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Abstract Improved energy-optimized (6s5p4d) and

(7s6p5d) primitive valence basis sets have been derived for

energy-consistent scalar-relativistic 4f-in-core pseudopo-

tentials of the Stuttgart-Cologne variety modeling divalent

lanthanides with a 4fnþ1 occupation (n = 0–13 for La–Yb).

Segmented contracted basis sets covering the range of

polarized double-, triple-, and quadruple-zeta quality,

augmented by 2f1g correlation sets, were created for use in

molecular calculations. The basis sets contain smaller

(4s4p3d) and (5s5p4d) primitive subsets, which are

designed in particular for solid state calculations of crystals

containing divalent lanthanide ions. Hartree–Fock, density

functional theory and coupled cluster results obtained with

the new basis sets for lanthanide atomic ionization poten-

tials as well as of geometry optimizations of various test

molecules, i.e. selected lanthanide mono- and dihydrides,

mono- and difluorides, and monooxides, show a satisfac-

tory agreement with experimental data as well as with

corresponding scalar-relativistic all-electron results. Core-

polarization potentials are found to improve the results,

especially for the atomic first and second ionization

potentials.
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1 Introduction

Electronic structure calculations of lanthanide compounds

often encounter difficulties due to the large contributions

of relativity [1] as well as of electron correlation [2, 3].

In addition, the presence of open 4f shells frequently

leads to additional problems, e.g. a large number of low-

lying electronic states, many of which require a multi-

reference wavefunction, possibly also adapted to spin-orbit

effects, for a proper description. The pseudopotential (PP)

approach, possibly combined with the effective core-

polarization potential (CPP) approach, is a widely used

method in relativistic quantum chemistry to reduce the

computational effort of a calculation by restricting the

explicit quantum treatment to the valence shell. In addition,

it also allows to include the major relativistic effects into

the formally non-relativistic calculations implicitly by a

proper adjustment of free parameters in the valence-only

model Hamiltonian. Besides the widely used shape-con-

sistent PPs, e.g. the main group and transition metal sets

provided by Hay and Wadt [4–6], the energy-consistent PP

variety is quite frequently used [7, 8]. For the lanthanides,

two types of energy-consistent PPs with different core

definitions are available. On the one hand, 4f-in-valence

[9, 10] PPs and on the other hand 4f-in-core [12–14] PPs.
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The first set uses a small PP core (1s2�3d10) in order to

avoid significant frozen-core errors, which mainly arise

when the occupation of the very compact 4f shell, which is

buried quite deeply in the core, is changed. In contrast to

these potentially quite accurate small-core PPs (SPPs), the

PPs of the second set, sometimes also called large-core PPs

(LPPs), avoid many problems which arise from a partially

occupied 4f shell by attributing it to the PP core. In this

case, the core has to be chosen in such a way that the

sometimes partially occupied 5d shell is outside the core

(1s2�4fn) and frozen-core errors due to changes of its

occupation are acceptable small. A related 5f-in-core PP

ansatz was recently devised and quite successfully tested

for the actinides [15–17]. The f-in-core PPs were the first

PPs published for lanthanides at a time, when relativistic

first-principles calculations on f-element systems, espe-

cially the lanthanides, were still scarce [18]. They still

remain computationally attractive due to the large diffi-

culties arising for a rigorous explicit treatment of partially

occupied f shells.

The f-in-core PP approach for lanthanide and actinide

compounds is frequently successful due to the core-like

behaviour of the f shells and their usually only weak direct

participation in chemical bonding. Since a f shell with a

fixed number of electrons is included in the PP core, each

f-in-core PP corresponds to a specific oxidation state of an

atom. The aim to make the approach efficient by the usage

of relatively small valence basis sets leads to the optimi-

zation of individual basis sets for every oxidation state of

each lanthanide or actinide element. Improved valence

basis sets for molecular calculations together with compact

basis sets for crystal orbital calculations were created

for the tri- [12, 13] and tetravalent [14] LPPs of the lan-

thanides during the last years [14, 19, 20]. The derivation

of 5f-in-core actinide PPs together with corresponding

molecular and crystal basis sets was completed recently for

di-[16], tri-[15], tetra-[16], penta-[17], and hexavalent [17]

LPPs for Pu–No, Ac–Lr, Th–Cf, Pa–Am, and U–Am,

respectively.

In this contribution, we present optimized molecular and

crystal valence basis sets for the divalent lanthanide LPPs

[12, 13] and hereby complete the set of f-in-core PPs and

basis sets for lanthanides and actinides. In order to inspect

the quality of the new valence basis sets, a wide variety of

test calculations was performed. Results for ionization

potentials (IPs) of the lanthanide atoms from La to Yb as

well as for miscellaneous molecular test systems (LnXn,

Ln=Sm, Eu, Tm, Yb; X=H, F; n = 1, 2; EuO, YbO) are

compared to experimental data, to results of previous work

as well as to those of scalar-relativistic all-electron calcu-

lations. In addition, crystal orbital calculations on the

dicarbides of Yb and Eu, i.e. EuC2 and YbC2; are reported

and the lanthanide oxidation state in these systems is

discussed.

2 Methods

The method of relativistic energy-consistent ab initio PPs is

described in detail elsewhere [8, 9, 12] and will be outlined

here only briefly. The valence-only model Hamiltonian for

a quantum mechanical system of n electrons and N cores

with an effective core charge Q is given by

Hv ¼ �
1

2
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i
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Electron indices are denoted by i and j, and core indices

by I and J, respectively. The semi-local PP VIðriÞ of a core

I is given by

VIðriÞ ¼ �
Xn

i
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Alk and alk are free parameters, which are adjusted

during the creation of the pseudopotential (PP) by

reproducing the total valence energies of several low-

lying states of the corresponding neutral atom and its ions

[12]. PI
l denotes the projection operator onto the Hilbert

subspace of core I with angular momentum l

PI
l ¼

X

ml

lmlihlmlj j : ð3Þ

Since 4f-in-core PPs model near-integral 4f occupations

for the lanthanides, one needs a distinct PP for every

valency of an atom (divalent: 4fnþ1; n = 0–13 for La–Yb;

trivalent: 4fn; n = 0–14 for La–Lu; tetravalent: 4fn�1; n ¼
1; 2; 3; 8; 9 for Ce, Pr, Nd, Tb, Dy). The shells from 1s to 4f

are included in the PP core. Orbitals with a main quantum

number larger than 4 are treated explicitly as valence

shells. The whole PP consists of s, p, and d radial

potentials, each composed of two Gaussian functions and a

f radial potential represented by one Gaussian. The

exponents and coefficients of the Gaussian functions

were energy-adjusted to all-electron (AE) calculations

using the Wood–Boring (WB) scalar-relativistic Hartree–

Fock (HF) approach [11–14].

The optimization of segmented contracted cartesian

Gaussian function valence basis sets for the 4f-in-core PPs

of divalent lanthanides aimed to obtain sets without diffuse

functions suitable for crystal orbital calculations as well as

sets with diffuse functions suitable for molecular orbital

calculations and containing the former as subsets.
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First two different primitive Gaussian sets, (4s4p3d) and

(5s5p4d), were energy-optimized using the atomic HF

program ATMSCF [21] and form the starting point for

compact contracted crystal orbital basis sets. At first,

uncontracted (4s4p) and (5s5p) basis functions were

energy-optimized for the Ln2þ5s25p6 valence subconfigu-

ration of the 4fnþ1 core subconfiguration corresponding to

divalent lanthanides. The exponents of the (3d) and (4d)

basis were then energy-optimized for the Lnþ5s25p65d1

valence subconfiguration keeping the s and p exponents

unchanged. In order to prevent numerical problems arising

from linear dependencies in condensed phase calculations,

the diffusest d-exponent was fixed to a value of 0.15. The

ratio between two basis functions of the same angular

symmetry was required to be at least 1.5, in order to avoid

nearly coinciding exponents with very large contraction

coefficients of opposite sign.

The derived (4s4p3d) and (5s5p4d) valence basis sets

were then extended by adding a set of diffuse (2s1p1d)

functions to produce (6s5p4d) and (7s6p5d) primitive sets

as suitable starting points for molecular basis sets. The

exponents of these new functions were energy-optimized

for the 5s25p66s2 (s-basis), 5s25p66s16p1 (p-basis) and

5s25p65d16s1 (d-basis) valence subconfigurations of neutral

lanthanide atoms. The valence basis sets were then con-

tracted using different segmented contraction patterns

in order to receive basis sets covering approximately

the range of valence double-, triple-, and quadruple-zeta

quality. The resulting contracted valence basis sets are

(4s4p3d)/[2s2p2d], (4s4p3d)/[3s3p2d], (5s5p4d)/[2s2p2d],

(5s5p4d)/[3s3p3d], and (5s5p4d)/[4s4p3d] for crystal orbi-

tal calculations as well as (6s5p4d)/[4s3p3d], (6s5p4d)/

[5s4p3d], (7s6p5d)/[4s3p3d], (7s6p5d)/[5s4p4d], and (7s6p5d)/

[6s5p4d] for molecular orbital calculations.

Finally, sets of 2f1g polarization functions were

energy-optimized in configuration interaction (CI) cal-

culations [22] for a 5s25p66s2 lanthanide valence sub-

configuration. Note that this case corresponds to the

atomic ground state configuration of all neutral lanthanide

atoms except for La, Ce, Gd and Lu, where the atomic

ground state 4f subconfiguration corresponds to the tri-

valent situation. A complete list of basis set parameters is

provided in the electronic supplementary material and is

also available through the authors’ PP basis set library

[23].

Core-polarization potentials (CPPs) [24]
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1

2
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using a Meyer-type cutoff-factor x(r) [25, 26] for the

electrostatic field
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with xðrÞ ¼ ð1� expð�dr2ÞÞ: ð5Þ

were used in the PP calculations of this work. CPPs

implicitly cover both static and dynamic polarization of the

PP core and were found to be an important extension for

the 4f-in-core PPs. The dipole polarizabilities aD of the PP

cores used in the CPPs were determined by interpolation of

the Dirac–Hartree–Fock (DHF) dipole polarizabilites aD of

the closed-shell cores Ba10þ (0.5631 au) and Yb10þ (4.2745

au). The cutoff-parameter d was fitted to the experimental

values of the first and second ionization potentials of Yb

(d = 0.4589) and used for all other atoms.

All atomic and molecular test calculations were carried

out with the MOLPRO program package version 2006.1

[22], whereas for the crystalline solid calculations the pro-

gram CRYSTAL06 [27] was used. Besides calculations of

the first and second atomic ionization potentials of selected

lanthanides (Pr–Eu and Tb–Yb), where the initial and final

states can be described by the divalent 4f-in-core PPs, also

molecular test calculations were performed on all LnH,

LnH2, LnF, LnF2, and LnO systems, where Ln is assumed

to be in a divalent state (cf. supplementary material). For the

discussion below we only consider those cases were a

divalent Ln might be present in the ground state or at least a

low-lying excited state, i.e. LnH, LnH2, LnF, LnF2 (Ln=Sm,

Eu, Tm, Yb), and LnO (Ln=Eu, Yb). The calculations of

the ionization potentials of the lanthanide atoms were per-

formed with the uncontracted (7s6p5d) ? 2f1g valence

basis sets with and without inclusion of CPPs [24] at the

coupled cluster singles and doubles level with a perturbative

treatment of triples (CCSD(T)). The results are compared to

experimental data [28] as well as values from previous

small-core pseudopotential (SPP) complete active space

self-consistent field (CASSCF) and subsequent averaged

coupled pair-functional (ACPF) calculations [10]. The

LPP HF, CCSD(T), and PBE0 (Perdew-Burke-Ernzerhof)

gradient-corrected hybrid DFT [29, 30] geometry optimi-

zations of the molecular model systems listed above applied

(7s6p5d)/[6s5p4d] ? 2f1g valence basis sets of VQZ quality

for the lanthanides. For hydrogen, fluorine, and oxygen,

Dunning’s augmented correlation-consistent polarized

VQZ (aug-cc-pVQZ) basis sets were used [31, 32]. The

LnXn bond energies ELn–X were calculated with respect to

the separated atoms according to

ELn�X ¼
1

n
EðLnÞ þ n � EðXÞ � EðLnXnÞð Þ ; ð6Þ

where E(Ln), E(X), and E(LnXn) denote the total (valence)

energies.
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Since experimental values for comparison are very

scarce, we also performed PBE0 DFT [29, 30] calculations

together with the Douglas–Kroll–Hess (DKH) second-

order scalar-relativistic all-electron (AE) Hamiltonian [33,

34] for LnH, LnH2, LnF, LnF2 (Ln=Sm, Eu, Tm, Yb) and

LnO (Ln=Eu, Yb). Due to the closed 4f shell, we were able

to perform AE DKH CCSD(T) calculations for the Yb

systems. The Yb 4f, 5s, 5p, 6s, O and F 2s, 2p and H 1s

shells were kept active at the AE level. Segmented con-

tracted (23s16p12d6f3g)/[18s12p9d3f3g] basis sets were

applied in the AE calculations for the lanthanides [35],

whereas aug-cc-pVQZ [31, 32] and aug-cc-pVQZ-DK [36]

basis sets were used for H, O, and F in the PP and AE DKH

calculations, respectively. Since the AE DKH Ln basis sets

are relatively small, the binding and bond energies were

corrected for the basis set superposition error with the

Boys-Bernardi counter-poise prescription [37].

The (5s5p4d) valence basis sets for calculations of

crystalline systems were recently applied to investigate

structures and properties of solid lanthanide dicarbide

systems LnC2 [38]. Special emphasis was given to the

question of the valency of europium and ytterbium in these

compounds (?II vs. ?III). A brief summary of these cal-

culations is given here in order to illustrate the usage of the

di- and trivalent lanthanide PPs as well as the corre-

sponding newly optimized crystal orbital valence basis

sets. For a discussion of the performance of the solid state

basis sets for the trivalent lanthanide PPs the reader is

referred to a previously published article [19], whereas the

calculations on EuC2 and YbC2 will be discussed in more

detail together with the experimental work on the YbC2

system in a forthcoming publication [38].

3 Results and discussion

In the following, the quality of the new valence basis sets is

assessed by comparing results of atomic and molecular test

calculations to reference data from more rigorous calcu-

lations as well as to experimental data.

3.1 Valence basis sets

The total valence energies obtained with the primitive

(4s4p3d) and (5s5p4d) valence basis sets was compared to

reference values from finite-difference PP HF calculations

for La to YbC, i.e. to the HF limit. The deviations for

Lnþ5s25p65d1 are shown in Fig. 1. It is seen that the

smaller (4s4p3d) sets lead to errors increasing quickly

along the lanthanide series with a maximum value of

1.54 eV at Yb. The larger (5s5p4d) sets provide a more

uniform quality along the lanthanide series and lead to a

significantly smaller maximum error of 0.48 eV at Yb. The

mean absolute errors (m.a.e.) for La to Yb are 0.71 and

0.35 eV for the smaller and larger sets, respectively. We

note that the applied primitive basis sets were designed for

applications in calculations of crystalline solids containing

Ln2þ ions and that in order to avoid linear dependencies in

such calculations the exponential parameters were restric-

ted to be larger than 0.15.

The quality of the augmented primitive (6s5p4d)

and (7s6p5d) basis sets was checked for the neutral lan-

thanide atoms with a 5s25p65d16s1 valence subconfigura-

tion. Although most lanthanides (Pr–Eu,Tb–Yb) have a

5s25p66s2 ground state configuration, we use this excited

configuration in order to probe the quality of the d basis set.

The errors with respect to the HF limit are displayed in

Fig. 1. Whereas the smaller (6s5p4d) sets still show a quick

increase in the errors along the lanthanide series with a

maximum of 1.12 eV at Yb, the larger (7s6p5d) sets show

only a slow increase in the errors toward the end of the

series with a maximum value of 0.17 eV at Yb. The m.a.e.

are 0.36 and 0.06 eV for the smaller and larger sets,

respectively. For the 5s25p66s2 valence subconfiguration

the errors with respect to the HF limit are reduced by a

factor of 10 when the new (7s6p5d) primitive set replaces

the original set [12], i.e. the maximum deviations at Yb are

0.14 and 1.68 eV for the new and old set, respectively. The

magnitude of the errors introduced by the new larger sets
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Fig. 1 Errors in the total valence energy (eV) with respect to the

Hartree-Fock limita for calculations of the singly charged lanthanide

ions Lnþ with a 5s25p65d1 valence subconfiguration using the

primitive basis setsb and of the neutral lanthanide atoms Ln with a

5s25p65d16s1 valence subconfiguration using the augmented primi-

tive basis setsc. aFinite-difference HF calculations using the program

MCHF [11]. bAlgebraic HF calculations using the program ATMSCF

[21]. cAlgebraic HF calculations using the program MOLPRO [22]
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corresponds roughly to the errors related to the PPs, when

comparing to the AE WB reference values. Thus a further

improvement of the basis sets would not lead to a reduction

in the overall errors.

The errors due to the basis set contraction are displayed

in Fig. 2 for the augmented (6s5p4d) and (7s6p5d) basis

sets. The differences between the total energies of HF

calculations with contracted and uncontracted basis sets

stay below 0.01 and 0.007 eV for [4s3p3d] and [5s4p4d]

when contracting the smaller (6s5p4d) primitive sets. The

contraction errors for the larger (7s6p5d) valence basis sets

are of comparable magnitude and below 0.03, 0.01 and

0.001 eV for the [4s3p3d], [5s4p4d] and [6s5p4d] con-

tractions, respectively. In summary, at the HF level the

errors are largely determined by the underlying primitive

set and not so much by the contraction pattern itself.

3.2 Ionization potentials

The first (IP1) and second (IP2) ionization potentials are

suitable for atomic test calculations using the divalent 4f-

in-core PPs for the lanthanides together with the new

valence basis sets. For the lanthanides from Pr to Eu and

Tb to Yb, the first and second ionization of the neutral

atoms consists of the removal of the outermost s electrons

(6s2 ! 6s1 and 6s1 ! 6s0), i.e., the 4f occupation remains

the same after ionization of the atom and corresponds to the

core occupation of the divalent 4f-in-core large-core PPs

(LPPs). The calculated IPs are plotted in Figs. 3 and 4

together with the experimental values [10] and spin-orbit

corrected 4f-in-valence small-core PP (SPP) ACPF results

[28].

It can be seen that the SPP ACPF calculations reproduce

the trend of the values of the ionization energies very well.

The mean absolute errors are only 0.15 and 0.14 eV for IP1

and IP2; respectively, with maximum deviations of 0.28

and 0.37 eV, both for Yb. A large part of the deviations

is probably due to an insufficient treatment of electron
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Fig. 2 Total energy differences between calculations with the

contracted augmented (4s4p3d) ? 2s1p1d and (5s5p4d) ? 2s1p1d

basis setsa and the corresponding uncontracted augmented basis setsa

for neutral lanthanide atoms Ln with a 5s25p65d16s1 valence

subconfiguration. aSCF calculations using the program MOLPRO

[22]
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correlation, i.e. for IP3 and IP4 it could be demonstrated

that basis set extrapolated and spin-orbit corrected

CCSD(T) results agree within 0.1 eV with the experi-

mental values. In comparison, calculations using LPPs

without CPPs result in errors of 0.19 eV (IP1) and

0.37 eV (IP2) with maximum differences of 0.30 eV for

Yb and 0.44 eV for Ho, Er, Tm, and Yb, respectively.

The usage of CPPs improves the results and deviations

from experimental results become smaller. Analogously,

one gets a mean absolute error of 0.09 eV (IP1) and

0.13 eV (IP2) with a maximum deviation of 0.11 eV for

Nd and Er and 0.21 eV for Eu, respectively. This is close

to the desired accuracy and documents the quality of the

LPPs.

3.3 Molecular test calculations

Molecular test calculations have been performed for

LnHn;LnFn and LnO (Ln=La–Yb, n ¼ 1; 2) at the

CCSD(T) level without and for selected systems with

inclusion of a CPP. A complete list of the results of HF and

CCSD(T) PP and PP ? CPP calculations including bond

lengths, bond angles, and dissociation energies can be

found in the supplementary material. The following dis-

cussion however is restricted to those elements were a

divalent metal ion is most likely, i.e. Sm and Eu as well as

Tm and Yb, and includes PP ? CPP PBE0 DFT results

obtained for these cases. We adopt the concept of super-

configurations [39] in the following discussion, which is in

line with the 4f-in-core PP approach. The AE DKH PBE0

results presented here however correspond to the lowest

energy high-spin Kohn-Sham determinant.

Some of the molecules discussed here have been studied

previously, partly by other authors and methods. Aside

from LPP studies of LnX (Ln=La–Lu, X=H, O, F) and

LnF2 (Ln=Eu, Yb) using the originally published valence

basis sets [13, 40, 41], the Stuttgart-Cologne SPPs have

been used to calculate ground and low-lying electronic

states of EuO [42, 43], YbO [43, 44], YbH and YbF [43,

45] at the multi-reference configuration interaction (MRCI)

level, partly also including spin-orbit corrections [46].

Schwarz and coworkers applied the Amsterdam quasirel-

ativistic AE approach (AMOL) to investigate YbO, YbH,

and YbF at the density functional level [47, 48]. EuO,

YbO, YbH and YbF were investigated at the 4-component

Dirac-Kohn-Sham density functional theory (DFT) level

using the Beijing density functional code (BDF) [49, 50].

Heiberg et al. [51] studied EuF, YbF, and YbH at the AE

DKH CCSD(T) level using [9s8p6d4f3g] contracted basis

sets for the lanthanides and cc-pVTZ basis sets for H and F.

They also published B3LYP, BLYP, and BP86 results for

the Stuttgart-Cologne LPPs and SPPs as well as the

Amsterdam-Toulouse zeroth-order regular approximation

(ZORA) as implemented in the Amsterdam density func-

tional code (ADF). Wu et al. [52] performed B3LYP cal-

culations for the whole LnO;LnOþ and LnO� series using

the Stuttgart-Cologne SPPs. Their results for EuO and YbO

can be compared to the present results. Andrews and

coworkers investigated experimentally as well as theoreti-

cally lanthanide hydrides [53] using the Stuttgart-Cologne

SPPs at the BP86, PBE and PBE0 DFT level.

In view of the uncertainties introduced when comparing

results from different DFT parametrizations, we only use

the AE DKH CCSD(T) results of Heiberg et al. [51] in

addition to the corresponding results of this work for cali-

brating the PP ? CPP CCSD(T) results. Similarly, we only

use the AE DKH PBE0 results obtained in this work to

calibrate the PP ? CPP PBE0 results. When comparing to

experimental values, one might hope that spin-orbit effects

are negligible for the bond distances and angles, and lar-

gely cancel when calculating binding energies, since the

lanthanide atom has the same 4f occupation in the atomic

and molecular (ground) states. Note that the non-4f

unpaired electrons are situated in r orbitals for LnH and

LnF, whereas all other molecules have a closed-shell

configuration aside from the 4f shell. The same is true for

the ground states of Sm, Eu, Tm, and Yb, whereas spin-

orbit contributions of O and F are negligible for the present

study.

3.3.1 Lanthanide monooxides

The results for the monoxides EuO and YbO are listed in

Table 1. According to an ionic picture, i.e. Eu2þO2� and

Yb2þO2�, it should be possible to describe both systems by

f-in-core PPs for divalent Eu and Yb as 18 valence electron

systems. Whereas the 8R� ground state of EuO arises from

a ½4f7�r2r2p4 superconfiguration [42], the 1Rþ ground

state of YbO might actually be due to a mixture of the

½4f14�r2r2p4 and ½4f13�r2r2r1p4 superconfigurations [44,

54]. Indeed, the present AE DKH CCSD(T) calcula-

tions actually yield a 3Rþ state (Re ¼ 1:793 Å;De ¼ 3:66=

3:51 eV without/with counter-poise correction) arising

from the ½4f13�r2r2r1p4 superconfiguration 0.39 eV below

the 1Rþ state with the ½4f14�r2r2p4 superconfiguration.

This result agrees quite well with the original SPP MRCI

result of 0.52 eV [45, 54]. With 4f-in-core PPs one cannot

account for such complex electronic situations and thus we

consider only the ½4fnþ1�r2r2p4 superconfigurations and a

closed shell 1Rþ valence substate.

The PP ? CPP PBE0 bond lengths are 0.03–0.04 Å

larger than the DKH PBE0 values, whereas the PP ? CPP

PBE0 binding energies are 0.5–0.6 eV (10–15%) smaller

than the DKH PBE0 results. Both the DKH PBE0 and the

PP ? CPP PBE0 bond length of YbO are longer than the
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experimental value by 0.03 and 0.07 Å, respectively,

whereas for EuO no experimental value exists. The

experimental EuO dissociation energy is bracketed by the

smaller PP ? CPP PBE0 and the larger DKH PBE0 binding

energies, whereas both calculated binding energies are

smaller than the experimental YbO dissociation energy.

The DKH CCSD(T) bond length of YbO is 0.10 Å shorter

than the corresponding PP ? CPP result, whereas the PP ?

CPP CCSD(T) binding energy is 0.33 eV higher than the

counter-poise corrected DKH CCSD(T) result. We note

that the PP ? CPP CCSD(T) bond length of EuO agrees

within 0.001 Å with the value obtained from SPP CISD ?

Q calculations [42] and within 0.04 Å with a SPP MRCI ?

Q result using larger basis sets [43]. Most likely the dis-

agreements for YbO are partly due to the configurational

mixing present in the ground state, which might also be

reflected by a DKH PBE0 Mulliken-f-population on Yb of

13.78, deviating from the ideal value of 14. We note that

also for EuO a DKH PBE0 Mulliken-f-population smaller

than the ideal value of 7, i.e., 6.84, is obtained. These lower

f-populations are in line with results from recent B3LYP

SPP calculations with an explicit treatment of the 4f-shell,

where values of 6.86 and 13.83 were obtained for EuO and

YbO, respectively [52]. They lead to a decrease in the Eu

and Yb radii and thus to smaller bond distances. Despite

the appealing ionic model for the electronic structure, YbO

does not seem to be a valid test system for the f-in-core PP

approach.

3.3.2 Lanthanide monohydrides

The lanthanide monohydrides of Sm, Eu, Tm and Yb are

best described by a ½4fn�r2r1 superconfiguration

(n = 6, 7, 13, 14 for Sm, Eu, Tm, Yb, respectively) and a
2Rþ valence substate. The 4f-in-core PP approach treats

these molecules as 11 valence electron systems. The

results for bond lengths and binding energies are listed in

Table 2. The PP ? CPP PBE0 bond lengths are 0.01–0.03

Å longer than the DKH PBE0 values. For YbH the cal-

culated results bracket the experimental value. The PP ?

CPP PBE0 binding energies underestimate the DKH

PBE0 values significantly, i.e. by 0.3–0.4 eV. All theo-

retical values are below the experimental upper bound for

the dissociation energy. At the CCSD(T) level, the cal-

culated PP ? CPP YbH binding energy is only 0.09 eV

below the counter-poise corrected DKH value; however,

the PP ? CPP YbH bond length is 0.036 Å longer than

the DKH value. The DKH PBE0 (HF) Mulliken-f-popu-

lation on Yb is 13.97 (13.99) in good agreement with the

value of 14 modeled by the f-in-core PP for divalent Yb

with a filled 4f-shell.

3.3.3 Lanthanide monofluorides

A ½4fn�r2r2p4r1 superconfiguration and a 2Rþ valence

substate was considered for the lanthanide monofluorides

of Sm, Eu, Tm, and Yb (n = 6, 7, 13, 14 for Sm, Eu, Tm,

Table 1 Bond lengths Re (in Å) and binding energies De (in eV) of selected lanthanide monoxides LnO from PP(?CPP) CCSD(T) and PBE0

calculations in comparison with all-electron (AE) DKH2 PBE0 results without/with counter-poise correction of the basis set superposition error

Ln Re De

CCSD(T) PBE0 CCSD(T) PBE0

PP PP ? CPP PP ? CPP DKH PP PP ? CPP PP ? CPP DKH

Eu 1.920 1.918 1.889 1.856 4.53 4.46 4.45 5.09/4.97

Yb 1.975 1.950 1.877 1.840 3.48 3.45 3.31 4.04/3.88

Experimental values [76]: Re(Å): YbO 1.807; D0(eV): EuO 4.80, YbO 4.29. AE DKH CCSD(T) values: Re(Å): YbO 1.846; De(eV): YbO 3.27/

3.12 [this work]

Table 2 Bond lengths Re (in Å) and binding energies De (in eV) of selected lanthanide monohydrides LnH from PP(?CPP) CCSD(T) and PBE0

calculations in comparison with all-electron (AE) DKH2 PBE0 results without/with counter-poise correction of the basis set superposition error

Ln Re De

CCSD(T) PBE0 CCSD(T) PBE0

PP PP ? CPP PP ? CPP DKH PP PP ? CPP PP ? CPP DKH

Sm 2.159 2.155 2.133 2.106 1.82 1.78 1.73 2.04/2.03

Eu 2.154 2.148 2.124 2.105 1.76 1.72 1.65 2.02/2.00

Tm 2.118 2.097 2.069 2.046 1.49 1.38 1.23 1.55/1.50

Yb 2.116 2.091 2.061 2.049 1.44 1.32 1.16 1.58/1.53

Experimental values [76]: Re(Å): YbH 2.053; D0(eV)YbH B 1.93 or B 1.55. AE DKH CCSD(T) values: Re(Å): YbH 2.055; De(eV): YbH 1.49/

1.41 [this work]; Re(Å): YbH 2.06; De(eV): YbH 1.38/1.35 [51]
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Yb, respectively). The results for bond lengths and

binding energies are listed in Table 3. The agreement

between PP ? CPP PBE0 and DKH PBE0 results for

these tighter and more ionic bonds is better than for the

weaker bonded and less ionix monohydrides. PP ? CPP

PBE0 and DKH PBE0 bond lengths agree within 0.01 Å,

whereas the PP ? CPP PBE0 binding energies are about

0.25–0.35 eV (4–7%) lower than the DKH PBE0 values.

Both theoretical results underestimate the experimental

YbF bond length by about 0.01–0.02 Å. The agreement

between experimental dissociation energies and calcu-

lated binding energies is typically better than 0.3 eV.

Experimental values often differ by a similar amount. At

the CCSD(T) level, the PP ? CPP and counter-poise

corrected DKH binding energies of YbF agree within

0.01 eV, and the PP ? CPP and DKH bond lengths within

0.001 Å. The DKH PBE0 (HF) Mulliken-f-population on

Yb is 13.95 (14.00) indicating that the application of the

f-in-core PP for divalent Yb is valid. A quite good

agreement is also obtained with the AE DKH CCSD(T)

results of Heiberg et al. [51], e.g. for EuO the PP ? CPP

and DKH bond lengths agree within 0.01 Å and the

binding energies within 0.1 eV.

3.3.4 Lanthanide dihydrides and difluorides

Our structural results for the lanthanide dihydrides LnH2

and difluorides LnF2 are summarized in Tables 4 and 5,

respectively. The Ln–H and Ln–F PP ? CPP PBE0 and

DKH PBE0 bond lengths agree within 0.02 and 0.01 Å for

dihydrides and difluorides, respectively. The bond angles

agree within 5�, which is still quite satisfactory in view of

the flat bending energy profile and the possible steric

influence of the non-spherical 4f-shell in the DKH PBE0

calculations. We note, however, that due to artefacts, e.g.

the non-degeneracy of degenerate determinants at the DFT

level [50], as well as the underlying single determinant

description the DKH PBE0 results are not necessarily more

reliable than the PP ? CPP PBE0 results. At the CCSD(T)

level of theory, the PP ? CPP Yb–H bond length is only

0.02 Å longer than the DKH value, and the bond angles

turn out to agree.

The bond energies of the lanthanide dihydrides LnH2

and difluorides LnF2 are listed in Table 6. The PP ? CPP

PBE0 values are lower than the DKH PBE0 results by only

about 0.3 and 0.2 eV, respectively. The CCSD(T) bond

energy of YbH2 obtained from the PP ? CPP calculations

Table 3 Bond lengths Re (in Å) and binding energies De (in eV) of selected lanthanide monofluorides LnF from PP(?CPP) CCSD(T) and PBE0

calculations in comparison with all-electron (AE) DKH2 PBE0 results without/with counter-poise correction of the basis set superposition error

Ln Re De

CCSD(T) PBE0 CCSD(T) PBE0

PP PP ? CPP PP ? CPP DKH PP PP ? CPP PP ? CPP DKH

Sm 2.102 2.091 2.079 2.065 5.65 5.64 5.58 5.93/5.82

Eu 2.096 2.083 2.068 2.068 5.58 5.57 5.49 5.84/5.73

Tm 2.057 2.029 2.003 1.993 5.20 5.15 4.91 5.36/5.22

Yb 2.052 2.031 2.001 2.009 5.10 5.03 4.76 5.26/5.11

Experimental values [76, 77, 78]: Re(Å): YbF 2.016; D0(eV): SmF 5.46, 5.81; EuF 5.42, 5.60; TmF 5.25; YbF 4.80, 5.00. AE DKH CCSD(T)

values: Re(Å): YbF 2.032; De(eV): YbF 5.13/5.03 [this work]; Re(Å): EuF 2.08, YbF 2.03; De(eV): EuF 5.44/(5.34), YbF 4.82/(4.72) [51]

Table 4 Bond lengths rLn–H (in Å) and bond angles uH–Ln–H (in �) of LnH2 from PP(?CPP) CCSD(T) and PBE0 calculations in comparison

with all-electron (AE) DKH2 PBE0 results

Ln RLn–F uH–Ln–H

CCSD(T) PBE0 CCSD(T) PBE0

PP PP ? CPP PP ? CPP DKH PP PP ? CPP PP ? CPP DKH

Sm 2.185 2.177 2.151 2.133 120.6 119.9 113.6 114.7

Eu 2.177 2.167 2.137 2.124 122.0 121.0 114.3 114.0

Tm 2.131 2.097 2.060 2.059 132.3 126.6 117.5 122.0

Yb 2.127 2.086 2.043 2.044 134.5 127.2 117.7 119.4

AE DKH CCSD(T) values: RLn–H(Å): YbH2 2.065; uH–Ln–H(�): YbH2 127.2 [this work]
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is only 0.07 eV lower than the counter-poise corrected

DKH reference value.

It is obvious from the molecular studies that the agree-

ment between PP ? CPP and DKH calculations is some-

what better at the CCSD(T) level than at the PBE0 level.

One reason deserving further exploration might be that the

radial overlap of electronic shells treated as core and

valence is quite big for LPPs and nonlinear core-correc-

tions would be needed [55]. No attempts to include such

terms for energy-consistent PPs have been made so far to

our knowledge.

3.4 Crystalline lanthanide dicarbides

An additional advantage of the new basis sets over the

(7s6p5d)/[5s4p3d] basis sets originally published with the

PPs [12] is that subsets, i.e. the primitive (4s4p3d) or

(5s5p4d) sets as well as contracted sets derived from these,

can be used in solid state calculations, e.g. using codes

such as CRYSTAL [27]. As a first application we studied

the lanthanide dicarbides (LnC2) and focussed especially

on the question of the valency of the lanthanide atoms in

these systems. The calculations were carried out with the

CRYSTAL06 program package [27] at the DFT level, and

several density functionals supported by the program were

applied. For the lanthanide atoms, 4f-in-core PPs with

(5s5p4d)/[3s3p3d] valence basis sets of triple-zeta quality

were used (divalent: [this work], trivalent [19]). Since large

carbon basis sets cause linear dependencies for the dicar-

bide systems, we used Pople’s standard 6-21G basis sets

[56] as provided in the CRYSTAL06 basis set library. All

free cell parameters as well as relative positions of the

atoms inside the unit cells were fully optimized.

So far all solid lanthanide dicarbides, except PmC2,

have been synthesized and their cell parameters were

determined. Except for EuC2, which crystallizes in the

Table 5 Bond lengths rLn–F (in Å) and bond angles uF–Ln–F (in �) of LnF2 from PP(?CPP) CCSD(T) and PBE0 calculations in comparison with

all-electron (AE) DKH2 PBE0 results

Ln RLn–F uF–Ln–F

CCSD(T) PBE0 CCSD(T) PBE0

PP PP ? CPP PP? CPP DKH PP PP ? CPP PP ? CPP DKH

Sm 2.150 2.139 2.117 2.112 124.8 123.8 119.1 121.9

Eu 2.143 2.128 2.105 2.102 125.9 124.7 120.6 115.0

Tm 2.094 2.062 2.029 2.021 133.0 128.0 122.3 116.9

Yb 2.096 2.058 2.025 2.027 134.8 128.5 122.2 117.6

Experimental values [79]: EuF2 R(Eu - F) = 2.20 ± 0.05 Å AE DKH CASSCF/MRCI values: RLn–F(Å): YbF2 2.048; uF–Ln–F(o): YbF2 124.1;

(note that a 3A1 state with 4f13 configuration on Yb is found to be 0.33 eV lower in energy: RLn–F(Å): YbF2 1.947; uF–Ln–F(o): YbF2 119.4) [this

work]

Table 6 Bond energies (eV) of Ln–H and Ln–F bonds of LnH2 and LnF2; respectively, from PP(?CPP) CCSD(T) and PBE0 calculations in

comparison with all-electron (AE) DKH2 PBE0 results without/with counter-poise correction of the basis set superposition error

Ln LnH2 LnF2

CCSD(T) PBE0 CCSD(T) PBE0

PP PP ? CPP PP ? CPP DKH PP PP PP ? CPP DKH

Sm 2.15 2.12 2.02 2.13/2.12 5.79 5.79 5.69 5.89/5.79

Eu 2.11 2.08 1.98 2.17/2.15 5.74 5.74 5.63 5.80/5.78

Tm 1.95 1.87 1.70 1.98/1.94 5.47 5.44 5.28 5.55/5.51

Yb 1.91 1.83 1.66 1.99/1.94 5.40 5.36 5.18 5.49/5.35

AE DKH CCSD(T) values: YbH2 1.98/1.90 [this work]

Fig. 5 EuC2 in the monoclinic ThC2 type structure. The Eu ions are

sixfold coordinated (distorted octahedral) by carbon dumbbells and

vice versa
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ThC2 type structure (C2/c, Z = 4, monoclinic, cf. Fig. 5),

all other lanthanide dicarbides possess CaC2 type structure

(I4/mmm, Z = 2, tetragonal, cf. Fig. 6). Here Z denotes the

number of LnC2 units in the crystallographic unit cell.

Additional information on the space groups and symmetry

of crystals can be found in the ‘‘International Tables for

Crystallography’’ [57]. The structural data for the mono-

clinic modification of EuC2 was first reported in 2006 by

Wandner et al. [58]. Furthermore, several physical pro-

perties of the EuC2 system, e.g. magnetic susceptibility or

electrical conductivity, have recently been published [59].

In Fig. 7, the volumes per LnC2 unit V/Z in the unit cell

of the crystal are plotted against the atomic number of the

rare-earth atoms. The experimentally determined volumes

of the lanthanide dicarbides decrease almost linearly over

the lanthanide series; however, the corresponding volume

of one EuC2 unit does not fit into this trend. The same also

holds for YbC2, but the deviation is not that large here. The

lanthanide dicarbides except EuC2 and YbC2 consist of

Ln3þ cations as well as C2�
2 anions and one electron in the

conduction band (Ln3þC2�
2 ðe�)). On the basis of magnetic

susceptibility measurements and 151Eu Mössbauer spec-

troscopy, it was concluded that EuC2 contains divalent

Eu2þ cations and the C2�
2 dumbbells as anionic counter-

parts (Eu2þC2�
2 ) [59].

The results of the calculations of the tetragonal lantha-

nide dicarbides using 4f-in-core PPs for trivalent lantha-

nide ions will be discussed first. Tetragonal LaC2 is

considered as a benchmark system, since this compound

actually contains trivalent La [60]. We also calculated the

optimized structures of tetragonal NdC2 and TbC2 in order

to confirm that our approach is appropriate along the lan-

thanide series. The B3PW functional [61–65] yielded the

best results within our approximations and is discussed

below. The corresponding results are summarized in

Tables 7 and 8, and the calculated volumes of the unit cell

per formula unit are plotted in Fig. 7 together with the

experimental values. The calculations with other density

functionals such as B3LYP [61, 66], BP86 [67, 68], PBE

[30], and PWGGA [69] are summarized in the supple-

mentary material. These functionals lead to similar results

and the same trends.

The optimized lattice parameters for the tetragonal case

using trivalent Ln 4f-in-core PPs are in good agreement

with the experimental values, i.e. the relative errors are

Fig. 6 YbC2 in the tetragonal CaC2 type structure. The Yb ions are

sixfold coordinated (octahedral) by carbon dumbbells and vice versa
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Fig. 7 Volumes of the unit cells per formula unit V/Z of several

lanthanide dicarbides in tetragonal and monoclinic modifications

from DFT (B3PW) calculations for periodic systems in comparison

with experimental data. Calculations were done with CRYSTAL06

[27]

Table 7 Calculated lattice parameters a and c (Å), volumes of the

unit cell per formula unit V/Z (Å3), and the C–C distance dC–C (Å) of

the tetragonal modifications of LaC2;NdC2;EuC2;TbC2, and YbC2

from DFT calculations using the B3PW functional as provided in the

CRYSTAL06 program package

LnC2 a c V/Z dC–C

LaC2

Exp. [60] 3.937 6.580 50.99 1.284

B3PW 4.018 6.623 53.46 1.299

NdC2

Exp. [73] 3.827 6.407 46.92 1.302

B3PW 3.912 6.483 49.61 1.304

EuC2

B3PW 3.831 6.356 46.64 1.308

TbC2

Exp. [74] 3.678 6.206 41.98 1.291

B3PW 3.788 6.300 45.20 1.309

YbC2

Exp. [75] 3.635 6.113 40.39 1.281

B3PW 3.677 6.128 41.43 1.311
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typically less than 3.0%. The distances of the carbon atoms

in the C2 units are also reproduced very well. The maxi-

mum absolute error is 0.030 Å (2.3%) for YbC2. The

volumes of the unit cells per formula unit decrease over the

lanthanide row from LaC2 to LuC2. The calculated

reduction in the volume is similar to the experimentally

observed one and shows an almost linear behaviour (cf.

Fig. 7). This set of calculations also contained the opti-

mization of a hypothetical modification of tetragonal EuC2

that contains trivalent Eu ions. This EuC2 modification

would fit well into the trend obtained for the other lan-

thanide dicarbides.

The calculation of the monoclinic EuC2 crystal using the

divalent Eu 4f-in-core PP also leads to satisfactory results.

Usually, doubly charged lanthanide ions have larger atomic

radii than the corresponding triply charged ions and thus

the doubly charged Eu ions require more space within the

unit cell of the crystal. Therefore, the carbon dumbbells

turn away from the z-axis and the EuC2 crystal becomes

monoclinic. The experimental C–C bond length in EuC2

equals 1.199 Å [70], i.e., nearly the same value as for the

length of the ‘‘standard’’ C–C triple bond in acetylene

(1.205 Å) [71, 72]. Hence, this monoclinic modification of

EuC2 can be described as Eu2þC2�
2 . The calculated lattice

constants deviate from the experimental values for a, b, c,

and b by 0.062 Å (0.9%), 0.021 Å (0.5%) 0.073 Å (0.9%),

and 1.13� (1.9%), respectively.

We also calculated hypothetical monoclinic structures of

LaC2 and YbC2 using the corresponding 4f-in-core PPs for

divalent La and Yb. The calculated monoclinic unit cell

volumes are substantially (&24%) larger than those of the

tetragonal crystals, whereas our calculated unit cell vol-

umes of the tetragonal crystal structures are only slightly

larger (&3–8%) than the experimental values. Similar to

the tetragonal case, the unit cell volumes of the monoclinic

crystals exhibit a decrease along the lanthanide series.

Within the approximations we have made, the results

are consistent and also match the hypotheses of the

experimentalists. From the theoretician’s point of view, the

monoclinic EuC2 crystal contains Eu ions with a valency

close to two, whereas tetragonal YbC2 crystal contains Yb

ions with a valency close to three. The fact that the

experimental unit cell volume of tetragonal YbC2 is

slightly larger than expected from the trend for lanthanide

dicarbides with trivalent metal ions might indicate a weak

admixture of a 4f14 subconfiguration (divalent case) to the

leading 4f13 subconfiguration (trivalent case). Similar to

the situation for molecular YbO, such details of the elec-

tronic structure cannot be dealt with quantitatively with

lanthanide 4f-in-core PPs. Nevertheless, the calculations

demonstrate that besides their use in molecular quantum

chemical studies the 4f-in-core PPs can also be useful tools

for investigations into crystalline systems, avoiding many

computational problems related to the partially occupied 4f

shell.

4 Conclusion

New valence basis sets with various primitive sizes and

contraction patterns for approximately valence double- to

quadruple-zeta quality for scalar-relativistic 4f-in-core

pseudopotentials modeling divalent lanthanide atoms were

generated. Compact (4s4p3d) and (5s5p4d) primitive basis

sets are suitable for calculations of crystalline solids with

Ln2þ ions and (6s5p4d) and (7s6p5d) extended sets con-

taining diffuse functions are intended for atomic and

molecular calculations on neutral or low-charged systems.

Compared to the original (7s6p5d) primitive sets, the new

(7s6p5d) extended sets exhibits an order of magnitude

smaller errors with respect to the Hartree-Fock limit for the

atomic (mostly ground state) 5s25p66s2 valence subconfig-

uration, e.g. for the Yb1S ground state the deviations from

the Hartree-Fock limit are 1.68 and 0.14 eV, respectively.

The additional errors due to contraction of the basis sets stay

below 0.01 eV. The results of test calculations of atomic

ionization potentials and geometry optimizations of several

lanthanide compounds using 4f-in-core pseudopotentials

with the new valence basis sets show good agreement with

available experimental data as well as with all-electron data

derived from calculations using the Doulgas-Kroll-Hess

scalar-relativistic Hamiltonian. Especially the calculations

of the first and second ionization potentials of the lantha-

nides lead to very good results when core-polarization

potentials are included, i.e. mean absolute errors are 0.09 eV

(1.5%) for the first and 0.13 eV (1.2%) for the second ion-

ization potentials. The mean absolute errors at the PP ? CPP

PBE0 level with respect to DKH PBE0 reference data

for 18 bond lengths, 8 bond angles and 18 binding/bond

energies of the test molecules are 0.014 Å, 4.0� and 0.28 eV,

Table 8 Calculated lattice parameters a, b, c (Å) and b (�), volumes

of the unit cell per formula unit V/Z (Å3) and the C–C distance dC–C

(Å) of the monoclinic modifications of LaC2;EuC2 and YbC2 from

DFT calculations using the B3PW functional as provided in the

CRYSTAL06 program package

LnC2 a b c b V/Z dC–C

LaC2

B3PW 7.362 4.839 7.837 109.07 65.97 1.272

EuC2

Exp. [70] 7.011 4.411 7.595 106.92 56.18 1.199

B3PW 7.073 4.390 7.768 106.84 57.71 1.271

YbC2

B3PW 6.785 4.225 7.514 106.99 51.50 1.270
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respectively. An additional advantage of the improved basis

sets besides their lower total valence energies is their

applicability to crystalline solids. This is illustrated by

calculations on the dicarbides of Eu and Yb, assigning a

valency of II to Eu in EuC2 and of III to Yb in YbC2 in

agreement with experimental evidence. Overall, the appli-

cation of 4f-in-core pseudopotentials in calculations of

divalent lanthanide molecular or crystalline systems is a

profitable choice regarding CPU time. The loss of accuracy

is for most purposes tolerable, as long as the 4f orbitals do

not participate too much in chemical bonding or a configu-

rational mixing takes place. Finally, the present work com-

pletes the development of lanthanide and actinide f-in-core

pseudopotentials and corresponding molecular and crystal

orbital basis sets.
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