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J-pseudospin states and the crystal field of cubic systems
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The theory of J pseudospin for the f element in a cubic environment is developed. By fulfilling the symmetry
requirements and the adiabatic connection to the atomic limit, the crystal-field states are uniquely transformed
into J-pseudospin states. In terms of the pseudospin operators, both the total angular momentum and the
crystal-field Hamiltonian contain higher-rank tensor terms than the traditional ones do, which means the present
framework naturally includes effects such as covalency and J mixing beyond the f-shell model. Combining the
developed theory with ab initio calculations, the J-pseudospin states for Nd** and Np** ions in octahedral sites

of insulators are derived.
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I. INTRODUCTION

Crystal-field theory [1] has been widely used for the in-
vestigation of the electronic, magnetic, and optical properties
of metal ions in complexes and solids [2,3], and it is still
intensively used [4-7]. Although the traditional electrostatic
approach seems to provide the basic character of the elec-
tronic structures, as is well known, it does not take account
of various effects such as covalency [8,9], J mixing [3],
and shielding [10]. To address accurately the properties of
electronic states in metal ions, state-of-the-art ab initio quan-
tum chemistry methodology, including covalency, electron
correlation, spin-orbit coupling, and other relativistic effects
is nowadays an alternative popular approach. Indeed, recently
post—Hartree-Fock methods are starting to be applied to the
study of strongly correlated materials containing heavy d
elements [11,12]. A common problem of ab initio approaches
is that the computed electronic states do not directly provide a
clear physical picture. For example, in the case of magnetic
systems, they are characterized in terms of a pseudospin
Hamiltonian [2]. While the ab initio states must contain all
necessary information, it is not a priori clear how to extract
the pseudospin Hamiltonians on their basis.

This issue has been recently addressed, and general prin-
ciples for the derivation of the uniquely defined pseudospin
Hamiltonian from ab initio calculated electronic states was
proposed [13—15]: the principles consist of (1) symmetry
requirements and (2) adiabatic connection to the well-defined
limiting cases. N low-energy electronic states are selected for
the description of low-energy phenomena, the §-pseudospin
states (N = 2§ + 1) are derived by a unitary transformation of
these electronic states, and then the pseudospin Hamiltonian
is derived using the obtained pseudospin states. The unitary
matrix should be uniquely determined based on these princi-
ples. There is no difficulty for the unique definition of small
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pseudospins (§ = 1/2 and 1). Indeed, when only the small
pseudospins are relevant, by combining the theoretical frame-
work with ab initio calculations, various magnetic properties
of metal complexes have been explained [16,17] and predicted
[18,19]. On the other hand, the derivation of large pseudospin
S > 3/2, which is relevant to, e.g., J pseudospin for the
crystal-field states of f elements, remains under development
[20,21] because a practical algorithm to determine a large
number of the unitary matrix elements (& N2 /2) fulfilling both
requirements is not obvious.

In this work, we develop the methodology to uniquely
transform the crystal-field states of f elements in cubic envi-
ronment into the J-pseudospin states satisfying the symmetry
requirements and the adiabatic connection between the J-
pseudospin states and the corresponding atomic J multiplet.
The present J-pseudospin states naturally include the effects
beyond the traditional crystal-field model based on isolated
f orbitals, resulting in the presence of the higher-rank tensor
terms in total angular momentum and crystal-field Hamilto-
nian than in conventional approaches based on the atomic J
multiplet. The developed theory is applied to Nd** and Np**
ions in a cubic environment.

I1. UNIQUE DEFINITION OF PSEUDOSPIN

For a description of the local electronic structure and
properties of magnetic ions, phenomenological pseudospin
Hamiltonians are often employed [2,22]. The pseudospin
Hamiltonian acts on the abstract pseudospin states |SM)
M = -8, -8+1,..., S‘), and its eigenstates describe the
low-energy states. On the other hand, if the exact electronic
states responsible for the low-energy phenomena of interest
are given,

H={W)li=12,...,N} (1)
the pseudospin states |SM) should be obtainable directly from

this set of states. However, the relation between them is not
a priori evident. This problem has been recently addressed
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TABLE I. The relation between J, its decomposition into I" irreducible representations of cubic group G (= O, Oy, T;), and crystal-field
parameters By in a cubic environment. f ions (Ln: lanthanide, Ac: actinide [26]) whose ground atomic multiplets are characterized by J are

also shown. Parity (g or u) is not shown.

J Vi Ln Ac J1G By

0 I -

1 ry -

2 RSB By

3 Lelyerls By, Bs

4 2ot Pr’*, Pm’* U, Np*/*, Pu?/*t el ely@rs By, B, Bs

5 02Ty @ T By, Bg, Bs, Bio

6 78, f12 Tb>, Tm** BK*t, Cf*+ Noerer;®lyo2ls B, Bs, Bs, Bio, B1»

7 [, @& @200 @2l By, Bs, Bs, Bio, B2, Bia
8 Flo Ho** Es** [ @20 @20 @ 2T By, Bs, Bs, Bio, B2, Bis, Bis
1/2 Ty -

32 T -

5/2 L Ce*t, Sm**, Prit Pa*t, U+, Pu*t, Am*" I; ®Ty B,

7/2 e Yb** Fe®T; @ T} By, Bs

9/2 3 Na*+ U3, Np*t, Put e @2l Ba, Bs, B

11/2 Fe®I'7 @2l By, Bs, Bs, Bio
13/2 e @217 & 2l By, Bs, Bs, Bio, Bia
15/2 At Dy**, Er** Cf*, Es™* Fe®T7 @30 By, Bs, Bs, Bio, B2, Bia

by some of us and the methodology to uniquely define the
pseudospin states was proposed [13—15].

The pseudospin states may be obtained by unitary transfor-
mation of the electronic states |\W;):

N
ISM) =" Uin|W:), ©)
i=1

where U,y are elements of a unitary matrix U and N = 25 +
1. Once pseudospin states are established, the pseudospin
operators such as

3
S.= > MISM)3M|
M=-3

and irreducible tensor operators qu(S') can be assigned in
their basis, where k and ¢ indicate the rank and the compo-
nent of the tensor, respectively. Nevertheless, for an arbitrary
choice of U, the obtained operators S would not behave as
expected for the phenomenological effective spin under sym-
metry operations, and the obtained pseudospin Hamiltonian
will also differ from the phenomenological one. In order to
choose adequate unitary transformation U in Eq. (2), two
requirements (principles) are employed [13-15]:

(1) The pseudospin states |SM) transform as the true
spin states |SM) (S = §) under the time-reversal and spatial
symmetry operations.

(2) The pseudospin states are adiabatically connected to
the well-defined pure-spin/orbital/total angular momentum
states.

The first principle simply requires the pseudospin states
to be consistent with the symmetries of the system [2,23].
The second principle requires the existence of the one-to-one
correspondence between the pseudospin and a well-defined
pure spin. This correspondence is established by adiabatically
turning on the interaction which only exists in the materials

[13,15]. The latter may include covalency, spin-orbit coupling,
and deformation of the environment, depending on the choice
of the reference situation. Such an adiabatic connection is
used in various fields of condensed matter physics to char-
acterize the systems [24,25].

The proposed principles state the requirements for the
unique definition of pseudospins, while they do not provide
the practical way to achieve it. In practice, low-dimensional
pseudospins (§ = 1/2, 1) can be uniquely defined by iden-
tifying their states with the Zeeman states along one of the
principal magnetic axes of the system [14,15]. These pseu-
dospin states automatically obey the symmetry requirements
of principle 1. On the other hand, the unique definition of
larger pseudospin S > 3/2 is technically more difficult than
that of small pseudospins due to the quadratically increas-
ing number of free parameters (ccN?) defining the unitary
transformation U in Eq. (2) [15]. If as in the small pseu-
dospins, the eigenstates of the magnetic moment (i, along
the principal magnetic axis Z are taken as pseudospin states
[20], the spatial symmetry requirement may not be completely
fulfilled. For example, the crystal-field states of a Kramers
ion in a cubic environment may contain fourfold-degenerate
I'g states (Table 1), whereas the eigenstates of [tz never do
so because they satisfy at most a tetragonal symmetry under
Zeeman splitting. Although the definition of the pseudospins
via eigenstates of [tz is one of the possible choices, the
obtained Hamiltonian will not have a priori the expected
form for a cubic system. Another issue is the requirement
of the adiabatic connection: in principle this can be satisfied
by defining the pseudospin by several consecutive ab initio
calculations in which some controlling parameters are varied
(see Ref. [13] and Sec. VIin Ref. [15]). It is evident that such a
brute force approach is far from practical for most systems of
interest. Towards the establishment of the practical scheme to
determine large pseudospins, the theory of the J pseudospin
in a cubic environment is developed below.
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III. PSEUDOSPIN IN A CUBIC ENVIRONMENT

The low-energy crystal-field states of f elements mainly
originate from the ground atomic J multiplet [2]. Thus,
the crystal-field Hamiltonian is described in terms of J-
pseudospin operators. Here, the algorithm to derive the J-
pseudospin crystal-field Hamiltonian in an octahedral envi-
ronment from the crystal-field states is shown, taking J = 9/2
pseudospins as an example because the latter is the simplest
nontrivial case where both requirements in Sec. II have to be
fully taken into account. Other cases can be done using the
formulas in Appendix A. The developed method is applied to
derive the crystal-field Hamiltonian of Nd** (4 f3) and Np**
(5f3) ions in an octahedral environment.

A. T pseudospin

In an octahedral (O or Oj,) environment, the ground atomic
J = 9/2 multiplets split into two sets of fourfold-degenerate
I's multiplets and one I'¢ Kramers doublet (Table I). Since
the I's and I'¢ states, respectively, transform as S = 3/2 and
S = 1/2 spin states under the symmetry operations of the
Oy, group [27], each of the multiplets can be unambiguously
transformed into a I'-pseudospin state by requirement 1 (H
corresponds to a set of degenerate I states) [15,21]. Hereafter,
the three C,4 axes of the cubic environment correspond to the
x,y,z axes (right-handed coordinate system), the z axis is
taken as the quantization axis of the angular momentum, and
the basis of the irreducible representations given in Ref. [27]
is used. Using the generators of the rotational symmetry
operations of the O, group, for example, /2 rotations around
the y and z axes (C} and C3), the I" multiplets are transformed
as, respectively,

Ay 3 b4
CIIrM) =Y "dy.y <E)|FM/>
-

(©)

J

1 1\/?
2:|:2 2cosoz

I, F

[

NI\D

Fs,

l\)l\]
\./

2

i[sm(a + ¢)|T

:I:[ cos(a + ¢)|I

Nlm
v
~—~— ~—~— ~—~— —~— \/

where ¢; = arccos \/3/115, ¢, = arccos /7/10, and ¢3 =
arccos(2/5). The phase factors of the J-pseudospin states
are determined to satisfy §|JM) = (—1)’"M|J, —M) under
time inversion as in Eq. (5) for I'-pseudospin states. (See
Ref. [29] for the phase factors and time-reversal symmetry.)

1 j:1 23[ .

> We sin(e + ¢1)
r :l:3 + cos(o +
8 2 o ¢2)

3 .
Ty, ¢2> + sin(a + ¢,)|T

1 ﬂE1\/? .
5> 3 3[5111(054-4)3)

and

CiITM) = e 2M T M). 4)

Here, § = 1/2 for I' = T, § S=3/2for ' =Tg, M, M' =
-8, -8+1,...,8,and d3,.,y is the rotation matrix around the
y axis (Wigner D function) [28]. The relative phase factors
between |['M)’s are fixed by using time-reversal symmetry
[2,27,29]:

(=1>7Mr, —M),

OIrM) = %)

where 0 is the time-reversal operator. A similar consideration
holds for a T,; system by replacing C4 with Sy.

B. J pseudospin

The J-pseudospin states are described by linear com-
binations of the [I'-pseudospin states [H = {|[TM)|' =
T, Ty, T }:

[TM) =" Uroopr juI T M), (6)
urm

where the index u distinguishes the repeated I' multiplets
(two I'g states in the present case) and Upuy, jy, are coeffi-
cients. The latter are restricted by the first requirement. | J M)
with M = F7/2, +£1/2, £9/2 transforms as |I", =1/2) under
the C; rotation. The relation between the |J, M) states and
|T's, 21/2) states is unambiguously given by taking account
of the transformations under C; rotation. On the other hand,
the relation between the |JM) and two |I'g & 1/2) states is
given up to the arbitrary mixing (rotation) of the two ['g states
described by one angle «. Finally, making use of the compo-
nents of |, £3/2) appearing in C}|T's, £1/2), the unitary
matrix U in Eq. (6) is determined up to angle «. The obtained
J = 9/2 pseudospin states are

1
Féz), :F§>:|,

m 1
Ig ,iz —cos(a + ¢1)|T

e, iéﬂ,
2
3
r®

1
Fél), :F2> ~+ cos(o + ¢3)

1
Fél), $§> —sina

(2)

)]

)

re .
9 2 b
|

The angle « is explicitly present in the left-hand sides of
Eq. (7) because it is not fixed yet. In addition to «, there are
two possibilities for the assignment of two I'g states in H. By
similar procedures, all the important cases for f elements can
be derived (see Appendix A).
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Using the pseudospin states (7), we can define the irre-
ducible tensor operators (Appendix B)
Yig(J (@)

Yio(J)

_ (JYIM'|J Mkq)
N Z (Jk)J J|J Tk0)

Vig(J (@) =

|TM (@) (T M ().

MM
®)

Here, J is the J-pseudospin operator, qu(f ) is the irre-
ducible tensor operator of rank k (k =0, 1, ..., 2J) and argu-
ment g (g = —k, —k + 1, ..., k), Yio(J) = (JJ|Yeo(J)I T J),
and ((j1j2)jm|jim; jam,) are Clebsch-Gordan coefficients
[28]. The tensor operator behaves as a pseudospin state |J =
k, M = g) under time inversion, Vi, — (—1)k—qyk,,q. Any
electronic operators acting on the crystal-field states in H can
be decomposed into Vy,’s (see Appendix B).

For the unique definition of J pseudospin, the variable o
in Eq. (7) has to be fixed. To this end, the second principle is
used. The J-pseudospin states (7) and thus J have to converge
to the atomic J multiplet and pure total angular momentum J,
respectively, by adiabatically reducing the interactions with

the environment. This is achieved by choosing o so that the
first-rank parameter of J,, jjo(«), becomes the largest:

2J
=33 i@ (J (@), ©)
k=1

k
q=—k

In general, jjo < J because the degree of the mixing of
the atomic J multiplets |J M) to the crystal-field states |\W;)
depends on M owing to, e.g., the covalency and J mixing.
Substituting ¢y which maximizes jjo(«) into Eq. (7), the J-
pseudospin states are uniquely defined. In this procedure, all
possible assignments of I's crystal-field levels to F;l) and Féz)
in Eq. (6) also have to be examined. If another angle « such as
the one at the other extremum is chosen, J does not converge
to J in the atomic limit (see Sec. ITI C 2) because such a choice
makes |J M («)) dissimilar from |J M). The same procedure
uniquely defines J > 9/2, whereas the J < 9/2 pseudospin
states are uniquely defined by symmetry.

With the use of the J)kq(f (t0)), the crystal-field Hamilto-
nian Hy = > uru EW|I® MY ® M| is expressed as (see
Appendix C)

J
N 5 7 1 /14 1 /65
Ay =Bo+Bs| Yo+ Y V 15%% |+ Bs| Yoo — > \/;yéq + Bs| Vo + Y Vet > 3V 322% |- (O
g==+4 g==4 g=+8

g=%4

where ykq(j (ap)) is replaced by Yy, for simplicity, and By are calculated as

1
By = —[2Er, +4(Ey) + ER)].

10

3

By = 1430 [49(2Er, — EI(JS) — El(}s)) + (133 cos 2y — 4+/21 sin 20;0)(151(_18) _ El(‘zg))]
(11)

1 .
B = @[ - 4(2Er6 - E(plg) _ E(ri)) + (8 cos 2ag + /21 sin 20‘0)(E(r18) _ E(rzg))}

1
By = $oo5[3(2Er, — EY) — Ef) + (=3 cos 2ag + 421 sin 200) (Ef,) - EF})].

Contrary to the conventional crystal-field Hamiltonian con-
taining only fourth- and sixth-rank terms [30], the present
one contains up to eighth-rank terms (in general up to rank
k < 2J). The conventional form is recovered by imposing
the constraint that all local crystal-field levels arise from the
atomic f shell.

The proposed algorithm for the unique definition of J-
pseudospin states in a cubic environment is summarized as
follows:

(1) Express J-pseudospin states | J M) using Eq. (7) or the
corresponding formulas in Appendix A.

(2) Maximize the first-rank parameter jo of fz (9) with
respect to the free parameters.

These two procedures satisfy the principles 1 and 2
(Sec. II), respectively. With the obtained J-pseudospin states
with the fixed angles, any operators acting on the same Hilbert
space ‘H can be decomposed into the irreducible tensor opera-
tors Vi, ’s (see Appendix B). In the next section, this algorithm
is applied to two systems.

(
C. Ab initio derivation of J = 9/2 pseudospin states

Combining the developed theory and ab initio calculations,
the J = 9/2 pseudospin states of Nd** ion in the octahedral
site of Cs,NaNdClg [31] and Np4+ impurity ion in the octahe-
dral Zr site of Cs;ZrClg [32,33] are derived. It is also shown
that the present approach fulfills requirement 2.

1. Ab initio method

In order to obtain the electronic structure, embed-
ded cluster calculations were performed with a post—
Hartree-Fock method. For the Cs,NaNdClg cluster, one
Nd** ion and the nearest eight Cl~ ions are treated
ab initio, and the distant atoms are replaced by point
charges. The electronic structure was calculated using a
complete active space self-consistent field (CASSCF), ex-
tended multistate complete active space second-order per-
turbation theory (XMS-CASPT2) [34,35], and spin-orbit
restricted active space state interaction (SO-RASSI) methods
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Jio(a@)

-03 -02 -0.1 0.0 0.1 0.2 0.3

ANd-CI (A)

FIG. 1. (a) jjo(a) for Nd (solid line) and Np (dashed line) clusters. (b) jjo of the Nd cluster with respect to the totally symmetric deformation
from the equilibrium Nd-Cl bond length, A Nd-Cl (A). The filled circles and open triangles indicate jj, with « at the global maximum

(o = 7 /2) and the local maximum (¢ =~ —m/2), respectively.

with atomic-natural-orbital relativistic-correlation consistent-
minimal basis (ANO-RCC-MB). In the CASSCF -calcula-
tions, 14 orbitals were included in the active space: 4 f of
the Nd** ion alongside with an additional set of seven f
functions (of the 5f kind of the metal site). The dynam-
ical electron correlation for these orbitals was taken into
account within the XMS-CASPT2 approach. The spin-orbit
coupling was taken into account with SO-RASSI method,
and the scalar relativistic effects were included in the basis
set. The crystal-field states of Nd** were calculated using
two approaches: (a) CASSCF/SO-RASSI and (b) CASSCF/
XMS-CASPT2/SO-RASSI. All calculations were performed
using the MOLCAS 8 suite of programs [36]. The crystal-
field states of the CSZZrC16:Np4+ cluster within the same
computational level were taken from the previous work [21].

2. J pseudospins of Cs;NaNdClg and Cs,ZrClg:Np**

The calculated crystal-field levels of Cs;NaNdClg and
CszerIG:Np4+ clusters are given in Table II. In both cases,
the irreducible representations of the crystal-field levels are
I's, T's, ['s in the order of increasing energy. The obtained lev-
els of Cs,NaNdClg are in good agreement with experimental
data [31], and the dynamical electron correlation makes the
agreement better. The ab initio I’ multiplets were assigned by
comparing the ab initio magnetic moment f matrices and the
structure of symmetry adapted model of ft, which also enabled
us to fix the relative phase factors.

Following the method in Sec. II B, J = 9/2 pseudospin
states were defined. Figure 1(a) shows the plot of jjo(«) as a
function of «, and the obtained ay, jig(ao), and By are listed

in Table III. The Fél) and Féz) states in Eq. (6) correspond
to the excited and the ground I's multiplets, respectively.
In order to check principle 2, we consider jjo of the Nd
cluster with respect to the strength of the crystal field which
is controlled by the totally symmetric displacements of ligand
atoms. Figure 1(b) shows jjo using two different : one at the
maximum point (¢ = ag &~ 7/2) and the other at the second
highest point (¢ &~ —m/2) in Fig. 1(a). The first one (filled
circle) continues to approach the atomic limit: jo = 4.494
at the largest Nd-Cl. On the contrary, the second one (open
triangle) remains a much smaller value than the atomic one.
This demonstrates that the pseudospin states defined by the
proposed algorithm indeed fulfill the two principles outlined
in Sec. II.

The coefficients ji, in Table III show that the first-rank
term in J. is dominant, whereas the higher-order terms are
not negligible. The discrepancy would be mainly explained
by the covalency effect [20]. The effect of covalency is seen
by comparing Nd** and Np** ions: due to the stronger

TABLEIIL o (rad), the total angular momentum j, and crystal-
field parameters B; (cm~') of Cs,NaNdCls and Cs,ZrClg:Np**.
(a) and (b) indicate the ab initio methodology (Sec. III C 1).

Cs,NaNdClg Cs,ZrClg:Np*t
TABLE IL Crystal-field levels of Cs,NaNdCls and kK q (a) (b) (a)
Nt ~1ya o di P
Cs,ZrClg:Np (cm™)% (a) ind ’(’b) 1nd1cat.e the ab initio ” 1620 1614 1631
methodology (Sec. IIIC 1) and “Exp.” the experimental data [31]. .
The ground I'g energy is set to zero. Jeg 10 4.455 4.452 4.242
3 0 6.88 x 1073 9.28 x 1073 2.68 x 1072
5 0 —315x 1073 —434 x 1073 —1.10 x 1072
Energy 4 5 4
+4 1.70 x 10 241 x 10 —4.54 x 10
Cs,NaNdClg Cs,ZrClg:Np** 7 0 6.03 x 107 6.80 x 107 1.25 x 1073
+4 -3.23 x 107 2.15 x 107*  —6.15 x 107*
r b Exp. [31
(@ ®) xp- [31] (@ 9 0 —376 x 105 —471 x 107° —1.12 x 1075
Is 90.225 95.318 97 506.834 +4 4.56 x 107° 1.09 x 1073 1.44 x 1073
Ty 267.562 315.578 335 1352.775 +8 355 x 10° 831 x 10°°  1.12 x 107
B, 4 —82.24 —99.53 —370.65
aTg levels within the method (b) are slightly split: 0.2 cm™! and 6 —8.65 —974 ~39.73
0.4 cm™! for the ground and excited Ty levels, respectively. In this 8 0.05 0.07 —022

work, the averaged values of the slightly split I's levels were used.
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delocalization of the 5 f orbital in comparison with the 4 f
orbital, the bonding to the ligand becomes more important
in the former, which results in a stronger reduction of jjo in
Np** than in Nd**. The discrepancy between the traditional
crystal-field approach [30] and the ab initio wave-function-
based treatment described here also arises in the form of the
crystal-field Hamiltonian, which involves eighth-rank terms in
the latter case. We stress that the J-pseudospin Hamiltonian is
more exact because, being derived directly from the ab initio
electronic states, it reproduces by definition not only their
energies but also all their electronic properties.

IV. DISCUSSION

The present J-pseudospin states fulfill both requirements
presented in Sec. II. The same methodology will apply to
other cases. For J < 9/2, the pseudospin states are uniquely
defined by using the first principle as shown in Appendix A,
whereas there are a few arbitrary parameters in the case
of J > 9/2. The mixing parameters have to be introduced
because some I' representations of the cubic group appear
more than once under the descent of symmetry, J | O (see
Table I and Appendix A).

One also should note that the present definition is one of
many equivalent definitions. In the case of octahedral systems,
the eigenstates of [i, cannot be used as the pseudospin states
which satisfy the symmetry requirements. This is explained by
the fact that the applied magnetic field (Zeeman interaction)
lowers the symmetry to and the eigenstates fulfill at most
tetragonal symmetry. A similar situation arises in all systems
of cubic or icosahedral symmetry. In such cases, the idea of
the approach proposed here should be applied. On the other
hand, if the system has a low symmetry which in practice
cannot be adiabatically changed into the cubic or higher one
and the Zeeman interaction does not lower the symmetry, the
conventional definition using the eigenstates of 1z [20] will
be reasonable.

In Sec. III C, to check the adiabatic connection between the
obtained J-pseudospin states in cubic symmetry and atomic
J multiplets, ab initio calculations were performed at many
cubic structures. However, this procedure could be signifi-

J

cantly simplified by applying the indicator function approach
proposed in Ref. [15]. With this method, the information of
the atomic limit will be extracted from the wave function of
the embedded system.

V. CONCLUSIONS

In this work, the theory of J pseudospin for cubic systems
is developed. Using the symmetry, we derived the analytical
expressions for all important J-pseudospin states. Despite the
high spatial and time-reversal symmetries, the large-J pseu-
dospin states cannot be completely determined due to the pres-
ence of several arbitrary parameters. These free parameters
are fixed by using the requirement of adiabatic connection.
In the case of J pseudospin for the crystal-field model of f
elements, the free parameter is determined by maximizing
the first-rank term of total angular momentum because this
definition allows the J pseudospin to converge to pure total
angular momentum in the atomic limit. Although the original
idea to fulfill the second requirement of the adiabatic connec-
tion is by performing many consecutive ab initio calculations,
varying the strength of interaction, the present algorithm
enables us to determine the J pseudospin based only on one
calculation. With the derived J-pseudospin states, the total
angular momentum and the crystal-field Hamiltonian contain
terms of higher rank than fourth and sixth, which do not exist
in the conventional model based on f shells. The discrepancy
can arise due to effects which are not contained within the
atomic shell model. Combining the developed approach and
ab initio calculations, the crystal-field Hamiltonian of the
Nd** and Np** ions in a cubic environment were successfully
derived. Finally, we emphasize that the current methodology
is not specific to the method for the calculations of wave
functions and is applicable to any multiplet states. Thus, with
the increase of the accuracy of the ab initio calculations, an
accurate definition of pseudospins can be achieved.
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APPENDIX A: j-PSEUDOSPIN STATES

The relation between the J-pseudospin states and I" crystal-field states,

(Ty), IT'Y)), ) = (M), IM"), .)U, (A)

is derived up to J = 8, where (|'y), ...) and (| M), ...) are indices of crystal-field states and J-pseudospin states, respectively,
U is an orthogonal matrix, and |M) stands for |J M). The basis of the irreducible representations of cubic symmetry are taken
from Ref. [27], and |J M) transform as spherical harmonics [28]. The procedure of the derivation is similar to that of J = 9/2
pseudospin states (Sec. III). The transformation coefficients U between the nonrepeating I' states (Table I) and the J-pseudospin
states are unambiguously determined by symmetry. The other I" states are determined up to their linear combinations, which are
described by using the rotational matrices [28],

cos o

RP(a) = ( (A2)

—sina
cosa )’

sin «
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and
cosaxcosBcosy —sinasiny —cosacosfsiny —sinacosy cosasinf
R®(Q) = | sinacos Bcosy +cosasiny —sinacosBsiny +cosacosy sinasinf |, (A3)
—sin B cosy sin B sin y cos B

where «, B, y are angles, and = («, B, ¥). For the description of the J-pseudospin states of non-Kramers systems, symmetric
and antisymmetric states are sometimes used: for positive M = m (m < J),

1
Imy) = —=( —m) £ | +m)). (Ad)
R
1. Non-Kramers ion
a. j=2
IT30) = 10), [Tse) =124), [I's,0)=12_), [I's,F1)==|=£1). (AS)
The crystal-field parameter By is given by
Er, — Er,
By = —=. A6
4 10 (A6)
b. J=3
(|F2>’ |F470>7 |F47 _]>9 |F43 +1)7 |F51 0>’ |F5a _1>7 |F57 +1>) = (|27)3 |0)1 |2+>9 | - 1>7 | + 3)1 | + ]>7 | - 3))
1 0 0 0 0 0 0
0 1 0 0 0 0 0
x]0 O 0 0 1 0 01, (A7)
0 0 M, 0 0 0 M,
0 0 0 My, 0 M, 0

where

_l\/§ 1\/3
M, = f z M= V2. (A8)
13

_ —OFr, +9Er, —3Er, , _ —4Er, —5Er, +9Er,

The crystal-field parameters are

By = - A
) 44 ‘ 616 (A9)
c. J=4
(|F1),|F39>,|F3€>,|F4,0>,|F4,—1>,|F4,+1),|F5,0),|F5,—1>,|F5,+1>)
1 /5 1 /7
Wi W1 00 0o 0 0 0 o
1 /7 1 /5
WIoL5 00 0 0 0 0 o
0 0 -1 0 0 0 0 0 0
= (4,100, 20, 4, 2 =D+ 0+ 0= 6 o 01 o o o o o |
0 0 00 0 0 1 0 0
0 0 00 —M, 0 0 0 -—M
0 0 00 0 M 0 M 0
(A10)
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where

1 (V7 1 (-1
M1=m<l>’ M2=2—\/§(ﬁ>. (A11)

The crystal-field parameters are given by

_ 7TQ4Er, +4Er, +21Er, —39Er,) _ ~20Er, +32Er, + 3(Er, — 5Er,)

SEr, + 7Er, — 12Er,
6 = .

B4 B8

858 ’ 990 ’ 1560
(A12)
d. j=5
(IT38), ITs€), [T57, 0), 052, 0), (15", —1), |18, —1), |5V, +1), 052, +1), [Ts, 0), |T's, —1), |T's, +1))
= (1420, 1220, 140,10, 124), [ =5), [ = 1), | +3), [ +5), [+ 1), ] = 3))
1 0 0 0 0 0 0 0
0 —1 0 0 0 0 0 0
0 0 R 0 0 0 0 0 A3
“To o o 0 0 1o ol (AL3)
0 0 0 MR () 0 0 0 M
0 o0 0 0 MiR®@w) 0 M, 0
where M, and M, are defined by
| V53T 1 V15
My =——=|V42 V30| M=——|-V14 | Ald
'T 82 NG (A
-9 /35 -3
e. J=6
(IT1), IT2), IT38), [Ts€), [Ty, 0), [Ty, —1), [Ty, +1), |57, 0), |15, 0), |1E7, —1), [0, —1), |5V, +1), 1§, +1))
= (|4+)s |0)7 |6+)9 |2+>7 |47>’ |67)1 |27), | - 5>7 | - 1)1 | +3)7 | +5>’ | + 1)1 | - 3))
1 7 1
i3 0 25 0 0 0 0 0 0 0
1 1 7
55 0 /3 0 0 0 0 0 0 0
0 ¥ Yoo o0 o0 0 0 0
«| o 1 o &5 o o0 0 0 0 0 , (A15)
0 0 0 0 1 o0 0 0 0 0
0 0 0 0 0 0 0 RP) 0 0
0 0 0 0 0 M, 0 0 0 M>R®(a)
0 0 0 0 0 0 -—M 0 —MyRP(a) 0
where
(- 11 | V3 /165
My = —— 6 |. M,=—|3v22 10 |. Al6
1 Wi NG 2= 1g V22 (A16)
—J/15 V55 -9
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fJ=1
(IT2), IT36), Tse), [T57, 0), [T, 0), |17, —1), [0, —1), [T§7, +1), |18, +1), [TV, 0), [0£2, 0),
rsY, =1), 15, =1), [T47, +1), 1§, +1))
= (|6—>’ |2—)1 |4—>7 |4+>7 |O>7 |6+>7 |2+)’ | - 5)’ | - 1)7 | + 3>’ I +7>3 | +5>7 | + 1)5 | - 3)7 | - 7))
1 11 1 13
WS 0 -1/ o 0 0 0 0 0
WE oo 3/ o 0 0 0 0 0
0 1 0 0 0 0 0 0 0
I 0 0 0 R () 0 0 0 0 0 » (ALT)
0 0 0 0 0 0 R (B) 0 0
0 0 0 0 M R®(a) 0 0 0 M>RP(B)
0 0 0 0 0 M R®(a) 0 MR (B) 0
where
25 —J231 513 V11
1| -3v33 —5v7 1 V429 1543
M) = — V7 ., My=—— V3 (A18)
32 Vi —3J21 322 | —34/143 19
—J/91 =429 -7  =4/1001
g. J=8
(ITy), [T$V8), [0576), [T$Ve), |[T€), TV, 0), [T, 0), |57, —1), [T, —1), [TV, +1), [0, +1), [1$", 0), 1§, 0),
T, —1), 1@, —1), |1V, 1), [P, +1)
= (|8+>’ |4+)’ |O>’ |6+)’ |2+)’ |8—>7 |4’—>’ |6—)1 |2—>3 | - 5>7 | - 1)5 | +3>3 | +7>’ | +5)1 | + 1)7 | - 3>’ | - 7))
M, M,RP(x) 0 0 0 0 0 0 0
0 0 M;M>R® () 0 0 0 0 0 0
0 0 0 RP(B) 0 0 0 0 0
X :
0 0 0 0 0 0 RO(y) 0 0
0 0 0 0 —MsRP(B) 0 0 0 —MsR?(y)
0 0 0 0 0 M4R®(B) 0 MsR@(y) 0
(A19)
where
V65 V2145  —164/7
Y 1 N u 1 2SI 8 e e ] 310 6182  —34/286
1= —F= ’ 2 = T = ’ 3= - )
83 8+/93 96 \ /6006 —24/330 —3+/210
311 —31/3 0
(A20)
V35 34/13 7421 =715
o LIV VT o L [-VA9 =35
T Rlva Ssyislt T vzl vass 33
1 /455 3V15 /1001
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2. Kramers ion
a. J=5/2

r ! F+1 r 3 F+3 r ! F—i—l = > +3 +5 3 ! +1
Pl T2 2 2 2 2 T2 2 2 2 2 2
M, O 0 M, 0 O
O M, M, 0 0 O
X , (A21)
0 0 0 0 1 0
0 0 0 0 0 1
where
£ 5
= Y| M2=< f). (A22)
-/ 7
The crystal-field parameter is given by
Er, — E
By = "l (A23)
6
b. J=1/2
r : r —l—l r 1 r —l—l r ! r —l—l r 3 r +3
61 2 9 67 2 9 77 2 b 77 2 b 8’ 2 9 81 2 9 87 2 9 87 2
B +7 1 7 +1 5 +3 +5 3
N 2170 2 2/ 2] 2] 2| 2] 2
M, 0 0 0 M; O 0 0
0 —-M 0 0 0 M; O 0
x , (A24)
0 0 M, 0 0 0 0 M,
0 0 0 —-M O 0O M, O
where
1 177 _1
|2 2V 3 _ 2
M, = ! ek M4_<_£>. (A25)
2 2V 3 2
The crystal-field parameters are calculated as
49Er, — 63E 14E —5Er, — 3E 8E
B, = Ts r, + Xy Be = Te r, + Dy (A26)
264 264
c. J=9/2
1 1 1 1 1 1 3 3 3 3
r s T A [ r i S/ F(l)v__ ) F(Z)s__ ) F(1)7 Pkl 1"(2)’ Al F(1)3__ ) F(Z)v__ ) F(l)s Al F(2)7 A
(62>6+2>82>828+28+282328+28+2
B +7 1 9 7 +1 +9 5 +3 +5 3
S\ 2 2 2l 2 2 2 2l 2 2 2
M, 0 MR 0 0 0
0 M 0 —M,R®(a) 0 0
x ) , (A27)
0 0 0 0 0 MM R (a)
0 0 0 0 —M3M>R® () 0
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where
1 V3 —4T
1 1 1 [-5v2 247 =3V2
M =——|JV14]|, My=——=| V22 22|, M3=— . A28
""" 26 * 7T 2/30 } 4\/6<«/42 23 —JI2 (428)
3 —5V3
d J=11/2
1 1 1 1 1 1 1 3
T —— Ve a2V e =2V e 2 2) Iro r® _2\ ir® L5\ p@ 2 jpw 2
( 6> 2>3 67+2>7 7y 2>7 7 +2>a 8 >1 8 2 ’ 8 1+2 ’ 8 7+2 ) 8 » 2 ’
3 3 3
r® 2\ |ro 2\ pe 2
8 2>’ 8 ’+2 ’ 8 ’+2
B +7 1 +9 5 +3 +11 +5 3 11
o 2071 2/f 2071 2 2070 200 2 2| 2
M, 0 0 0 M3R(2)(,3) 0 0 0
0 —-M, 0 0 0 M3R® 0 0
y | 3R (B) i 7 (A29)
0 0 M, 0 0 0 0 M;M3RP(B)
0 0 0 —-M 0 0 MyM;RP(B) 0
where
| V35 V11 75 1242
M =—|-J6|, M 2 |, My=—=|_-V42 4105 |,
T 4B V6 T A3 V2 T 4123
V1 —J15 —41 0
(A30)
| ~7J3 =70  5J15
m:m V6 o =235 —-3J30]|.
35 —V462 —J11
e. J =13/2
1 1) o) o N\l 1\ o 1\ Lo 1
Ce, —= ), T ), —=), [0, —= ), |T -\ r e —=) r®, =
( 65 2> 69 > 7 > 7 7+2 ’ 7 7+2 ’ 8 » 2 ’ 2 ’
1 1 3 3 3
(1) 2) (1) 2) (1 2)
) ,+_> ¥ ,_§> rg ,__> 43 e 3)
B +7 1 13 5 +3 +11 +13 +5 3 11
- 217 2| ol 2l 2 22 T2 2 2
M 0 M3;R®(B) 0 0 0
0 M 0 0 0 —M3R® 0 0
8 1 i 3 (B) 5 , (A3D)
0 0 MR 0 0 0 0 —MsM3RP(B)
0 0 0 M>R®(a) 0 0 MiM3;RP(B) 0
where
410 429
V3 V33 42
M—l 5 Vo — 1 —2J286 /15 Ve — 1 B 43
T3 iy *Ta/i4a| o 193 |7 T a5 N
) 2J130 333
—J/143 858 —+/39
1 55 =330 165
= Vs (A32)
1646 —21 —5V6 /33
7J/11 =66 —93
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f J=15)2
<r6,—%>, F6,+%>, r7,—%>, r7,+%>, rg”,—%>, r§2>,—%>, r§3>,—%>, rg‘),+%>,
F§2),+%>, F§3),+%>, F§1)7_§>’ F§2),—%>, F§3),—§>, F§1)’+%>, F§2),+%>, F§3),+§>)
(S S D ) ) )
2 2P 2/ 2 2 2022 2 2172 2 2 2 2 2
M, 0 0 0  M;ROQ) 0 0 0
0 -M; 0 0 0 MsR®(Q) 0 0
o o M o 0 0 0 MMRO@) | (A33)
0 0 0 —M 0 0 MiM;R®(Q) 0
where
V65 V77 —24/266  —24/1430 —+/455
o |V s VB |0 0 53
8/3| V99 | 83| =v39 |’ 24/19 0 482 =377
NG —J11 242470 —24/154 -7
B AT VB 33 (A3

_ 1 | V3003 735 -3J105  3V165
YT 63| V5005 —33  —15¢7  —17V11 )
JI05  17J13  —v3003  11/39

(

APPENDIX B: DECOMPOSITION OF OPERATOR APPENDIX C: THE FORM OF THE CRYSTAL FIELD

An operator A acting on the electronic states from H (1) is

The totally symmetric kth-rank tensor of the cubic group is
decomposed into the irreducible tensor operators (8):

expressed as

. Ve =viodio+ D viadeg + Y tksVig
A= Zaqukq. (B1) g=+4 g=+8
kq
+ ) Vg + D Viiedg- (C1)
g=%12 g==%16
Here, J is omitted for simplicity from the argument of )V, . .
and the coefficients ay, are calculated as TABLEIV. Coefficients v ;| in Eq. (C1).
k Uk,0 Uk 4 Uk,8 Uk, 12 Uk, 16
/4 o
g = (—l)qm[<(Jk)JJ|JJko>]2Tr[yk,_qA], (B2) 4 1 NES
6 1 — ;
8 1 1 /14 1 /65
where [x] =2x + 1, and Tr is the trace over H. The irre- v i vz

o
[

. . . . . 66
ducible tensor operators )y, are written in slightly differ- 10 1 -
ent form compared to conventional Stevens operators [37].

=)

oY
w
S

12 1 0 2 4./55

. . 646 7429
The advantages of the current form are that (a) the explicit - i
form of the Stevens operators is not necessary (only easily 0 1 4/ 33 9 74

obtainable Clebsch-Gordan coefficients are necessary), (b) it 14
is suitable form for the use of group theoretical techniques,

=
“w
=
B

Iw
»
e}
v
Elz
D R}
S
= |
S =
) e
o

16 /17 493
and (c) the coefficients ay, directly indicate the strength of the 16 ! 0 2185 5V 437 7y wsim
contribution because the magnitude of ), is expected to be 0 1 -6,/ -31/2 4,/ 2k
of the order of unity.

054436-12



J-PSEUDOSPIN STATES AND THE CRYSTAL ...

PHYSICAL REVIEW B 98, 054436 (2018)

The coefficients vy 4 listed in Table IV are determined by
making use of the fact that Eq. (C1) is invariant under C; and
C; rotations. The 12th- and 16th-order operators contain two
independent sets of coefficients which are shown in different
lines in Table IV. The crystal-field Hamiltonian is a linear
combination of Eq. (C1):

A=Y BV (C2)
k
By is the average of the crystal-field energies. There is one

B, for each rank k = 4, 6, 8, 10, 14 and there are two By for
each k = 12, 16.

[1] H. A. Bethe, Splitting of terms in crystals, Ann. Physik 3, 133
(1929).

[2] A. Abragam and B. Bleaney, Electron Paramagnetic Resonance
of Transition lons (Claredon Press, Oxford, 1970).

[3] G. H. Dieke, Spectra and Energy Levels of Rare-Earth Ions in
Crystals (Academic Press Inc., New York, 1967).

[4] N. Ishikawa, M. Sugita, T. Ishikawa, S. Koshihara, and Y.
Kaizu, Lanthanide double-decker complexes functioning as
magnets at the single-molecular level, J. Am. Chem. Soc. 125,
8694 (2003).

[5] N. Magnani, P. Santini, G. Amoretti, and R. Caciuffo, Per-
turbative approach to J mixing in f-electron systems: Ap-
plication to actinide dioxides, Phys. Rev. B 71, 054405
(2005).

[6] J. E. McNulty, B. J. Ruck, and H. J. Trodahl, On the fer-
romagnetic ground state of SmN, Phys. Rev. B 93, 054413
(2016).

[7]1 M. Ruminy, E. Pomjakushina, K. lida, K. Kamazawa, D. T.
Adroja, U. Stuhr, and T. Fennell, Crystal-field parameters of
the rare-earth pyrochlores R,Ti,O; (R = Tb, Dy, and Ho),
Phys. Rev. B 94, 024430 (2016).

[8] J. H. Van Vleck, Valence strength and the magnetism of com-
plex salts, J. Chem. Phys. 3, 807 (1935).

[9] C. K. Jgrgensen, R. Pappalardo, and H.-H. Schmidtke, Do
the “ligand field” parameters in lanthanides represent weak
covalent bonding? J. Chem. Phys. 39, 1422 (1963).

[10] R. E. Watson and A. J. Freeman, Covalent effects in rare-earth
crystal-field splittings, Phys. Rev. 156, 251 (1967).

[11] N. A. Bogdanov, V. M. Katukuri, J. Romhdnyi, V. Yushankhai,
V. Kataev, B. Biichner, J. van den Brink, and L. Hozoi, Orbital
reconstruction in nonpolar tetravalent transition-metal oxide
layers, Nat. Commun. 6, 7306 (2015).

[12] E. Lefrancois, A.-M. Pradipto, M. Moretti Sala, L. C.
Chapon, V. Simonet, S. Picozzi, P. Lejay, S. Petit, and R.
Ballou, Anisotropic interactions opposing magnetocrystalline
anisotropy in Sr3NilrOg, Phys. Rev. B 93, 224401 (2016).

[13] L. F. Chibotaru, A. Ceulemans, and H. Bolvin, Unique Defini-
tion of the Zeeman-Splitting g Tensor of a Kramers Doublet,
Phys. Rev. Lett. 101, 033003 (2008).

[14] L. F. Chibotaru and L. Ungur, Ab initio calculation of
anisotropic magnetic properties of complexes, I. Unique defini-
tion of pseudospin Hamiltonians and their derivation, J. Chem.
Phys. 137, 064112 (2012).

[15] L. F. Chibotaru, Ab initio Methodology for Pseudospin Hamilto-
nians of Anisotropic Magnetic Complexes, edited by S. A. Rice
and A. R. Dinner, Advances in Chemical Physics (John Wiley
& Sons, Hoboken, NJ, 2013), Vol. 153, pp. 397-519.

[16] L. F. Chibotaru, L. Ungur, and A. Soncini, The origin of non-
magnetic kramers doublets in the ground state of dysprosium
triangles: Evidence for a toroidal magnetic moment, Angew.
Chem. Int. Ed. 120, 4194 (2008).

[17] L. F. Chibotaru, Theoretical understanding of anisotropy in
molecular nanomagnets, in Molecular Nanomagnets and Re-
lated Phenomena, edited by S. Gao, Structure and Bonding
(Springer, Berlin, 2015),Vol. 164, pp. 185-229.

[18] L. Ungur, J. J. Le Roy, 1. Korobkov, M. Murugesu, and L. F.
Chibotaru, Fine-tuning the local symmetry to attain record
blocking temperature and magnetic remanence in a single-ion
magnet, Angew. Chem. Int. Ed. 53, 4413 (2014).

[19] L. Ungur and L. F. Chibotaru, Strategies toward high-
temperature lanthanide-based single-molecule magnets, Inorg.
Chem. 55, 10043 (2016).

[20] L. Ungur and L. F. Chibotaru, Ab initio crystal field for lan-
thanides, Chem. Eur. J. 23, 3708 (2017).

[21] N. Iwahara, V. Vieru, L. Ungur, and L. F. Chibotaru, Zeeman
interaction and Jahn-Teller effect in the ['s multiplet, Phys. Rev.
B 96, 064416 (2017).

[22] Since pure-spin/orbital/total angular momentum operators do
not commute with the Hamiltonian of materials due to the
coexistence of crystal-field and spin-orbit coupling, the “spin”
operators in the phenomenological model are not pure ones but
correspond to pseudo (effective, fictious) spin (see Secs. 1.4 and
3.1 in Ref. [2]).

[23] In order to fulfill time-reversal symmetry, it is necessary to
generate integer and half-integer pseudospin states for non-
Kramers and Kramers systems, respectively. However, some-
times a half-integer pseudospin is used to describe the (quasi)
degenerate state of the non-Kramers system for a simple de-
scription of the Hamiltonian. Care is needed in this case be-
cause not all symmetry properties are fulfilled, and therefore
its unusual behavior might be expected. For example, double-
degenerate ['; states never transform as I'q (S = 1/2 spin) states
in a cubic group. Even if the pseudospin states are enforced to
fulfill the time-reversal symmetry, the crystal-field Hamiltonian
contains odd order terms of the pseudospin operator [38].

[24] P. W. Anderson, Basic Notions of Condensed Matter Physics
(Benjamin-Cummings, Menlo Park, CA, 1984).

[25] R. B. Laughlin, Nobel lecture: Fractional quantization, Rev.
Mod. Phys. 71, 863 (1999).

[26] N. M. Edelstein and G. H. Lander, Magnetic properties, in The
Chemistry of the Actinide and Transactinide Elements, 3rd ed.,
edited by L. R. Morss, N. M. Edelstein, and J. Fuger (Springer,
Dordrecht, 2006), pp. 2225-2306.

[27] G.F. Koster, J. O. Dimmock, R. G. Wheeler, and H. Statz, Prop-
erties of the Thirty-Two Point Groups (MIT Press, Cambridge,
MA, 1963).

[28] D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii,
Quantum Theory of Angular Momentum (World Scientific,
Singapore, 1988).

[29] R. Huby, Phase of matrix elements in nuclear reac-
tions and radioactive decay, Proc. Phys. Soc. A 67, 1103
(1954).

054436-13


https://doi.org/10.1016/B978-0-08-203190-1.50015-9
https://doi.org/10.1016/B978-0-08-203190-1.50015-9
https://doi.org/10.1016/B978-0-08-203190-1.50015-9
https://doi.org/10.1016/B978-0-08-203190-1.50015-9
https://doi.org/10.1021/ja029629n
https://doi.org/10.1021/ja029629n
https://doi.org/10.1021/ja029629n
https://doi.org/10.1021/ja029629n
https://doi.org/10.1103/PhysRevB.71.054405
https://doi.org/10.1103/PhysRevB.71.054405
https://doi.org/10.1103/PhysRevB.71.054405
https://doi.org/10.1103/PhysRevB.71.054405
https://doi.org/10.1103/PhysRevB.93.054413
https://doi.org/10.1103/PhysRevB.93.054413
https://doi.org/10.1103/PhysRevB.93.054413
https://doi.org/10.1103/PhysRevB.93.054413
https://doi.org/10.1103/PhysRevB.94.024430
https://doi.org/10.1103/PhysRevB.94.024430
https://doi.org/10.1103/PhysRevB.94.024430
https://doi.org/10.1103/PhysRevB.94.024430
https://doi.org/10.1063/1.1749596
https://doi.org/10.1063/1.1749596
https://doi.org/10.1063/1.1749596
https://doi.org/10.1063/1.1749596
https://doi.org/10.1063/1.1734458
https://doi.org/10.1063/1.1734458
https://doi.org/10.1063/1.1734458
https://doi.org/10.1063/1.1734458
https://doi.org/10.1103/PhysRev.156.251
https://doi.org/10.1103/PhysRev.156.251
https://doi.org/10.1103/PhysRev.156.251
https://doi.org/10.1103/PhysRev.156.251
https://doi.org/10.1038/ncomms8306
https://doi.org/10.1038/ncomms8306
https://doi.org/10.1038/ncomms8306
https://doi.org/10.1038/ncomms8306
https://doi.org/10.1103/PhysRevB.93.224401
https://doi.org/10.1103/PhysRevB.93.224401
https://doi.org/10.1103/PhysRevB.93.224401
https://doi.org/10.1103/PhysRevB.93.224401
https://doi.org/10.1103/PhysRevLett.101.033003
https://doi.org/10.1103/PhysRevLett.101.033003
https://doi.org/10.1103/PhysRevLett.101.033003
https://doi.org/10.1103/PhysRevLett.101.033003
https://doi.org/10.1063/1.4739763
https://doi.org/10.1063/1.4739763
https://doi.org/10.1063/1.4739763
https://doi.org/10.1063/1.4739763
https://doi.org/10.1002/ange.200800283
https://doi.org/10.1002/ange.200800283
https://doi.org/10.1002/ange.200800283
https://doi.org/10.1002/ange.200800283
https://doi.org/10.1002/anie.201310451
https://doi.org/10.1002/anie.201310451
https://doi.org/10.1002/anie.201310451
https://doi.org/10.1002/anie.201310451
https://doi.org/10.1021/acs.inorgchem.6b01353
https://doi.org/10.1021/acs.inorgchem.6b01353
https://doi.org/10.1021/acs.inorgchem.6b01353
https://doi.org/10.1021/acs.inorgchem.6b01353
https://doi.org/10.1002/chem.201605102
https://doi.org/10.1002/chem.201605102
https://doi.org/10.1002/chem.201605102
https://doi.org/10.1002/chem.201605102
https://doi.org/10.1103/PhysRevB.96.064416
https://doi.org/10.1103/PhysRevB.96.064416
https://doi.org/10.1103/PhysRevB.96.064416
https://doi.org/10.1103/PhysRevB.96.064416
https://doi.org/10.1103/RevModPhys.71.863
https://doi.org/10.1103/RevModPhys.71.863
https://doi.org/10.1103/RevModPhys.71.863
https://doi.org/10.1103/RevModPhys.71.863
https://doi.org/10.1088/0370-1298/67/12/408
https://doi.org/10.1088/0370-1298/67/12/408
https://doi.org/10.1088/0370-1298/67/12/408
https://doi.org/10.1088/0370-1298/67/12/408

NAOYA IWAHARA, LIVIU UNGUR, AND LIVIU F. CHIBOTARU

PHYSICAL REVIEW B 98, 054436 (2018)

[30] K. R. Lea, M. J. M. Leask, and W. P. Wolf, The raising of
angular momentum degeneracy of f-electron terms by cubic
crystal fields, J. Phys. Chem. Solids 23, 1381 (1962).

[31] X. Zhou, C. S. K. Mak, P. A. Tanner, and M. D. Faucher,
Spectroscopic properties and configuration interaction assisted
crystal field analysis of Nd** in neat Cs,NaNdCls, Phys. Rev.
B 73, 075113 (2006).

[32] E. R. Bernstein and L. W. Dennis, Electron-paramagnetic-
resonance data interpretation for a I's(O;) state in a cubic
crystal field, Phys. Rev. B 20, 870 (1979).

[33] N. Edelstein, W. Kolbe, and J. E. Bray, Electron paramagnetic
resonance spectrum of the I's ground state of Np** diluted in
Cs,ZrClg, Phys. Rev. B 21, 338 (1980).

[34] A. A. Granovsky, Extended multi-configuration quasi-
degenerate perturbation theory: The new approach to
multi-state multi-reference perturbation theory, J. Chem.
Phys. 134, 214113 (2011).

[35] T. Shiozaki, W. Gyérfty, P. Celani, and H.-J. Werner, Commu-
nication: Extended multi-state complete active space second-
order perturbation theory: Energy and nuclear gradients,
J. Chem. Phys. 135, 081106 (2011).

[36] F. Aquilante, J. Autschbach, R. K. Carlson, L. F. Chibotaru,
M. G. Delcey, L. De Vico, I. Fdez. Galvan, N. Ferré, L. M.
Frutos, L. Gagliardi, M. Garavelli, A. Giussani, C. E. Hoyer,
G. Li Manni, H. Lischka, D. Ma, P-A. Malmgqyvist, T. Miiller,
A. Nenov et al., Molcas 8: New capabilities for multiconfigura-
tional quantum chemical calculations across the periodic table,
J. Comput. Chem. 37, 506 (2016).

[37] K. W. H. Stevens, Matrix elements and operator equiv-
alents connected with the magnetic properties of rare
earth ions, Proc. Phys. Soc. London, Sec. A 65, 209
(1952).

[38] K. A. Mueller, Effective-spin Hamiltonian for “non-kramers”
doublets, Phys. Rev. 171, 350 (1968).

054436-14


https://doi.org/10.1016/0022-3697(62)90192-0
https://doi.org/10.1016/0022-3697(62)90192-0
https://doi.org/10.1016/0022-3697(62)90192-0
https://doi.org/10.1016/0022-3697(62)90192-0
https://doi.org/10.1103/PhysRevB.73.075113
https://doi.org/10.1103/PhysRevB.73.075113
https://doi.org/10.1103/PhysRevB.73.075113
https://doi.org/10.1103/PhysRevB.73.075113
https://doi.org/10.1103/PhysRevB.20.870
https://doi.org/10.1103/PhysRevB.20.870
https://doi.org/10.1103/PhysRevB.20.870
https://doi.org/10.1103/PhysRevB.20.870
https://doi.org/10.1103/PhysRevB.21.338
https://doi.org/10.1103/PhysRevB.21.338
https://doi.org/10.1103/PhysRevB.21.338
https://doi.org/10.1103/PhysRevB.21.338
https://doi.org/10.1063/1.3596699
https://doi.org/10.1063/1.3596699
https://doi.org/10.1063/1.3596699
https://doi.org/10.1063/1.3596699
https://doi.org/10.1063/1.3633329
https://doi.org/10.1063/1.3633329
https://doi.org/10.1063/1.3633329
https://doi.org/10.1063/1.3633329
https://doi.org/10.1002/jcc.24221
https://doi.org/10.1002/jcc.24221
https://doi.org/10.1002/jcc.24221
https://doi.org/10.1002/jcc.24221
https://doi.org/10.1088/0370-1298/65/3/308
https://doi.org/10.1088/0370-1298/65/3/308
https://doi.org/10.1088/0370-1298/65/3/308
https://doi.org/10.1088/0370-1298/65/3/308
https://doi.org/10.1103/PhysRev.171.350
https://doi.org/10.1103/PhysRev.171.350
https://doi.org/10.1103/PhysRev.171.350
https://doi.org/10.1103/PhysRev.171.350



