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Abstract

Following chemical intuition, one would expect that all closed-shell molecules are
diamagnetic. However, it is known that this is not the case for some second-row
hydrides with low-lying unoccupied » orbitals due to an unquenching of the total
angular momentum in the presence of an external magnetic field. In this article, the
transition-metal hydrides ScH and YH are investigated, assuming a similar unquench-
ing effect involving low-lying unoccupied = and § orbitals formed from the metal d
orbitals rather than the p orbitals. We are comparing results obtained with various
guantum-chemical methods (HF, CCSD, CCSD(T), CCSDT) and basis sets. The
obtained positive values for the magnetizabilities clearly indicate paramagnetic
behavior. Vibrational effects on the magnetizability tensor are also considered, but

these effects are small and do not change the overall conclusion that both ScH and
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1 | INTRODUCTION

Contrary to common chemical and physical intuition, not all closed-shell
molecules are diamagnetic. It has been predicted quite some time ago
that there exist closed-shell species with a temperature-independent
(so-called Van Vleck) paramagnetism,l’3 for example, BH and
related hydrides of the second and third period* ¢ as well as
MnOg.7 Earlier proofs of compulsory diamagnetism for closed-shell
molecules have been shown later to be wrong and hold only for less
than three electrons.2 Thus, paramagnetic behavior is indeed
theoretically possible for closed-shell molecules with more elec-
trons. This surprising computational finding can be explained by the
partial unquenching of the angular momentum in the presence of
an external magnetic field.”

In Reference 4, hydrides of the second and third period (BH,
CHT, BeH™, AIH, GeH™, MgH™) have been investigated using quan-

tum-chemical calculations and actually for some of them (BH, CH™)

YH are further examples for closed-shell paramagnetism.

closed-shell paramagnetism, coupled-cluster calculations

paramagnetic behavior has been unequivocally predicted. With a lack
of experimental data for BH and CH™, a first, though indirect experi-
mental evidence for the possible paramagnetism of BH comes from
the experimental estimate for the rotational g factor of AlH, where
the perpendicular component of the total magnetizability has been
shown to be paramagnetic.'® For the hydrides of the second and third
period, the unquenching of the angular momentum is due to unoccu-
pied = orbitals that also account for low-lying IT excited states. How-
ever, the important role of the diamagnetic contribution (due to
number of electrons and occupied orbitals) has also been stressed and
the conclusion was that paramagnetism in these hydrides decreases
from the left to the right as well as from the top to the bottom in the
periodic table. Noting the necessity of unoccupied and low-lying =
orbitals for closed-shell paramagnetism in diatomic species, it is an
obvious question whether paramagnetism can be found for the analo-
gous transition-metal hydrides, with = and § orbitals arising from d

orbitals (instead of p orbitals).
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In this work, we will answer this question and investigate the
hydrides of scandium and yttrium, that is, ScH and YH, by means of high-
level quantum-chemical calculations. These two hydrides appear most
promising considering their similarity to BH, with the only difference that
the low-lying unoccupied 7 (and 6) orbitals are formed from d orbitals.

We start by discussing the underlying theory of closed-shell
paramagnetism together with some remarks on the quantum-chemical
calculation of the magnetizability and the closely related rotational g
tensor. This is followed by a section describing the computational
details of our quantum-chemical investigation. We discuss our results
in particular with respect to our initial question concerning the possi-
ble closed-shell paramagnetism of ScH and YH and then finish with
some concluding remarks.

2 | THEORY

When a molecule is exposed to a magnetic field H, the energy varies
with the strength of the magnetic induction B. To investigate this
dependence theoretically, the energy may be expanded in a Taylor

series around its zero-field value

The first derivatives of the energy with respect to the components of
the magnetic-induction vector represent the components of the per-

manent magnetic-moment vector m:—(%) while the second

B=0’
derivatives (apart from the sign) define the magnetizability tensor
E= *<9(3T29ﬁa> o From the perspective of electromagnetism, the per-

manent magnetic moment of a particle with charge g and mass m is

given by

m=_J, (2)

where J is the total angular momentum, obtained as the sum of the
rotational angular momentum L and the spin S: J=L+S. In the case
of closed-shell molecules, the total angular momentum is completely
quenched and there are no unpaired spins, resulting necessarily in a
vanishing permanent magnetic moment.

The presence of an external field, however, gives rise to an

induced magnetic moment, which is linked to the magnetizability
Miyg = ﬁfB (3)

Usually, the magnetic behavior of a given system is described macro-
scopically through the susceptibility y, which, multiplied by the mag-
netic field H, defines the macroscopic magnetization M

M=zH. )

When y <0, the sample is diamagnetic; otherwise, if y >0, it is para-
magnetic. For closed-shell molecules, which do not possess a perma-
nent magnetic moment, the magnetizability alone contributes to the
susceptibility. The connection from the microscopic to the macro-
scopic description is given by y ~ Nup&, where N is the number density
of the sample and gy the magnetic permeability of the vacuum. The
relation between the sign and the magnetic behavior can therefore be
transferred to &. In this work, the sign of the isotropic magnetizability,
defined as the trace of the corresponding tensor, will be used as the
indicator for paramagnetic behavior: for Tr{£} <0, the molecule is dia-
magnetic, for Tr{¢} > 0, paramagnetic.

The possibility of paramagnetism in closed-shell systems has been
a quite lengthy topic in quantum chemistry. Van Vleck!™® developed
an elaborate formalism, in which the susceptibility is split into a dia-

| 11,12

magnetic and a paramagnetic part: y = 7, +¥para- GUY €t @ pos-

tulated that |yg.| > [¥paral for closed-shell molecules, necessarily
leading to diamagnetic behavior for these systems. Later, Rebane®'®
showed that this proof is only valid in the case of a one-electron func-
tion without nodes; such a function, however, allows only the occupa-
tion with up to two electrons.

Following Reference 9, the Van Vleck definition of a diamagnetic
and a paramagnetic part in the susceptibility may be used to analyze
the magnetic behavior of closed-shell molecules. In particular, we can
describe the process of the formation of a diatomic closed-shell spe-
cies from the perspective of interacting momenta. The spins become
oppositely paired and the total angular momentum results from the
sum of the single angular momenta, as an effect of the interaction
between the two atoms. The total angular momentum becomes quan-
tized and the component perpendicular to the internuclear axis is
quenched, in such a way that the expectation value of each compo-
nent vanishes, while the angular momentum squared is still non-
vanishing. This is due to fluctuations between the electronic angular
momentum and the momentum arising from the molecular motion.’

When exposing a molecule to a magnetic field, the net angular
momentum tends to be aligned to it, causing a partial unquenching,
resulting in a non-zero average value of the angular-momentum com-
ponent aligned to the field itself. This effect contributes to the para-
magnetic susceptibility, while the opposed Larmor precession
contributes to the diamagnetic part. Which effect dominates deter-
mines the final magnetic character of the system. Thus a large
quenched angular momentum in the field-free setting will most likely
enable a large amount of unquenching when turning on the magnetic
field. This may favor a paramagnetic behavior in a closed-shell system.

Van Vleck used second-order perturbation theory to derive a

mathematical expression for the magnetizability>:

é(RO) :édia(RO) +‘§para(R0) =

2 Ne
—4e—mz<0|(ri—Ro)'(ri—Ro)—(ri—Ro)(ri—Ro)\0>

G <Zi:(fi—Ro) x p,»> In) (n] <;(n—ko) x p;) 0)
72m§zn: Eo—En ’

&)
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where the first term is the diamagnetic part and the second the para-
magnetic one. The index i labels the electrons, while n runs over the
set of excited states. Both terms depend on the position Rp (gauge
origin) used to define the gauge. This dependence is a common feature
of magnetic properties due to the presence of the angular-momentum
operator in the magnetic-field Hamiltonian (see Section 2.1). In general,
there is no unique choice for the gauge origin, making results depen-
dent on the choice of Ro. On the other hand, physical observables
must be independent of this choice (gauge-origin invariance), a feature
which should also be maintained in the quantum-chemical description.
It can be shown?® that both terms in Equation (5) depend on the gauge
origin Ro and thus cannot be observables on their own; only their
sum is a physical observable and is gauge-origin independent.

The diamagnetic part is found to be always negative, while the
paramagnetic part is positive for closed-shell molecules and, usually,
much smaller in magnitude. Therefore, in order to have closed-shell

paramagnetism, the condition |£,,ra| > |£4ia| Must hold.

21 | Quantum-chemical calculation of
magnetizabilities

The magnetizability tensor € is defined via the second derivatives of
the electronic energy with respect to the components of an external
magnetic induction B (with a negative sign)

o%E
Es=— (aBraBs> . (6)
B=0

The Hamiltonian of a molecular system in a magnetic field can be writ-
ten as a sum of the unperturbed Hamiltonian operator Hq and the fol-

lowing additional terms

1 1
H=Ho+5B-L(Ry)+B- s+§z ~(B-r0)?) 7)

2
with

fio=1r— Ro. (8)

The terms coupling the magnetic field to the angular momentum
L(Ry) (orbital-Zeeman term) and to the spin operator S (spin-Zeeman
term) are usually referred to as paramagnetic terms. They tend to sta-
bilize states with either high angular momentum or spin. The form of
the angular momentum evidences the dependence of these terms on

the gauge origin Ro

L(Ro) :Z(ri—

Ro) x p; 9)

with the sum over index i running over the electrons of the molecular
system. The terms quadratic in the magnetic induction in Equation (7)
are called diamagnetic terms. These are always positive and act as con-
fining potential in the plane perpendicular to the magnetic field.

CHEMISTRY

A way to ensure gauge-origin independent results in a quantum-
chemical calculation is to use gauge-including atomic orbitals (GIAOs,

also known as London orbitals)4~17:
,(B) = exp(—iA} -r)y, (10)

with y, as the corresponding field-free basis function centered at R,

and AE as the vector potential at the center R, of the function y,:

1
AE:EBX(RVRO). (11)

The use of GIAOs guarantees gauge-origin independence of the
results and also speeds up their basis-set convergence.r” Computa-
tionally, however, the dependence of the basis functions on the mag-
netic induction B leads to the necessity to compute additional one-
and two-electron integrals.618

The calculation of the magnetizability tensor using GIAOs has
been first reported by Ruud et al. at the Hartree-Fock (HF) level.*?
The electron-correlated calculation of magnetizabilities (at second-
order Mgller-Plesset perturbation theory (MP2)?° and at many
coupled-cluster (CC) levels including the CC singles and doubles
(CCSD),?* CC singles, doubles, and perturbative triples (CCSD(T)??),
and CC singles, doubles, and triples (CCSDT)?*?* schemes) has been
described somewhat later by Gauss et al.2> Details of the correspond-

ing implementations can be found in the original references.

2.2 | Vibrational corrections

For comparison with experiment, it is usually important to augment
the computational results with zero-point vibrational effects. For this
purpose, the magnetizability tensor can be expanded in a Taylor series
up to second order around the equilibrium geometry with respect to
the normal coordinates Q,,Q;,... of the molecule. Averaging over the
vibrational ground state then vyields the vibrationally averaged

magnetizability?4?”

@ 0+ 3(#) 40
35 (i), @)

Qr.Qs=0

(12)

where the expressions for the expectation values of the normal-mode

displacements are given by References 27 and 28

1
<Qr> = mgfﬁms: (13)
h
<QrQs> :6:'5_46“r (14)

Here w, is the harmonic frequency of the rth normal mode and ¢,y is
the corresponding cubic force constant in normal-coordinate
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representation, most conveniently computed by numerical differ-
entiation of analytically calculated harmonic force fields?®
with respect to Q,.2%°C Note that both the harmonic and the anhar-
monic terms are needed to obtain vibrational corrections up to second

order.

2.3 | Rotational g tensor

To verify closed-shell paramagnetism experimentally, gas-phase mea-
surements of a quantity closely related to the magnetizability tensor, the
rotational g tensor, can be carried out.3! It is therefore of interest to
calculate this quantity directly. In the presence of an external mag-
netic field the rotational-energy levels of a molecular system depend
on the magnetic induction due the interaction of the induced mag-
netic moment of the molecule with the external field. This depen-
dence is described through the rotational g tensor, which is related to
the paramagnetic term in the magnetizability.®* The rotational g ten-
sor can be expressed as an energy derivative with respect to B and

Jvia
A 325>
g( : (15)
m\9Bd),

where uy denotes the nuclear magneton. Though there is a preferred
choice for the gauge origin of the vector potential in the case of the
rotational g tensor, in order for results to be rigorously (gauge-)origin
independent in guantum-chemical calculations and to speed up the
basis-set convergence in the calculations, it is the best to use GIAOs
in the actual computations tensor. In that case the so-called rotational

London orbitals must be used®2

0,(BJ) = expPi(AE +A;) -r];(w (16)

where Af denotes the vector potential associated with the external
magnetic field and A/Jl the vector potential of the field induced by the
rotational motion.

Following Reference 32, the link between the rotational g tensor

and the magnetizability tensor computed using GIAOs is
g:—4Mp(§G|AO _gdia(c'm'))ri+gnucy (17)

where Mp is the proton mass, | is the inertia tensor of the molecule
and g"™° represents the nuclear contribution to g. The superscript
GIAO indicates that the magnetizability tensor is computed using
GIAOs, while the diamagnetic contribution fdia(c.m.) is computed with
the center of mass (c.m.) as gauge origin and without GIAOs. The
paramagnetic part of the magnetizability tensor is here linked as fol-
lows to the magnetizability tensor, computed with GIAOs, and the
corresponding diamagnetic contribution, computed at the center of

mass>?

gpara :éGIAO _ édia (C.mA). (18)

The rotational g tensor is an interesting quantity to be analyzed when
inspecting the magnetic behavior of a molecule. Large negative values
can be taken as an indication for paramagnetism. Therefore, we report
in the following also our results for the rotational g tensor including

corresponding zero-point vibrational corrections.

3 | COMPUTATIONAL DETAILS

Calculations were carried out at different levels of theory, starting with
HF, followed by CCSD,?* CCSD(T),?? and CCSDT.?3?* In the case of ScH,
two basis-set families are used, that is, cc-pVXZ with X=T, Q, 5, and cc-
pwCVXZ with X=T, Q, 5).3334 |n the case of the cc-pVXZ basis sets, the
frozen-core (fc) approximation has been used, while with the cc-pwCVXZ
basis sets all electrons were considered in the electron-correlation treat-
ment. For YH, the ANO-RCC basis set®>3° was used in its uncontracted
form and all electrons were correlated. Geometry optimizations were
performed using analytic gradients at the corresponding levels of
theory.®” =3 HF results were converged using the quadratically convergent
self-consistent field (QCSCF) scheme*® to maximal changes in the density-
matrix elements less than 6= 10"2; the various types of CC equations
(i.e., unperturbed and perturbed amplitude and A equations) were
considered converged when the maximum of all absolute changes in
the corresponding amplitudes was less than 6§ = 10~8. Geometry opti-
mizations were considered converged when the root mean square
gradient was less than § = 10~* Hartree/bohr.

Both ScH and YH are linear diatomic molecules with C,,, symme-
try. Computationally, the largest Abelian subgroup C,, of this non-
Abelian point group is used. In order to converge to the correct
ground state, the occupation has been fixed as follows (the order of

the irreducible representations of C,, is denoted as A1/B1/By/A,:

1. the 22 electrons of ScH are distributed, in the restricted HF ansatz,
as 7/2/2/0 both for a and f;

2. the 40 electrons of YH are distributed, in the restricted HF ansatz,
as 11/4/4/0 both for a and g.

We note already here that relativistic effects are not considered
in the present study. Certainly, their inclusion is recommended for the
highly accurate determination of the equilibrium geometry and mag-
netic properties of ScH and in particular of YH. Corresponding
methods are in principle available,**~*% but such calculations are not
necessary for the purpose of the present investigation.

All calculations were performed with a development version of

the CFOUR program package.**4>

4 | RESULTS

We start with a discussion of the computed equilibrium geometries.

This is followed by an in-depth discussion of our results for the
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magnetic properties of interest, that is, magnetizability and rotational
g tensor, with a focus on electron correlation, basis-set convergence,

and zero-point vibrational contributions.

4.1 | Equilibrium geometries

Geometry optimizations were performed for both ScH and YH. The
results depend on both the used method to treat electron correlation
and the used basis set. In Table 1, the obtained geometries and
energies for ScH are shown for the different methods when using the
cc-pV5Z and cc-pwCV5Z basis sets, respectively. Table 2 shows the
corresponding results for YH when using the uncontracted ANO basis

set. The trends in the computational results can be more easily seen in

TABLE 1 Equilibrium bond length R (in Angstrém) and
corresponding energy E (in Hartree) of ScH computed with different
methods using the cc-pV5Z and cc-pwCV5Z basis sets.

cc-pV5Z E R

HF —760.2779 1.7767
CCSD —760.3636 1.7908
CCSD(T) —760.3663 1.7925
CCSDT —760.3668 1.7927
cc-pwCV5Z E R

HF —760.2780 1.7766
CCSD —760.9349 1.7504
CCSD(T) —760.9550 1.7574

TABLE 2  Equilibrium bond length R (in Angstrém) and

corresponding energy E (in Hartree) of YH computed with different
methods using the uncontracted ANO-RCC basis set.

Method E R

HF —3332.2589 1.9387
CCsD —3333.6528 1.9078
CCsSD(T) —3333.6764 1.9087

CHEMISTRY

Figure 1, where the equilibrium bond length is shown for both
hydrides as a function of the used quantum-chemical method. For
ScH, the calculations with the cc-pV5Z and cc-pwCV5Z sets show a
somewhat different behavior. While with the cc-pwCV5Z set the
expected shortening of the bond distance due to inclusion of electron
correlation is seen, this typical trend is not seen in the cc-pV5Z calcu-
lations. This difference as well as the magnitude of the correlation
effects are most likely explained by the fact that all calculations with
the cc-pV5Z set were carried out within the fc approximation, thus
not considering core-valence correlation effects which are known to
be important for the accurate prediction of equilibrium structures.*®
CCSD and CCSD(T) lead to longer bond distances, which with the
cc-pwCV5Z set are still significantly shorter (by about 0.02 A) than
the corresponding HF bond distance. Effects due to a full treatment of tri-
ple excitations at the CCSDT level turn out to be negligible and amount to
less than 0.0002 A when using the cc-pV5Z basis set (the effect might be
larger with the cc-pwCV5Z set, but corresponding CCSDT computations
were too demanding with the available computational resources). To dem-
onstrate the high accuracy of our computational results, we mention that
our best value of 1.7574 A, obtained at the CCSD(T)/cc-pwCV5Z level,
compares well with the experimentally determined bond distance of
1.775427(8) A¥ and to other computational results, ranging from
176216 A to 1.8124 A#5-°

For YH, HF gives a longer distance than CC and our best value
obtained at the CCSD(T)/uncontracted ANO-RCC level compares well
with the experimental value of 1.922765(8) A,>! better than other
computational results of about 1.865 A.>2

We also note that the most serious shortcoming of our computa-
tions is the neglect of relativistic effects.>® They should definitely be
included to reach quantitative agreement with experiment, but their
consideration is less important for the purpose of the present compu-
tational investigation, in which we are aiming at a qualitative predic-
tion of paramagnetism.

For ScH, the computed equilibrium bond lengths can be also
analyzed with respect to its basis-set dependence (Table 3). Here
all calculations were performed at the CCSD(T) level of theory.
For the cc-pVXZ family, only slight variations are observed,
while for the cc-pwCVXZ family the effects are more pronounced

due to the additional consideration of core-valence correlation.

1.940
FIGURE 1 Equilibrium 1.79 —— ANO-RCC
geometries of ScH (left) and YH 1.935]
(right) in Angstrém, calculated at 1.78! 1.930
HF, CCSD, CCSD(T), and CCSDT < =
levels of theory. The red line z —— CcpVsZ —1.925
corresponds to results for ScH g177 —— ccpwCvsZ N 1.920
obtained with the cc-pV5Z basis e« e
set, the blue one to results for 1.76 1.915
ScH obtained with the cc- 1.910!
pwCV5Z and the green one to 1.75
results for YH obtained with the HF CCSD  CCSD(T) CCsDT HF CCsD CCSD(T)
uncontracted ANO-RCC Method Method
basis set. (A) (B)
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The equilibrium bond length shortens and remaining basis-set
effects are estimated to be of the order of a few hundredths

Angstrém.

4.2 | Magnetic properties

This section deals with our results for the magnetizability and rota-
tional g tensors of ScH and YH (when listing the values of ¢, we are
referring to the corresponding isotropic quantities, that is, one third of
the trace of the corresponding tensor; for g we are listing the xx com-
ponent of the diagonal tensor, as g, =g,, and g,, =0). In particular,
we focus on the influence of electron correlation, basis set, equilib-
rium geometry, and zero-point vibrational contribution on these mag-

netic properties.

421 | Electron correlation
The obtained values for the isotropic magnetizability and the corre-
sponding rotational g tensors are listed in Table 4 for ScH and Table 5
for YH. Graphically, the change of & with the used correlation method
is shown in Figure 2 (we are not showing the analogous plots for the
rotational g tensor, being its behavior very similar, as expected from
the corresponding theoretical relation in Equation (17)). In all cases,
consideration of electron correlation changes the values of the isotro-
pic magnetizability by a fairly large amount.

All calculations, even those at the HF level, predict both mole-
cules to be paramagnetic. However, as expected from the Reference

4, the paramagnetic behavior of ScH is more pronounced (by a factor

TABLE 3  Equilibrium geometries R (in Angstrém) and energies E
(in Hartree) from CCSD(T) calculations of ScH with varying basis sets,
that is, those of the cc-pVXZ and cc-pwCVXZ families with X =T,Q,
and 5.

of roughly 3) than the one of YH. Again, the trends in the calculations
for ScH using the cc-pV5Z and cc-pwCV5Z basis sets are different.
First of all, the use of the core-polarized basis set leads to much larger
absolute values in the magnetizability, when electron-correlation is
introduced (at the HF level, the two basis sets lead to more or less the
same result). In particular, when considering the molecule aligned to
the z axis, the cc-pV5Z calculation shows &, =¢,, entries smaller than
in HF, while using cc-pwCV5Z there are larger. Second, while
electron-correlation treatments increase the absolute values in the cc-
pV5Z computations, the opposite is true when using the cc-pwCV5Z
basis set. Here, electron correlation slightly reduces the absolute value
of the magnetizability. CCSD and CCSD(T) calculations yield slightly
lower absolute values for the magnetizability compared to HF. The
different results obtained with the cc-pVXZ and cc-pwCVXZ sets can
be traced back to the fc approximation used in the cc-pVXZ calcula-
tions, indicating that the inclusion of core-valence correlation effects
is quite important for the reliable prediction of the magnetic proper-
ties of ScH. For YH, the calculations with the uncontracted ANO-RCC
basis set show the same trend as the cc-pwCV5Z calculations for ScH.

422 | Basis-set dependence

The influence of the used basis set on the isotropic magnetizability
has been explored for ScH, using the cc-pVXZ and cc-pwCVXZ sets
with X=T, Q, and 5. The data are shown in Table 6 and visualized in
Figure 3. Going from the smaller to the larger basis sets, the isotropic
magnetizability increases, the effect is more pronounced for the cc-
pwCVXZ than for the cc-pVXZ set. Accordingly, the basis-set conver-
gence seems to be faster for the cc-pVXZ sets, but due to the fc
approximation in the cc-pVXZ calculations, the limiting values are dif-
ferent for the valence and core-valence sets with the latter leading to

larger absolute values for the isotropic magnetizability. Core-valence

TABLE 5 Isotropic magnetizability & (in atomic units) and
rotational g tensor values for YH.

Basis E R

cc-pVTZ 760.3634 1.7922 ¢ 3

cc-pvVQZ —760.3655 1.7924 HF 4.5520 ~8.0429

cc-pV5Z 7603663 1.7925 cesb 59018 ~83790

cc-pwCVTZ 7608600 17643 ccsbm 6:4492 —8.5919

cc-pwCVQZ —760.9094 1.7602 Note: Calculations were performed with the uncontracted ANO-RCC basis
set; the molecular geometry has been fixed to the CCSD(T)/uncontracted

cc-pwCV5Z —760.9550 1.7574 ANO-RCC bond length.

£ cc-pV5Z cc-pwCV5Z - P cc-pwCV52Z TA BL E' 4 ’ Isotropic ma?gnetlzablllty 4

(in atomic units) and rotational g tensor

HF 15.5233 15.4968 HF —13.7431 —13.7282 values for ScH.

CCSD 12.3364 18.4768 CCSD —11.8482 —15.1090

CCSD(T) 13.6091 19.1976 CCSD(T) —12.5543 —15.4885

Note: Calculations were performed with the cc-pV5Z and cc-pwCV5Z basis sets. The molecular geometry

has been fixed to the CCSD(T)/cc-pwCV5Z bond length.
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FIGURE 2 Isotropic

magnetizabilities (in atomic units)

of ScH (left) and YH (right) 18

calculated at CCSD, and CCSD(T) _

levels of theory. The red line =]

corresponds to ScH with cc-pV5Z & 16

basis set, the blue one to ScH \E

with cc-pwCV5Z and the green 14

one to YH with ANO-RCC

basis set.

12 CCsD
Method
(A)

TABLE 6 Isotropic magnetizability & (in atomic units) and

rotational g tensor values for ScH.
4 CCsD(T) E: CCSD(T)
cc-pVTZ 13.2045 cc-pVTZ —12.3398
cc-pvQZ 13.5004 cc-pvQZz —12.4973
cc-pV5Z 13.6091 cc-pV5Z —12.5543
cc-pwCVTZ 17.4022 cc-pwCVTZ —14.5161
cc-pwCVQZ 18.7355 cc-pwCVQZ —15.2394
cc-pwCV5Z 19.1976 cc-pwCV5Z —15.4885

Note: Calculations were performed at CCSD(T) level of theory, varying the
basis set in the frame of the cc-pVXZ and cc-pwCVXZ families. The
molecular geometry has been fixed to the CCSD(T)/cc-pwCV5Z bond
length.

correlation effects clearly need to be considered to obtain accurate
values for the magnetizability of ScH.

423 | Equilibrium geometry

In the following section, the influence of the used equilibrium geome-
try on the computed magnetic properties is investigated. For both
molecules, calculations using different geometries were performed at
the CCSD(T) level of theory. For ScH, the results are listed in Table 7,
for geometries optimized with the cc-pV5Z and the cc-pwCV5Z basis
sets. As expected, there is no significant difference between the
results obtained with the CCSD(T) and CCSDT geometries, as the per-
turbative treatment of triple excitations in CCSD(T) is known to be an
excellent approximation to the full treatment of triple excitations at
the CCSDT level. Finally, the red (cc-pV5Z) and blue line (cc-pwCV52Z)
are fairly parallel, showing higher absolute values for the cc-pWCV5Z
calculations.

The adoption of the cc-pwCV5Z basis set in the geometry optimi-
zation reverses the trend when going from CCSD to CCSD(T); again,
the change when going from the CCSD to the CCSD(T) geometry is
very small.

Calculations for YH (see Table 8) show a small increase when account-

ing for perturbative triple excitations in the geometry optimization.

—— cc-pV5Z

CHEMISTRY
6.5
—— ANO-RCC
6.0
3
©
—— cc-pwCV5Z :5'5
W
5.0
. 4.5 . .
CCSD(T) HF CCSD CCSD(T)
Method
(B)
19
18
517
© —— cc-pvnZ
£ 16 —— cc-pwCVnZ
Wi
15
14
I e
13
T Q 5
Basis set
FIGURE 3 Isotropic magnetizabilities of ScH calculated at CCSD(T)

level of theory, with varying basis set. The red line corresponds to the
cc-pVXZ family, the green one to the cc-pwCVXZ one.

As a common consideration, the most consistent choice for a
high-level CC calculation of magnetic properties is to use at least
CCSD(T) for the preliminary geometry optimization, given the fact
that it has a non-negligible influence on the value of the isotropic
magnetizability.

Note that the biggest effect on the magnitude of the magnetiz-
ability is still given by the chosen correlation method; the optimized
geometry in particular has an impact smaller by more than one order

of magnitude.

424 | Zero-point vibrational corrections

The computed equilibrium values for the magnetic properties of ScH
and YH are compared to their vibrationally averaged counterparts in
Tables 9 and 10. The differences due to the consideration of vibra-
tional effects are small for both for the isotropic magnetizability and
the rotational g tensor. For the magnetizabilities, &(vib) are slightly
larger than the zero-point values £ There is no unique trend for the
rotational g tensor, but in all cases the differences are very small (the
largest is seen for cc-pVQZ/CCSD(T) in ScH with about 0.0099%).
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TABLE 7 Isotropic magnetizability & (in atomic units) and
rotational g tensor values for ScH.

£ (CCSD(T)) cc-pV5Z cc-pwCV5Z
opt. cc-pV5Z

R[CCSD] 13.4514 19.0405
RICCSD(T)] 14.4327 19.9855
RICCSDT] 14.4367 19.9892
opt. cc-pwCV5Z

R[CCSD] 14.3906 19.9465
RICCSD(T)] 13.6091 19.1976

g (CCSD(T)) cc-pV5Z cc-pwCV5Z
opt. cc-pV5Z

R[CCSD] —12.5205 —15.3288
RICCSD(T)] —-12.5195 —15.3207
RICCSDT] —12.5194 —15.3199
opt. cc-pwCV5Z

R[CCSD] —12.5649 —15.5232
RICCSD(T)] —12.5543 —15.4885

Note: Different equilibrium geometries, indicated as R[method, basis],
were chosen to calculate the magnetic properties at CCSD(T)/cc-pV5Z
and CCSD(T)/cc-pwCV5Z level.

TABLE 8 Isotropic magnetizability & (in atomic units) and
rotational g tensor values for YH.

Geometry ¢ 4
R[CCSD] 6.4450 —8.5982
R[CCSD(T)] 6.4492 —8.5919

Note: Different equilibrium geometries, indicated as R[method, basis],
were chosen to calculate the magnetic properties at CCSD(T)/
uncontracted ANO-RCC level.

TABLE 9 Results for magnetic properties £ (in atomic units), g and
the corresponding vibrationally averaged values & g(vib) for ScH.

cc-pvVQZ 3 &(vib) A¢ A& [%]
CCSD 12.9199 13.5535 0.6336 4.9037
CCSD(T) 14.3183 15.0864 0.7680 5.3640
cc-pwCVQZ

CCSD 17.6790 18.1087 0.4297 2.4306
CCSD(T) 18.7958 19.2751 0.4793 2.5500
cc-pVQz s 3(vib) Ag Ag [%]
CCSD -11.7377  -11.8234  -0.0856  —0.0073
CCSD(T) —12.4631  -12.5864  —0.1233  —0.0099
cc-pwCVQZ

CCSD —14.7894 147489  0.0404 0.0027
CCSD(T) —-15.2264  -151833  0.0431 0.0028

Note: We list also the differences between the two quantities: A& = &(vib) — &
while A¢ [%]= A&/&. Calculations were performed with the cc-pVQZ and
cc-pwCVQZ basis sets and CCSD and CCSD(T) levels of theory.

TABLE 10 Results for magnetic properties ¢ (in atomic units), g
and the corresponding vibrationally averaged values & g(vib) for YH.

Method £ (vib) AE AE [%]
CCsD 5.8979 5.9986 0.1007 0.0171
CCSD(T) 6.4492 6.5669 0.1177 0.0182
Method g g(vib) Ag Ag [%]
CCSD —8.3853 —8.3359 0.0494 0.0059
CCSD(T) —8.5919 —8.5439 0.0480 0.0056

Note: We list also differences between the two quantities: Ax =x(vib) —x
while Ax [%]= Ax/x for x =¢&,g. All calculations were performed with the
uncontracted ANO-RCC basis and CCSD and CCSD(T) levels of theory.

In general, the zero-point vibrational corrections in & are larger by
two orders of magnitude for ScH, when comparing to YH. Also, the
cc-pVQZ basis set mostly yields larger differences than the cc-
pwCVQZ set. For all calculations, CCSD and CCSD(T) show the same
behavior, slightly increasing the magnitude of the vibrational correc-
tions when going from CCSD to CCSD(T).

The main concern was to find out whether a consideration of
zero-point vibrational effects influences the magnetizability to such
an extent that it jeopardizes the paramagnetic behavior of ScH and
YH. However, both hydrides are after consideration of these effects
still found to have a rather large positive value of &.

From these calculations it is clear that the inclusion of vibrational

effects has a minimal influence on the calculated magnetizabilities.

5 | CONCLUSIONS

In the present work, the magnetic properties of the two transition-
metal hydrides ScH and YH have been analyzed with respect to a
possible paramagnetic behavior. All calculations and in particular
those at the CC level using large basis sets predict that these two
hydrides indeed show closed-shell paramagnetism similar to the
one already predicted for BH and CH™. Our best values including
zero-point vibrational corrections for the isotropic magnetizabilities of
ScH and YH are &54=19.2751 a.u. and &y =6.5669 a.u. The reliabil-
ity of our prediction has been checked in several ways, that is, by
investigating the importance of electron correlation at CCSD,
CCSD(T), and even CCSDT level, by analyzing the basis-set conver-
gence, the influence of the used geometry in the computations and
by accounting for zero-point vibrational effects. Among these, the
consideration of core-valence correlation has the largest effect,
while geometry, electron-correlation method, and basis-set choice
have a much less pronounced influence and can be considered less
critical. Zero-point vibrational effects are considered in order to
provide values that are of experimental relevance. We also report
predictions for the rotational g tensor of ScH and YH, namely
gsen = —15.1833 and gy = —8.5439. The measurement of the corre-
sponding rotational spectra in an external magnetic field might be the
easiest way to prove the here predicted closed-shell paramagnetism
of ScH and YH.
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The only shortcoming of our computations is the neglect of rela-
tivistic effects, but we do not expect that their consideration will
change our results dramatically. Relativistic effects are most likely
more pronounced for YH than ScH, as the latter hydride involves a
light transition metal. Future quantum-chemical investigations might
aim at finding other candidates for closed-shell paramagnetism.
Obvious targets are here, for example, systems such as TiH™ or ZrH™,
but initial computations indicate that these systems might exhibit a
rather strong multireference character and that complete active-space
self-consistent field (CASSCF) treatments are required to obtain a cor-
rect description.
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