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By many-body quantum-chemical calculations, we investigate the role of two structural effects—local
ligand distortions and the anisotropic Cd-ion coordination—on the magnetic state of Cd,0s,05, a spin
S = 3/2 pyrochlore. We find that these effects strongly compete, rendering the magnetic interactions and
ordering crucially dependent on these geometrical features. Without trigonal distortions, a large easy-

plane magnetic anisotropy develops. Their presence, however, reverses the sign of the zero-field splitting
and causes a large easy-axis anisotropy (D =~ —6.8 meV), which in conjunction with the antiferromag-
netic exchange interaction (J = 6.4 meV) stabilizes an all-in—all-out magnetic order. The competition
uncovered here is a generic feature of pyrochlore magnets.

DOI: 10.1103/PhysRevLett.110.127206

Introduction.—Oxide compounds of the 5d elements are
at the heart of intensive experimental and theoretical inves-
tigations in condensed-matter physics and materials sci-
ence. The few different structural varieties displaying Ir
ions in octahedral coordination and tetravalent 5d° valence
states, in particular, have set the playground for new
insights into the interplay between strong spin-orbit inter-
actions and electron correlation effects [1-3]. Equally
intriguing but less investigated are pentavalent Os 5d°
oxides such as the pyrochlore Cd,0s,0; [4,5] and the
perovskite NaOsOj; [6,7]. Just as for the iridates, major
open questions with respect to the osmates are the mecha-
nism of the metal to insulator transition (MIT) and the
nature of the low-temperature antiferromagnetic (AF) con-
figuration. While initially a Slater-type picture has been
proposed for the MITs in both Cd,0s,0; [4] and NaOsO4
[6,7], alternative scenarios such as a Lifshitz transition in
the presence of sizeable electron-electron interactions have
been suggested as well very recently [8,9].

So far, theoretical investigations of the electronic struc-
ture of the Os 54 oxides have been carried out only as
mean-field ground-state (GS) calculations within the local-
density approximation [10] or the LDA + U model [6,8].
Here, we report the results of many-body quantum-
chemical calculations for Cd,0s,0,. We describe the local
Os d® multiplet structure, the precise mechanism of
second-order spin-orbit coupling (SOC) and zero-field
splitting (ZFS), and determine the parameters of the effec-
tive spin Hamiltonian, i.e., the single-ion anisotropy (SIA),
nearest-neighbor (NN) Heisenberg exchange, as well as the
Dzyaloshinskii-Moriya (DM) interactions. The results
indicate that basic electronic-structure parameters such as
the SIA crucially depend on geometrical details concerning
both the O and adjacent Cd ions. In particular, the
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anisotropic Cd-ion coordination lifts the degeneracy of
the Os 1,, levels even in the absence of O-ion trigonal
distortions and yields large ZFSs and an easy-plane mag-
netic anisotropy. A configuration with trigonally distorted
O octahedra is, however, energetically more favorable,
changes the sign of the ZFS, and thus gives rise to easy-
axis anisotropy at the Os sites, which, in conjunction with
the AF NN exchange, stabilizes the so-called all-in—all-out
spin order. The competition between the two structural
effects is a generic feature in 227 pyrochlores and opens
new perspectives on the basic magnetism in these materials.

Os d® electron configuration, single-ion physics.—To
investigate in detail the Os d-level electronic structure,
multiconfiguration self-consistent-field (MCSCF) and
multireference configuration-interaction (MRCI) calcula-
tions [11] were first performed on embedded clusters made
of one reference OsO¢ octahedron, six adjacent Cd sites,
and six NN OsOg octahedra. The farther solid-state envi-
ronment was modeled as an one-electron effective poten-
tial, which in a ionic picture reproduces the Madelung
field in the cluster region. All calculations were performed
with the MOLPRO quantum-chemical software [12]. We
employed energy-consistent relativistic pseudopotentials
for Os [13] and Cd [14] and Gaussian-type valence basis
functions from the MOLPRO library (see the Supplemental
Material [15]).

From simple considerations based on crystal-field (CF)
theory, the orbital GS for a d* ion in octahedral coordina-
tion is a singlet. Thus, neglecting SOC, the lowest electron
configuration should be A, (73,). This is indeed found in
the quantum-chemical calculations if SOC is not included.
The components of the spin-quartet A, GS can interact,
however, via SOC with higher-lying 7, terms and for
noncubic axial systems split into two Kramers doublets

© 2013 American Physical Society
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mg = *1/2and mg = *=3/2, respectively [16,17]. The T,
states are themselves split in noncubic CFs. In the recent
work of Matsuda et al. [5], for instance, the interaction of
the A, and lowest *T, states was analyzed. The ab initio
quantum-chemical calculations yield, nevertheless, a
rather large *A,-*T, excitation energy, 5.4 eV by MCSCF
calculations including in the active orbital space all 5d
functions at the central Os site and the 1,, orbitals of the
six Os NNs, which is not surprising in fact for extended 5d
orbitals that feel very effectively the O 2p charge distribu-
tion. Additionally, the ab initio investigation actually
shows that the excited *E and *T 13, doublets occur at
much lower energies, from 1 to 2.5 eV (see Table I), and the
ZFS of the *A, levels is mainly related to the interaction
with those states. To make the MRCI calculations feasible
[18] and the analysis of the results limpid, we further
replaced the six Os°" d°> NNs by closed-shell Ta>* d°
species. We checked, for example, that the 5d charge
distribution and the #,,-¢, splitting at the central Os site
are not affected by this substitution. In the MRCI compu-
tations, we included on top of the MCSCF wave functions
all single and double excitations from the Os 5d and O 2p
orbitals at the central octahedron. The reference multi-
configuration active space is given by five 5d orbitals at
the central Os site and three electrons, and the results are
listed in Table I.

To extract the ZFS, we compute the spin-orbit interac-
tion matrix for the lowest four quartet and three doublet
spin states; see Table I. The MRCI + SOC data of Table |
show that the ZFS of the 4A2 GS is rather large, 13.5 meV.
This gives a first estimate of the splitting parameter |D| =~
6.75 meV, 1-2 orders of magnitude larger than for 3d
ions in standard coordination [16,17]. However, for explic-

itly deriving the full SIA tensor D, we further employ the
effective Hamiltonian methodology described in Ref. [19].
Here, SOCs and the mixing of the 4A2 components
with higher-lying CF excited states are treated as small
perturbations and the spin-orbit wave functions related
to the high-spin t%g configuration are projected onto the

space spanned by the “A, |S, M) states. Using the

TABLE I. MRCI and MRCI + SOC relative energies (eV) for
the Os>" 54° multiplet structure in Cd,0s,0;. Since cubic
symmetry is lifted, the T states are split even without SOC.
Each MRCI + SOC value stands for a spin-orbit doublet; for the
4T states, only the lowest and highest components are shown.

5d° splittings MRCI MRCI + SOC (X 2)
‘A, (13,) 0.00 0.00; 13.5 X 1073
’E (13,) 1.51; 1.51 1.40; 1.53

2Ty (53,) 1.61; 1.62; 1.62 1.63; 1.66; 1.76
T, (13,) 2.46; 2.49; 2.49 2.63; 2.76; 2.87
T, (13,e3) 5.08; 5.20; 5.20 5.14;...;5.45
Ty (5,ey) 5.89; 6.01; 6.01 6.02;...:6.33
T, (theep) 10.29; 10.63; 10.63 10.41;...;11.00

orthonormalized projections ‘ifk of the low-lying A, quar-
tet wave functions and the corresponding eigenvalues E,

we then construct the effective Hamiltonian FH . =
3 E P [19]. The orthonormalization is done using
the formalism introduced by des Cloizeaux [20], i.e.,
|¥,) = Ugsy/2|W,), where U, is the overlap matrix and
|W,) are the projections of the wave functions onto the
model space. A one-to-one correspondence can be now

drawn between the matrix elements of H . and the model
Hamiltonian for the anisotropic single-site problem

Hpd =S D - S to extract the ZFS tensor (for details,

see the Supplemental Material [15]). Diagonalizing the D
tensor, we finally obtain on the basis of the ab initio
quantum-chemical data an axial parameter D =
—6.77 meV, a rhombic parameter £ = 0.0, and an univo-
cally defined easy axis of magnetization along the [111]
direction, perpendicular to the plane of Cd NNs; see Fig. 1.

To gain deeper insight into the origin of the strong axial
anisotropy, we performed additional calculations for an
ideal pyrochlore structure with no trigonal distortions of
the O octahedra. It turns out that the 227 pyrochlore lattice
is fully defined by just three parameters: the space group,
the cubic lattice constant a, and the coordinate x of the O at
the 48f site, denoted as O(1) in Ref. [4]. For x = xo =
5/16, the oxygen cage around each Os site forms an
undistorted, regular octahedron [21]. In Cd,0s,07, how-
ever, x is slightly larger than x, [4], which translates into a
compressive trigonal distortion of the OsOg octahedra.
Interestingly, for undistorted O octahedra (i.e., x = xy),
we still found £ = 0 and the same orientation of the
magnetic z axis. The axial parameter, however, changes
its sign to D = 2.50 meV. A positive D indicates that the
z axis is now a hard axis. The basic mechanism responsible
for this change of sign is apparent when comparing the Os
5d3 multiplet structure for the actual lattice (Table I) with
that for a idealized crystal with no trigonal distortions
(Table II). In particular, the order of the split components
of the 2T states, i.e., one singly degenerate and one doubly

”) v C39 i\o.oeeﬁx
‘/‘ : Os ’/.

FIG. 1 (color online). Sketch of (i) the compressive trigonal
distortion in Cd,0s,0; (red arrows) involving the O ligands (in
beige) around each Os site (blue sphere) and (ii) the hexagonal
Cd-ion (green spheres) coordination. The clusters used in the
calculation of the ZFSs also include the six NN octahedra; see
the text.
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TABLE II. MRCI and MRCI + SOC relative energies (eV) for
the Os>* 54 multiplet structure in a hypothetical crystal with no
trigonal distortions. Each MRCI + SOC value stands for a spin-
orbit doublet; for the 4T states, only the lowest and highest
components are shown.

5d° splittings MRCI MRCI + SOC (X 2)
A, (tgg) 0.00 0.00; 5.00 X 1073
’E (l‘%g) 1.53; 1.53 1.43; 1.50

T, (l‘%g) 1.61; 1.61; 1.63 1.64; 1.64; 1.75
T, (tgg) 2.42; 2.45; 2.45 2.59; 2.75; 2.81
4T2 (l‘%gei,) 5.34; 5.41; 5.41 5.36;...;5.65
4T1 (l‘%gei,) 6.13; 6.20; 6.20 6.23;...;6.52
4T, (t;gez,) 10.85; 10.98; 10.98 10.93;...;11.38

degenerate term, changes in Table II as compared to
Table I, which modifies the interaction of the A, terms
with the excited states.

We find in the MRCI calculations a linear relation
between D and the distortion angle Af; see Fig. 2. The
effect of a trigonal field alone on the energy levels and on
the ZFS of @ ions has been previously investigated in the
framework of a simplified CF model and perturbation
theory [17,22]. A linear relation is also established in
alum salts [22]. In contrast to the model assumed in
Ref. [22], however, we find that the D(A8) line does not
go through the origin. This is due to the noncubic field
generated by the Cd NNs, which form a highly anisotropic
planar structure around each Os site. Similar competing
structural effects have been evidenced in Ni'-Y!! molecu-
lar complexes [23]. We also plot in Fig. 2 the total-energy
landscape as a function of the distortion angle A@. It is seen
that at the MRCI level the minimum of the parabola
corresponds to a trigonal compressive distortion Af =
1.7° for a fixed Os-O bond length, close to the experimen-
tal value of 1.9° [4].

Superexchange interactions.—To investigate the NN
magnetic couplings, we designed ten-octahedra embedded

D (meV 1.29AE ., (eV
oo w (V)
A8 (°)
T T T T T T
2 1 2 3 4
_5—
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FIG. 2 (color online). (a) Single-ion anisotropy parameter D
and (b) total energy of the cluster AE,,, as functions of the
trigonal distortion angle A#; see the text. MRCI + SOC results
for clusters such as that depicted in Fig. 1. No trigonal distortions
are applied within the embedding, i.e., x = x, = 5/16 for the
surrounding lattice.

clusters. The analysis of the intersite interactions is here
carried out for only two magnetically active Os d* ions
(see Fig. 3), while for simplicity the eight Os’>* NNs were
modeled as closed-shell Ta>* d° ions. Multiconfiguration
wave functions were first generated by state-averaged
MCSCEF optimizations for the lowest singlet, triplet, quintet,
and septet states in the two-site problem. Those configura-
tion state functions give rise in the spin-orbit calculations
to sixteen spin-orbit states. For each spin multiplicity, the
MCSCEF active space is defined by the set of six Os 1,,
orbitals accommodating a total number of six electrons. We
then further accounted for single and double excitations
from the Os 7,, and bridging-O 2p orbitals on top of the
MCSCEF reference wave functions. Such MRCI calculations
yield magnetic coupling constants in very good agreement
with experimental data in the 54° iridate Sr,IrO, [24].
Similar strategies of explicitly dealing only with selected
groups of localized ligand orbitals were adopted in earlier
studies on 3d compounds [25].

From the calculations without SOCs, we see that the
energy splittings between the different spin states follow
the sequence J, 3J, 6J and can be fitted to an AF isotropic

exchange model H s = JS; - S,, with a root-mean-square
error of 0.3 meV. Adding a biquadratic term K(S; - S,)?
improves the accuracy of the fit to 0.01 meV and yields a first
MRCI estimate of J = 6.42 meV. Thus, J is of the same
order of magnitude as the SIA while K = 0.07 meV.
Antisymmetric exchange.—Anisotropic, non-Heisenberg
terms can be further obtained from spin-orbit calculations
within the manifold defined by the lowest singlet, triplet,
quintet, and septet spin states for two Os d° sites. As
expected, including SOCs does not bring significant cor-
rections to the effective superexchange: J is 6.43 meV by
MRCI + SOC calculations. The spin-orbit interactions,
however, lift the degeneracy of the initial spin multiplets

FIG. 3 (color online).

Network of corner-shared Os, tetrahedra
[shaded (blue) areas] in Cd,0s,0,. O ligands and NN Cd ions
around two adjacent Os sites are included. The two possible
orientations of the DM vector [26] for two adjacent Os ions are
also shown, along with their respective easy axes.
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and bring in antisymmetric contributions. To describe the

latter, we adopt a two-site model Hamiltonian JH :md con-
taining, in addition to the Heisenberg and biquadratic
terms, a DM antisymmetric exchange contribution
d-S; X8S,, where d is a pseudovector with components
dy, d,, and d_. This model is then compared with the

ab initio 16 X 16 effective matrix FH éff derived from the
MRCI + SOC calculations [15]. We found a perfect one-
to-one correspondence between the two sets of matrix
elements and could extract the numerical parameters J =
6.43, K = 0.07,andd = (1.17, —1.17,0) meV. According
to these results, the DM vector is oriented along the (110)
directions (see Fig. 3 and Ref. [26]) and its norm is |d| =
1.65 meV. The sense of the DM vector for a given Os-Os
link, however, cannot be determined from our ab intio data.

Discussion.—Whereas the absolute value of the MRCI
DM parameter is similar to estimates derived for certain
values of the on-site Coulomb repulsion U by LDA + U
calculations [8], the superexchange J and the SIA D turn out
to be 2 (J) to 7 (D) times smaller in our quantum-chemical
study. It is known that quantum-chemical calculations based
on either configuration-interaction techniques or second-
order perturbation theory are able to reproduce the experi-
mentally derived J coupling constants with an accuracy
better than =20% in insulating 3d-metal oxides; see, e.g.,
Refs. [25,27]. For more extended 5d electronic states in
Sd-metal oxides, the Hubbard U is neither small nor large
compared to the bandwidth, as corroborated from the
MITs [4,7] and from constrained local-density approxi-
mation calculations [6,8,28]. Electron itineracy may
therefore pose additional technical problems and limit
the applicability of a finite cluster approach. It has been
shown, however, that accurate J’s [24] and d-d excitation
energies [29] can indeed be computed for 5d oxides such
as the iridates. Those findings in Refs. [24,29] indicate
that approaching the essential physics in the 5d oxides
from a more localized perspective and within a finite-
fragment framework certainly is a good starting point.
Additional potentially problematic points concern the
size of the clusters, as discussed, e.g., in Ref. [30]. The
clusters we employ here are, however, large enough to
ensure an accurate description of both the charge distri-
bution of NN octahedra around the ‘“‘active” d sites and
the tails at those neighboring sites of Wannier-like orbi-
tals in the active region. As concerns the SIA at d-metal
sites in solids, extensive quantum-chemical investigations
are missing. The present investigation therefore consti-
tutes a step toward filling this gap.

The pure AF Heisenberg model on the pyrochlore lattice
has an extensive number of classical GSs which prevent
any Néel-type ordering down to zero temperature [31,32].
The easy-axis anisotropy lifts this macroscopic degeneracy
and selects the so-called all-in—all-out (or its time reversed)
state, whereby all four spins sharing a given tetrahedron
point toward or away from its center. This GS is selected

irrespective of the relative strength of the anisotropy and
AF exchange energy [33]. Now, since the macroscopic GS
degeneracy is already lifted by the SIA, including the
smaller DM interactions is not expected to drastically
modify the physics of the system. In fact, if the sign of
the d vector is that of the direct type (as defined by Elhajal
et al. [26]), the DM interaction also favors the all-in—all-
out state and thus does not compete with the SIA. The
competition arises for the opposite sign of the d vector,
labeled as of indirect type in Ref. [26], where the DM
couplings favor a continuous family of coplanar and non-
coplanar GSs [26].

Conclusions.—While trigonal distortions of the ligand
cage are believed to open the door to topologically insulat-
ing states in j = 1/2 227 iridate pyrochlores [2,28,34], we
show here that the lattice degrees of freedom can funda-
mentally modify the nature of the magnetic interactions
and ground states in 5d 227 compounds with larger mag-
netic moments. For this, we employ ab initio multirefer-
ence configuration-interaction methods, the results of
which are further mapped onto model Hamiltonians
including both isotropic and anisotropic terms. To extract
the DM couplings, we have expanded the formalism
proposed earlier for S = 1/2 cuprates [35]. For the experi-
mentally determined crystal structure of Cd,0s,0; [4],
we find an AF superexchange coupling J = 6.43 meV
and easy-axis anisotropy of the same magnitude D =
—6.77 meV, while the DM parameter is 3—4 times smaller.
The dominant magnetic interactions J and D give rise to
the all-in—all-out AF order [26,33]. Most remarkably, the
hexagonal Cd-ion coordination induces electrostatic fields
that compete with the compressive trigonal distortion of
the O octahedra that is present in the system. If the latter is
removed, the SIA turns positive; i.e., D reverses sign and
the system develops easy-plane magnetic anisotropy. This
obviously implies qualitatively different magnetic proper-
ties [36]. Our findings thus indicate that there is in 227
pyrochlores a transition from unfrustrated to highly frus-
trated magnetism controlled by the amount of trigonal
distortion. The latter can in principle be varied by changing
either the A-site or B-site ions in the A, B,O; compounds,
replacing for instance Cd (Os) by Hg (Re) [21], and is
in addition tunable by applying pressure. For a correct
understanding of such magnetic interactions, ordering
tendencies, and transitions, the subtle interplay between
oxygen- and A-ion anisotropic electrostatic effects is
essential.
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