2,
we have obtained twoneatly different self-consistent-field
(SCF) solutions, one withNs = 1.63, the other Kramers-
restricted, being almost isoenergetic by 2c-RPA. That
result is also in agreement with the low-T magnetic
deflection experiments on the neutral clusters [31], so it
is not really helpful to determine which Ta12 isomer is
present in them.

We have also taken on the case of Ta10−, where there
is an isomer competition between isomer 2, a tricapped
PBP, and isomer 1, a bicapped square antiprism (Figure
4), the latter appearing as a little more stable by previous
computations, but poorly fitting to the TIED scattering
profile, while 2 is the good-fitting one [1]. Huang et al.
[56] find in their PES experiments isomer 1 to be the one
responsible for some bands of the Ta10− photoelectron
spectrum.

Wehave done a fewDFT, 2c-DFT, and the correspond-
ing 2c-RPA computations as well as X2C-DFT computa-
tions, using the TPSSh, TMHF, and LH20t density func-
tionals. The results are presented in Table 5. In the 2c
computations, the TMHFdensity functional predicts 2 to
lie below 1 by about −0.30 eV, while TPSSh and LH20t
give small positive energy differences, just 0.06 eV in
the X2C-LH20t/dhf-TZVPPall-2c computation. In the

Figure 4. The two isomers of Ta10− considered in the present
work.

series of DFT calculations, from 1c-DFT with the dhf-
TZVPPD-2c basis set to X2C with x2c-TZVPPall-2c, the
2−1 energy difference diminishes with the three density
functionals, by 0.09 eV (TPSSh), 0.14 eV (LH20t) and
0.18 eV (TMHF). Note that here, it is the TMHF den-
sity functional rather than LH20t the one that favours
the PBP motif (although the PBP is quite open in one
tip). Entropic effects may slightly favour isomer 2, by
less than 0.1 eV [1] at 95 K. There could also be a sig-
nificant barrier to isomerisation, about 1.5 eV (1→2)
by the 2c-TPSSh/dhf-TZVPPD-2c method, applied to
TPSSh/dhf-TZVP optimised geometries (see Figure S6
and accompanying data).

We have also studied the density-functional depen-
dence of the 2−1 energy difference, by using subsets of
the functionals employed for Ta12− in DFT and dRPA
computations. The results are presented in the SD, see
Figure S7. There is also considerable dispersion on the
DFT values, but not as much as in the case of Ta12−.
TMHF gives a slightly negative value, ωB97x and BH-
LYP give very small positive values, while those of TPSSh
and LH20t are 0.21 and 0.20 eV, respectively (see also
Table 5). The dRPA energy differences (1c) are all very
small but positive, most of the density functionals giving
values close to 0.2 eV. Note that in Ta10− most density
functionals give only moderately small spin contamina-
tions. Concerning the 2c-RPA 2−1 energy differences,



we attach more importance to those obtained with the 
TPSSh and LH20t functionals, for the 2c-RPA@TMHF 
absolute energies are probably not deep enough.

4. Conclusions

We have studied the competing isomers of Ta12− with 
recently developed density functionals and RPA meth-
ods, including two-component DFT and RPA meth-
ods. Our results suggest that very sophisticated den-
sity functionals, even more sophisticated than the local 
hybrids TMHF and LH20t, are needed to determine 
reliable energy differences b etween d ifferent mo tifs in 
Tan− clusters by DFT and 2c-DFT methods. That is 
likely to happen in other TM clusters too. Those 2c-
DFT computations should include all-electron basis sets 
as  much  as  possible. We have tested here the  exact two-
component approach X2C including spin–orbit coupling. 
MGGA density functionals like TPSS and TPSSh in 
combination with RPA-type methods, including 2c-RPA, 
both Kramers-restricted, where applicable, and unre-
stricted, could be sufficient to establish the energy order-
ing between different SCF solutions in the same isomer 
or even between different isomers having the same motif. 
Combining those results with the experimental infor-
mation on magnetic moments for instance, may help to 
determine which isomer is present in those experiments, 
and should also be taken into account in the assessment 
of the energy differences.

With such an approach, we obtain results for anionic, 
neutral and cationic Ta12, and  also  for Ta10−, which are  
moderately consistent with the experiments.

In the particular case of Ta12−, the reaction coordinate 
for the conversion of the isomer with a PBP motif to the 
icosahedral cage presents a relatively high-lying saddle 
point, which may hinder isomerisation, especially if the 
energy difference between those two isomers is small, as 
the local-hybrid-DFT and dRPA@TPSS(h) one and two-
component calculations suggest. Another isomer, based 
on the HBP motif, is also very close in energy, the iso-
merisation barrier to the isomers with the PBP motif 
being about 1 eV.
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