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Spin-orbital frustration in molybdenum pyrochlores A;Mo0,07 (A = rare earth)
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Electronic and magnetic properties of molybdenum pyrochlores A;Mo,0; are studied by the fully relativistic
density-functional theory plus on-site repulsion (U) method, with a focus on the spin-glass insulating material
Y,Mo,0;. We find that the system exhibits peculiar competition in energy between different magnetic states
in the large-U insulating region. The magnetic competition cannot be explained by the conventional picture
based on the geometrical frustration of isotropic Heisenberg antiferromagnetic exchange interactions. Through
an analysis by using a generalized spin model, we find that the effective spin interactions are distinct from
the simple Heisenberg form and strongly anisotropic in spin space. We also reveal that they give rise to keen
competition between antiferromagnetic and ferromagnetic states. The complex form of the magnetic interactions
indicates a crucial role of the orbital degree of freedom. Analyzing a three-orbital Hubbard model, we clarify that
the magnetic competition is tightly connected with orbital frustration in the 4d> electronic configuration through
the spin-orbital interplay. The results challenge the conventional picture of the spin-glass behavior that attributes

the origin to the geometrical frustration of purely antiferromagnetic exchange interactions.
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I. INTRODUCTION

Spin and orbital degrees of freedom of electrons play a
crucial role in strongly correlated electron systems. The two
degrees of freedom are coupled with each other via the strong
Coulomb interaction and the relativistic spin-orbit interaction
(SOI)." In general, the former interaction is important in 3d
transition metal compounds, while the latter is dominant in 5d
systems. The spin-orbital interplay is a source of fascinating
and intricate properties, such as complicated spin-orbital
orderings” and topologically nontrivial states.> Meanwhile,
a further intriguing situation is brought about by geometrical
frustration of the lattice structure.*> Frustration suppresses
a simple-minded ordering, and the residual spin and orbital
fluctuations can induce interesting phenomena, such as heavy-
fermion behavior and exotic orders.

A family of pyrochlore oxides A; B, is a model system
for studying the effects of spin-orbital interplay and geometri-
cal frustration.® In particular, compounds with B = Mn, Mo,
Ir, and Os are interesting as they exhibit a metal-insulator
transition (MIT) by changing temperature (7'), pressure, and
A-site cations. For instance, in 3d systems with B = Mn,
the importance of Coulomb interactions has been argued
for the mechanism of MIT and giant magnetoresistance.”® On
the other hand, for 5d pyrochlores with B = Ir and Os, recent
first-principles studies revealed that SOI plays a dominant
role in determining their peculiar electronic and magnetic
properties.® !0

Mo pyrochlores A;Mo0,0; are of particularly interest
as Mo 4d electrons are subject to both strong Coulomb
interactions and SOI. The system exhibits MIT by A-site
substitution' =13 as well as external pressure.'*!> The com-
pounds with relatively large A-site ionic radii, e.g., Nd and
Sm, show ferromagnetic (FM) metallic behavior at low T,
while those with smaller ionic radii, such as Y, Dy, and Tb,
are insulating and exhibit a spin-glass (SG) transition instead
of conventional long-range ordering.'®" Electronic structure
calculations showed that MIT is driven by the Coulomb
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interaction.?! In addition, in the insulating phase, the Hund’s
coupling forms an effective S = 1 spin, being coupled to the
orbital moment in the trigonal crystal field of MoOg via SOI
(see Fig. 1). However, the spin and orbital states were examined
only for a few limited configurations, and the origin of SG was
not specified. On the other hand, the SG behavior has been
studied by using spin-only models with isotropic Heisenberg
exchange interactions.’>”>> There, the origin of SG was
attributed to the antiferromagnetic (AFM) interactions under
geometrical frustration. Thus, a comprehensive understanding
of the spin-orbital interplay and the peculiar magnetism is
still to be achieved. Recently, neutron scattering experiments
were performed for single crystals of an insulating compound
Y>Mo0,07.%6 They showed that diffuse magnetic scattering
develops at low T around [000] and FM points such as
[222], indicating that the compound is not a simple isotropic
Heisenberg antiferromagnet. The importance of orbital degree
of freedom and local lattice distortions was also pointed out.
Thus, it is desired to carefully reexamine low-energy spin and
orbital states by taking into account the Coulomb interaction
and SOI on an equal footing.

In this paper, we investigate the electronic and magnetic
properties in A;Mo,0; by the fully relativistic local spin
density approximation (LSDA) 4 U method. The LSDA + U
result shows that, by increasing the electron correlation,
the system exhibits MIT from a FM metal to an AFM
insulator. Remarkably, we find keen magnetic competition in
the insulating phase, which is not explained by the simple
Heisenberg AFM model adopted in the previous studies.
Through the analysis by using a generalized spin model, we
reveal that the competition originates from highly anisotropic
effective spin interactions. We also find that the system is
in the competing regime between AFM and FM states. As
a consequence, we show that the spin-spin correlation at
finite temperature exhibits fluctuations of both AFM and
FM components. To clarify the microscopic origin of the
magnetic competition, we analyze the low-energy physics of a
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FIG. 1. (Color online) (a) Cubic unit cell of a pyrochlore lattice,
composed of Mo atoms in A;M0,0. The arrows represent the Mo
spin moments in the 4in/4out magnetic structure, which are along
the local [111] axes. (b) A primitive four-site unit cell. The local
coordinates xyz and the vectors otf/. in the effective spin model in
Eq. (1) are shown. (c) The atomic energy diagram under the trigonal
crystal field; the 72, level is split into @, and doubly degenerate e,
levels, each of which has a quantized angular momentum along the

local [111] axis (Lyy;).

multiorbital Hubbard model for the #,, orbitals. By introducing
a control parameter in the realistic model obtained from the
LSDA + U analysis, we reveal that the magnetic competition
is tightly connected with competing orbital states. Thus, our
results renew the picture of the spin-glass insulating state in
A;Mo0,07; it is not a simple frustrated antiferromagnet but a
spin-orbital frustrated Mott insulator.

This paper is organized as follows. Section II is devoted
to describing the method and system setup for the electronic
structure calculations. In Sec. III, we present results of the
electronic structure calculations, and analyze the peculiar
magnetic competition using the generalized spin model. In
Sec. IV, we discuss the microscopic origin of the magnetic
competition through the analysis of the multiorbital Hubbard
model. Summary is given in Sec. V.

II. METHOD

We perform density-functional calculations with our com-
putational code, QMAS (Quantum MAterials Simulator),”’
using the projector augmented-wave method”® and the
LSDA + U method.?*3° The Perdew-Zunger formula’!? is
adopted for the LDA exchange-correlation energy functional.
The relativistic effect including SOI is considered using two-
component wave functions.’>** The following calculations
were done for a typical insulating material Y,Mo0,0O7 using
the experimental lattice structure: the lattice constant a =
10.21 A3 and the so-called u parameter x(O;) = 0.33821.%¢
Every MoOg tetrahedron is compressed along the local [111]
axis (trigonal distortion) for x(O;) > 0.3125 [see Fig. 1(b)].
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We adopt a primitive unit cell with four Mo atoms, as shown
in Fig. 1(a). Experimentally, the magnetic and electronic
properties vary systematically with the A-site ionic radius,''~!?
which is regarded as the bandwidth control, namely, the
control of electron correlation. We discuss such a systematic
change by controlling the strength of electron correlation,
Uetr(= U — J).*% Brillouin-zone integrations were per-
formed using the improved tetrahedron method.’” We con-
firmed that results are converged with respect to plane-wave
cutoff energy and the number of k points. In the following
calculations, we use a plane-wave cutoff energy of 40 Ry. The
k mesh is typically 8 x 8 x 8 and 4 x 4 x 4 for metallic and
insulating phases, respectively.

III. MAGNETIC COMPETITION
IN THE INSULATING PHASE

A. Electronic structure calculation

Figure 2(a) shows the energies of various types of magnetic
structures as functions of the Coulomb repulsion Uys;. Here we
performed self-consistent calculations with constraints on the
directions of Mo spin moments depending on each magnetic
structure shown in Fig. 2(b). The system exhibits MIT at Ugg =~
3 eV from a FM metal to a magnetic insulator while increasing
U.r, consistent with the trend in the A-site substitution in
A2M0207.

In the insulating region for Uey 2> 3 eV, the 4in/4out order
is the most stable among the magnetic structures considered
[see Figs. 1(a) and 2(b)]; the Mo spin moment is 1.54 ug
at Ugs =4 eV,® indicating the formation of an effective
S =1 spin by the Hund’s coupling under the trigonal crystal
field. As illustrated in Fig. 1(c), 5, level splits into a;, and
doubly degenerate eé . levels, which are half and quarter filled,
respectively, in the 4d* configuration.?’ There are, however,
many other low-energy insulating states, with their relative
energies being almost independent of Ueg. In particular, the
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FIG. 2. (Color online) (a) LSDA + U results for U, dependence
of energies for various ¢ = 0 magnetic states. The magnetic patterns
are shown in (b). Energy is measured from that for the 4in/4out state.
In the 4in/4out state in (b), small gray arrows denote the DM vectors
a™M in the model in Eq. (1).
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3in-1out and 2in-2out states are energetically very close to the
4in/4out ground state. This competition is suggestive of the
SG behavior because the energy difference is comparable to
or even smaller than the energy scale of the SG transition
temperature 20-25 K.'®20 The fact that these three spin
states have a low energy is consistent with a substantial
local [111] easy-axis spin anisotropy, which was found in
the previous study.?! Nevertheless, a simple AFM Heisenberg
model with the easy-axis anisotropy adopted in Ref. 21 cannot
account for the energy spectrum in Fig. 2(a). For example,
FM[111]([011]) is always substantially lower in energy than
2up-2down[111]([011]), contrary to the expectation for the
AFM model. This strongly suggests the existence of further
intricate spin interactions.

B. Analysis by a generalized spin model

To clarify the origin of this peculiar magnetic com-
petition, we consider a generalized spin model including
all the symmetry-allowed pairwise interactions between
nearest-neighbor (NN) spins in addition to the single-ion
anisotropy.***’ For simplicity, we restrict the consideration
to classical spins. The Hamiltonian is written in the form

H= D T(Si-af)(S; - af))
(ij) k=a,b,c
o Y @M (Six )= DY (Si-e),
(ij)i<j i

1)

where J;, (k = a,b,c) are anisotropic NN exchange couplings
between Mo spins S; and S;; otf are normalized vectors
along cubic axes on NN bonds [see Fig. 1(b)]. We take
|S;| = 1. The second term denotes the Dzyaloshinsky-Moriya
(DM) interaction.*! The DM vectors ap™ are shown in
Fig. 2(b) (|aBM| = 1). The third term represents the single-ion
111

anisotropy D; «;
axis.

We determine the parameters in the model (1) by fitting
the LSDA + U relative energies for all the magnetic states in
Fig. 2(a). We find that all the levels are well explained by
a highly anisotropic spin model with J, > 0, J, <0, J. < 0,
Jom < 0,and D > 0. Forinstance, at U,y = 4 €V, we obtained
the following estimates:

J, =3.97 £ 0.22 meV,
J. = —4.91 £ 0.14 meV,
D =17.524+0.78 meV.

is anormalized vector along the local [111]

Jo = —3.00 £ 0.23 meV,
Jom = —4.00 £ 0.18 meV, (2)

A comparison of energies between the LSDA + U results and
those from the model (1) with the parameters in Eq. (2) is
shown in Table I. The LSDA 4 U energies are reproduced
within errors of 2 meV/Mo for all the magnetic states.

The resultant effective spin model explains the magnetic
competition of low-energy states in Fig. 2(a); in the presence of
the substantial D > 0, the AFM J, favors 4in/4out rather than
2in-2out and 3in-1out, while the FM J,, J., and the negative
Jpm do the opposite. The spin model is in keen competition
between AFM and FM: In fact, the ground state of the spin
model sensitively changes from a 4in/4out AFM state to a
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TABLE 1. Energy comparison for various magnetic configu-
rations for Uy =4 eV. Erspary denotes the results obtained
by the LSDA + U calculation at U.s =4 eV in Fig. 2(a). Epnodel
denotes the calculated energies by the generalized model in Eq. (1)
with the parameters in Eq. (2).

Energy (meV/Mo)

Configuration ELspa+v Ernodel AE

4in/4out 0.00 0.00 0.00
3in-lout 1.38 1.54 0.16
2in-2out 2.17 2.05 —0.12
4in/4out-planar 4.08 3.67 —-0.42
3up-1d0wn[lil] 6.27 6.25 —0.02
2up-2down[001] 7.07 7.34 0.27
FM[111] 7.34 9.28 1.94
FM[011] 9.57 9.28 —0.29
FMJ[001] 10.99 9.28 —-1.71
2up-2down[011] 12.62 12.73 0.12
3up-1down[001] 12.90 13.22 0.32
2up-2down[111] 15.06 14.53 —0.52
3up-1down[111] 15.62 15.54 —-0.07
2up-2down[100] 17.77 18.13 0.36
2up-2down[110] 18.31 18.13 —0.18

2in-2out-like FM state by a few % modification of the model
parameters, as demonstrated in the next subsection.

C. Competition between antiferromagnetic and ferromagnetic
states: spin-spin correlation

For the isotropic AFM spin model employed in the previous
studies, the macroscopic ground-state degeneracy leads to
peculiar spin correlations at finite 7'. For example, pinch points
are seen in the spin structure factor at the I" point and equivalent
points.*>* However, the highly anisotropic nature of the
effective spin model (1) indicates that the model has qualita-
tively different aspects in its finite-7" spin correlations. In this
subsection, we calculate finite-7" spin correlations of the model
(1) by classical Monte Carlo (MC) simulation, and discuss
effects of the competing anisotropic AFM and FM interactions.

In the following MC simulations, we calculate the spin
structure factor defined as

1 .

S(q) = ﬁs le:(Si . SJ,)eltI'(R,-fRi)’ 3)
where N is the total number of spins, R; is the position of
Si, and (---) is a thermal average. We use systems of 8 x
8 x 8 in terms of the cubic unit cell, i.e., Ny = 16 x 8 =
8192. The number of MC steps is 10°. The data are averaged
over 16 independent MC runs starting with different random
seeds.

Figure 3(a) shows S(q) calculated at finite 7 in the PM
phase for the anisotropic spin model (1) with the parameters
in Eq. (2). Since the ground state is the 4in/4out AFM
state for these parameters, S(q) shows fluctuations at the
same positions as the Bragg peaks in the ground state, e.g.,
at [220], [111], [002]. This is clearly distinguished from
the pinch-point structure for the NN antiferromagnet. As
discussed above, the ground state of the model sensitively
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FIG. 3. (Color online) (a) The spin structure factor S(q) for the
model (1) with the parameters in Eq. (2). (b) and (c) show the
results when varying the values of Jpy to —4.5 meV and —4.7 meV,
respectively. The ground state changes from the 4in/4out AFM state
to a 2in-2out-like FM state at Jpy >~ —4.5 meV as decreasing Jpy.
The results are calculated in the finite-7' PM phases slightly above
the magnetic transition temperature: (a) 22.5 K, and (b) and (c) 15 K.

turns into the 2in-2out-like FM state by a small change in the
model parameters. To investigate effects of the characteristic
spin-spin correlation brought by the AFM-FM competition,
here we vary the value of Jpy systematically to change the
ground state. We find that the system is in the 4in/4out state for
Jom < —4.5 meV, while it becomes the 2in-2out-like state for
Jpom 2 —4.5 meV. As shown in Figs. 3(b) and 3(c), when the
ground state turns into the 2in-2out-like FM state, broad spots
appear at [222] and equivalent points at finite 7', corresponding
to FM fluctuations in a tetrahedron.** These competing AFM
and FM spin fluctuations are characteristic to the model (1).
Our results are suggestive of the recent observation of diffuse
magnetic scattering at FM points such as [000] and [222] in
Y2M0207.26

IV. MICROSCOPIC ORIGIN OF
MAGNETIC DEGENERACY

The surprisingly anisotropic nature of the effective spin
model in Eq. (1) clearly indicates that the orbital degree of
freedom plays a substantial role. In particular, the magnetism
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may depend on the orbital state of doubly-degenerate eé 4
levels via SOI because e/, have orbital moments along the
local [111] axes [see Fig. 1(c)]. In this section, we clarify the
microscopic origin of the magnetic competition by analyzing
the relationship between the magnetism and orbital state.

A. Analysis of a multiorbital Hubbard model

To clarify the role of orbitals, we analyze a three-orbital
Hubbard model for the #,, orbitals. The Hamiltonian consid-
ered is

H= Z Z Z(Illaﬂcmacjﬂﬁ + H.c. )

(ij) ap o

+Z ¢l - $i +

2Am Z Z Cigo Ciao

Uute

0‘/301//3/ T ~T ~ (4)

Ciao lﬂq/clﬂ o'Cia’o | »

p>

afa’B'oc’

where i, j are indices of Mo sites, and «, 8 those of orbitals.
Spins 0,0’ are quantized in the [001] axis. ¢;, and cl.Ta are the
annihilation and creation operators for a;, and eéi orbitals,
while ¢ and 5§a those for d,,, d,., and d;, orbitals. Here, we
define the a;, and eé . bases as

1
|alg> = ﬁ(15171)5 (5)
1 . .
_ (einn/S’l,e:FZm/S)’ (6)

|e/g;|:) = \/g

respectively, in the basis of d.,, d,;, and d;, orbitals. The
first term in Eq. (4) denotes transfers between NN Mo atoms.
The second term describes the LS coupling ¢, the trigonal
distortion Ay, and the rotationally symmetric on-site Coulomb
interactions Uypy g/, respectively. The Coulomb interaction
is parameterized as Uygaa = U, Ugpap = U — 2J1, Unppe =
Usapp = Ju (a0 # B), where U is the on-site repulsion and
Ju the Hund’s coupling, respectively. We use the realistic
values of ¢ and Ay obtained by the maximally localized
Wannier function (MLWF) analysis45’46 at Uy =0 in a
manner similar to that in Ref. 47: Ay = 0.25 eV and ¢ =
0.085 eV. Figures 4(a) and 4(b) show the band structure and
the MLWEF, respectively. As seen in Fig. 4(a), the MLWF well
reproduces the band structure of the #,, manifold.

To clarify the role of orbitals, we introduce a control
parameter in the transfer integrals ;44 obtained by the MLWF
analysis as follows. The ordering of e’g . orbitals and the
magnetism strongly depend on the relative magnitude of the
orbital diagonal and off-diagonal NN transfers,*® denoted by
tdiag and fofraiag, respectively [see Fig. 4(c)]. That is, under
strong Coulomb interactions, fgiag (foffaiag) favors an antiferro-
(ferro-)orbital alignment to gain the second-order perturbation
energy. To see how the orbital ordering affects the magnetism,
we control the ratio |fofrgiag/ Zdiag| by taking
tdiag g (1

tofidiag —> (1 4 ¥ Vtottdiags — ¥ )diag> @)
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FIG. 4. (Color online) (a) Band structure (solid curves) calculated
for the nonmagnetic state at Uy = 0. The broken curves represent
the fit by MLWEF. The energy is measured from the Fermi level. (b)
Density distribution of the MLWF localized at a Mo site obtained for
U.rr = 0. We take the [001] axis as the quantization axis. The surface
coloring represents the imaginary part (e’g ) and real part (a;,) of
the wave functions of the majority spin component, respectively.
Note that the e,. MLWF are complex conjugates of each other. (c)
The orbital off-diagonal (Zofrqiag) and diagonal (#4ie ) transfers between
e, orbitals on NN Mo atoms.
with a control parameter y. The case with y = 0 corresponds
to the MLWF estimate: [fofigiag] = 0.145 €V and |tgiae| =
0.102 eV.

For simplicity, we calculate the ground state and excited
spectrum of the model (4) as follows. First, we calculate
the multiplet structure for a Mo atom for ¢ = 0, that is,
all eigenenergies and eigenstates. Then, using the multiplet
basis, we construct a perturbative Hamiltonian in terms of
ti; and ¢ up to the lowest order, i.e., O(Iizj) and O(¢) for
a primitive unit cell under the periodic boundary condition.
Diagonalizing the perturbative Hamiltonian, we obtain the
ground state and excited states. The results shown below do
not change qualitatively for the choice of U and Jy as long as
Ju > Ayi; the condition is assured by the fact that the local
ground state is not spin singlet.

Figure 5(a) shows the results for NN spin and orbital
correlations in the ground state at U = 4 eV and Jy = 0.5eV.
The correlation functions are calculated by taking the average
over NN bonds, and L''! and S are the orbital and spin
moments projected on the local [111] axes, respectively;
namely,e.g., (S,-1 I, S}l ! ) becomes positive for the AF 4in/4out
state. As shown in Fig. 5(a), for y > y. =~ —0.17, the NN
correlations of L''! and §'!! are positive and the values are
close to those of the 4in/4out state. With decreasing y, the two
NN correlations change the signs simultaneously at y = y..
For y < y., their values are close to those of the 2in-2out state.

The change of the spin and orbital states by y is understood
as follows. First, the orbital moment L is polarized along the
local [111] axis at each site under the trigonal crystal field
[see Fig. 1(c)]. Then, the polarized L' interact with each
other through the superexchange processes, and the spatial
configuration is controlled by the ratio |#frgiag / fdiag|, 1.€-, ¥, as
described above. For y > y,, the ferro-orbital ordering goes
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FIG. 5. (Color online) The phase diagram of the three-orbital
Hubbard model given in Eq. (4). (a), (b) The NN correlation functions
and the excitation spectrum, respectively. The parameter y controls
the ratio |Zofigiag/taiag| (s€€ the text). The solid, broken, and dotted
horizontal lines in (a) denote the NN correlations of L''! for the
4in/4out, the 3in-1out, and the 2in-2out state in the classical limit,
respectively. The insets in (a) schematically show the 4in/4out state
(right) and the 2in-2out state (left). Spin and orbital moments are
denoted by the thick (red) and thin (black) arrows, respectively. The
crosses connected by the broken line in (b) denote the 4in/4out energy.

along with the 4in/4out-like spin structure under SOI, while the
antiferro-orbital ordering appears with the 2in-2out-like spin
structure for y < y.. Our result clearly shows that the orbital-
dependent transfers control the magnetism between the AFM
and FM states together with the orbital ordering.

Figure 5(b) shows the energy spectrum of the excited
states. For y > y., the 4in/4out-like ground state is singled
out and largely separated from other excited states. However,
the gap vanishes toward y = y,, and then there appears a large
number of low-energy states near the critical point due to the
competition of the AFM and FM states. Although the MLWF
estimate y = 0 is in the 4in/4out-like region, it is close to the
phase boundary, consistent with the magnetic competition in
Fig. 2(a). This criticality tuned by the spin-orbital frustration
gives the microscopic mechanism for the magnetic competi-
tion in Mo pyrochlores. Although the calculations were done
for the primitive four-site unit cell, the competition may be
robust for larger unit cells because of its local origin.

B. Robustness of spin-orbital frustration

In real materials, the transfer integrals depend on the
Mo-Mo distance and the angle of the Mo-O-Mo bond. In
particular, it is anticipated that the ratio between g5, and
fofidiag May depend on the latter. Here, we examine the u
parameter dependence of |fgiag| and |fosaiag| While fixing the
lattice constant for Y,;M0,07. As shown in Fig. 6, although
|Zdiag] and |fofigiag| Substantially change as x(O1), |fofigiag/ taiag|
is almost constant at ~1.4. In A,Mo0,07, x(0O;) varies from
~0.33 to ~0.34 depending on A.***° This suggests that the
spin-orbital frustration discussed above will be commonly seen
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FIG. 6. (Color online) The u parameter x(O;) dependence of
the orbital diagonal/off-diagonal transfers |fise| and |oftaiag |- Despite
substantial changes in |fgise| and |fofigiag|, the Tatio |fofigiag/Laiag| 15
almost constant. The experimental values of x(O;) for A =Y, Dy,
Gd, and Nd*** are shown.

in the series of A;Mo0,05. This might explain the robust SG
behavior in the insulating compounds.

V. SUMMARY AND DISCUSSION

In summary, we have investigated the spin and orbital states
in the insulating phase of Mo pyrochlores. Performing the elec-
tronic structure calculations by the fully relativistic LSDA + U
method, we have found the unconventional magnetic compe-
tition between AFM and FM states in the insulating region.
Through the analysis by using the generalized spin model,
we have shown that the energy competition is explained by
highly anisotropic magnetic interactions, being far distinct
from the simple isotropic Heisenberg model. We have revealed
that the system is in the competing region between the AFM
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and FM phases. Competing AFM and FM interactions lead
to characteristic spin fluctuations in the finite-7 PM phase.
By the analyses of the three-orbital Hubbard model, we have
revealed that the magnetic competition is tightly related to
orbital ordering in the 4d? configuration. Our results suggest
that the spin and orbital frustration plays an important role in
the insulating state in the Mo pyrochlores.

Our results provide insight into the puzzling SG behavior.
Orbital moments are polarized almost along the local [111]
axes in the trigonal crystal field, coupled with spin moments
via SOI. Under the severe competition between AFM and FM
interactions, spin and orbital might freeze into a spin-orbital
glass state at low T in the presence of inevitable randomness
in real materials. This is in clear contrast to the conventional
picture of SG where AFM NN exchange interactions are
dominating.??>"> The renewed picture appears to be consistent
with the diffuse scattering observed at FM points such as [000]
and [222] in the recent neutron experiments for Y,Mo,0,.26

On the other hand, recently, the importance of magnetoe-
lastic coupling to local lattice distortions in the SG behavior
was pointed out experimentally’*>* and theoretically.”*?
Our results urge the reconsideration of SG behavior in the
insulating A;Mo,07 by explicitly taking account of lattice
distortions as well as orbitals.

ACKNOWLEDGMENTS

We thank R. Kadono and H. Ohnishi for fruitful discussion.
We also thank T. Kosugi for the use of his computational code
for fixing directions of spin moments in electronic structure
calculations. Numerical calculation was partly carried out at
the Supercomputer Center, ISSP, Univ. of Tokyo. This work
was supported by Grant-in-Aid for Scientific Research (No.
21340090, No. 22104010, No. 22540372, and No. 24340076),
the Strategic Programs for Innovative Research (SPIRE),
MEXT, and the Computational Materials Science Initiative
(CMSI), Japan.

“Present address: Theoretische Physik, ETH Ziirich, 8093 Ziirich,
Switzerland.
K. I. Kugel and D. I. Khomskii, Sov. Phys. Usp. 25, 231 (1982).
%Y. Tokura and N. Nagaosa, Science 288, 462 (2000).
3M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).
“H. Diep, Frustrated Spin Systems (World Scientific, Singapore,
2005).
SFE. M. C. Lacroix and P. Mendels, Introduction to Frustrated
Magnetism (Springer-Verlag, Berlin Heidelberg, 2011).
6. S. Gardner, M. J. P. Gingras, and J. E. Greedan, Rev. Mod. Phys.
82, 53 (2010).
M. A. Subramanian, B. H. Toby, A. P. Ramirez, W. J. Marshall,
A. W. Sleight, and G. H. Kwei, Science 273, 81 (1996).
8Y. Shimakawa, Y. Kubo, N. Hamada, J. D. Jorgensen, Z. Hu,
S. Short, M. Nohara, and H. Takagi, Phys. Rev. B 59, 1249
(1999).
°X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov,
Phys. Rev. B 83, 205101 (2011).
19H. Shinaoka, T. Miyake, and S. Ishibashi, Phys. Rev. Lett. 108,
247204 (2012).

113, Greedan, M. Sato, N. Ali, and W. R. Datars, J. Solid State Chem.
68, 300 (1987).

I2N. Ali, M. P. Hill, S. Labroo, and J. E. Greedan, J. Solid State Chem.
83, 178 (1989).

13T. Katsufuji, H. Y. Hwang, and S.-W. Cheong, Phys. Rev. Lett. 84,
1998 (2000).

14S. Tguchi, N. Hanasaki, M. Kinuhara, N. Takeshita, C. Terakura, Y.
Taguchi, H. Takagi, and Y. Tokura, Phys. Rev. Lett. 102, 136407
(2009).

158, Iguchi, Y. Kumano, K. Ueda, S. Kumakura, and Y. Tokura,
Phys. Rev. B 84, 174416 (2011).

16]Greedan, M. Sato, X. Yan, and F. Razavi, Solid State Commun.
59, 895 (1986).

7M. Sato and J. E. Greedan, J. Solid State Chem. 67, 248 (1987).

3N. P. Raju, E. Gmelin, and R. K. Kremer, Phys. Rev. B 46, 5405
(1992).

“M. J. P. Gingras, C. V. Stager, B. D. Gaulin, N. P. Raju, and J. E.
Greedan, J. Appl. Phys. 79, 6170 (1996).

20M. J. P. Gingras, C. V. Stager, N. P. Raju, B. D. Gaulin, and J. E.
Greedan, Phys. Rev. Lett. 78, 947 (1997).

174422-6


http://dx.doi.org/10.1070/PU1982v025n04ABEH004537
http://dx.doi.org/10.1126/science.288.5465.462
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.82.53
http://dx.doi.org/10.1103/RevModPhys.82.53
http://dx.doi.org/10.1126/science.273.5271.81
http://dx.doi.org/10.1103/PhysRevB.59.1249
http://dx.doi.org/10.1103/PhysRevB.59.1249
http://dx.doi.org/10.1103/PhysRevB.83.205101
http://dx.doi.org/10.1103/PhysRevLett.108.247204
http://dx.doi.org/10.1103/PhysRevLett.108.247204
http://dx.doi.org/10.1016/0022-4596(87)90316-1
http://dx.doi.org/10.1016/0022-4596(87)90316-1
http://dx.doi.org/10.1016/0022-4596(89)90067-4
http://dx.doi.org/10.1016/0022-4596(89)90067-4
http://dx.doi.org/10.1103/PhysRevLett.84.1998
http://dx.doi.org/10.1103/PhysRevLett.84.1998
http://dx.doi.org/10.1103/PhysRevLett.102.136407
http://dx.doi.org/10.1103/PhysRevLett.102.136407
http://dx.doi.org/10.1103/PhysRevB.84.174416
http://dx.doi.org/10.1016/0038-1098(86)90652-6
http://dx.doi.org/10.1016/0038-1098(86)90652-6
http://dx.doi.org/10.1016/0022-4596(87)90360-4
http://dx.doi.org/10.1103/PhysRevB.46.5405
http://dx.doi.org/10.1103/PhysRevB.46.5405
http://dx.doi.org/10.1063/1.362062
http://dx.doi.org/10.1103/PhysRevLett.78.947

SPIN-ORBITAL FRUSTRATION IN MOLYBDENUM ...

2I1. V. Solovyev, Phys. Rev. B 67, 174406 (2003).

22T. E. Saunders and J. T. Chalker, Phys. Rev. Lett. 98, 157201 (2007).

2ZA. Andreanov, J. T. Chalker, T. E. Saunders, and D. Sherrington,
Phys. Rev. B 81, 014406 (2010).

24H. Shinaoka, Y. Tomita, and Y. Motome, Phys. Rev. Lett. 107,
047204 (2011).

25H. Shinaoka, Y. Tomita, and Y. Motome, J. Phys.: Conf. Ser. 400,
032087 (2012).

26H. J. Silverstein, K. Fritsch, F. Flicker, A. M. Hallas, J. S. Gardner,
Y. Qiu, G. Ehlers, A. T. Savici, Z. Yamani, K. A. Ross, B. D. Gaulin,
M. J. P. Gingras, J. A. M. Paddison, K. Foyevtsova, R. Valenti,
F. Hawthorne, C. Wiebe, and H. Zhou, arXiv:1305.1274v1.

2Thttp://qmas.jp/

2P, E. Blochl, Phys. Rev. B 50, 17953 (1994).

2I. V. Solovyev, P. H. Dederichs, and V. I. Anisimov, Phys. Rev. B
50, 16861 (1994).

308, L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and
A. P. Sutton, Phys. Rev. B 57, 1505 (1998).

31D, M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980).

32]. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).

33T. Oda, A. Pasquarello, and R. Car, Phys. Rev. Lett. 80, 3622 (1998).

34T. Kosugi, T. Miyake, and S. Ishibashi, J. Phys. Soc. Jpn. 80, 074713
(2011).

33]. S. Gardner, B. D. Gaulin, S.-H. Lee, C. Broholm, N. P. Raju,
and J. E. Greedan, Phys. Rev. Lett. 83, 211 (1999).

3], Reimers, J. Greedan, and M. Sato, J. Solid State Chem. 72, 390
(1988).

37p. E. Blochl, O. Jepsen, and O. K. Andersen, Phys. Rev. B 49, 16223
(1994).

38The reduction of the spin moment from the ideal value may be
due to the proximity effect of MIT and the hybridization with O p
orbitals.

PHYSICAL REVIEW B 88, 174422 (2013)

¥G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).

40B. J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H. Takagi,
and T. Arima, Science 323, 1329 (2009).

ML Elhajal, B. Canals, R. Sunyer, and C. Lacroix, Phys. Rev. B 71,
094420 (2005).

“2M. P. Zinkin and M. J. Harris, J. Magn. Magn. Mater. 140144,
1803 (1995), International Conference on Magnetism.

“3M. P. Zinkin, M. J. Harris, and T. Zeiske, Phys. Rev. B 56, 11786
(1997).

#laR with ¢ = [222] changes the phase by 27 between neighboring
Kagome and triangular planes in the pyrochlore lattice.

#N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847 (1997).

4], Souza, N. Marzari, and D. Vanderbilt, Phys. Rev. B 65, 035109
(2001).

471. V. Solovyev, Phys. Rev. B 73, 155117 (2006).

“8Y. Motome and N. Furukawa, J. Phys.: Conf. Ser. 320, 012060
011).

4Y. Moritomo, S. Xu, A. Machida, T. Katsufuji, E. Nishibori, M.
Takata, M. Sakata, and S.-W. Cheong, Phys. Rev. B 63, 144425
(2001).

0C. H. Booth, J. S. Gardner, G. H. Kwei, R. H. Heffner, F. Bridges,
and M. A. Subramanian, Phys. Rev. B 62, R755 (2000).

S'A. Keren and J. S. Gardner, Phys. Rev. Lett. 87, 177201
(2001).

32E. Sagi, O. Ofer, A. Keren, and J. S. Gardner, Phys. Rev. Lett. 94,
237202 (2005).

3], E. Greedan, D. Gout, A. D. Lozano-Gorrin, S. Derahkshan,
Th. Proffen, H.-J. Kim, E. BoZin, and S. J. L. Billinge, Phys. Rev.
B 79, 014427 (2009).

540. Ofer, A. Keren, J. S. Gardner, Y. Ren, and W. A. MacFarlane,
Phys. Rev. B 82, 092403 (2010).

174422-7


http://dx.doi.org/10.1103/PhysRevB.67.174406
http://dx.doi.org/10.1103/PhysRevLett.98.157201
http://dx.doi.org/10.1103/PhysRevB.81.014406
http://dx.doi.org/10.1103/PhysRevLett.107.047204
http://dx.doi.org/10.1103/PhysRevLett.107.047204
http://dx.doi.org/10.1088/1742-6596/400/3/032087
http://dx.doi.org/10.1088/1742-6596/400/3/032087
http://arXiv.org/abs/arXiv:1305.1274v1
http://qmas.jp/
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.16861
http://dx.doi.org/10.1103/PhysRevB.50.16861
http://dx.doi.org/10.1103/PhysRevB.57.1505
http://dx.doi.org/10.1103/PhysRevLett.45.566
http://dx.doi.org/10.1103/PhysRevB.23.5048
http://dx.doi.org/10.1103/PhysRevLett.80.3622
http://dx.doi.org/10.1143/JPSJ.80.074713
http://dx.doi.org/10.1143/JPSJ.80.074713
http://dx.doi.org/10.1103/PhysRevLett.83.211
http://dx.doi.org/10.1016/0022-4596(88)90042-4
http://dx.doi.org/10.1016/0022-4596(88)90042-4
http://dx.doi.org/10.1103/PhysRevB.49.16223
http://dx.doi.org/10.1103/PhysRevB.49.16223
http://dx.doi.org/10.1103/PhysRevLett.102.017205
http://dx.doi.org/10.1103/PhysRevLett.102.017205
http://dx.doi.org/10.1126/science.1167106
http://dx.doi.org/10.1103/PhysRevB.71.094420
http://dx.doi.org/10.1103/PhysRevB.71.094420
http://dx.doi.org/10.1016/0304-8853(94)01604-6
http://dx.doi.org/10.1016/0304-8853(94)01604-6
http://dx.doi.org/10.1103/PhysRevB.56.11786
http://dx.doi.org/10.1103/PhysRevB.56.11786
http://dx.doi.org/10.1103/PhysRevB.56.12847
http://dx.doi.org/10.1103/PhysRevB.65.035109
http://dx.doi.org/10.1103/PhysRevB.65.035109
http://dx.doi.org/10.1103/PhysRevB.73.155117
http://dx.doi.org/10.1088/1742-6596/320/1/012060
http://dx.doi.org/10.1088/1742-6596/320/1/012060
http://dx.doi.org/10.1103/PhysRevB.63.144425
http://dx.doi.org/10.1103/PhysRevB.63.144425
http://dx.doi.org/10.1103/PhysRevB.62.R755
http://dx.doi.org/10.1103/PhysRevLett.87.177201
http://dx.doi.org/10.1103/PhysRevLett.87.177201
http://dx.doi.org/10.1103/PhysRevLett.94.237202
http://dx.doi.org/10.1103/PhysRevLett.94.237202
http://dx.doi.org/10.1103/PhysRevB.79.014427
http://dx.doi.org/10.1103/PhysRevB.79.014427
http://dx.doi.org/10.1103/PhysRevB.82.092403



