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We investigate the magnetic dynamics in the spinel-type vanadium oxide MnV,0Qy. Inelastic neutron
scattering around 10 meV and a Heisenberg model analysis have revealed that V3* spin-wave modes exist
at a lower-energy region than previously reported. The scattering around 20 meV cannot be reproduced
with the spin-wave analysis. We propose that this scattering could originate from the spin-orbital coupled
excitation. This scattering is most likely attributable to V3* spin-wave modes, entangled with the orbital

hybridization between 1, orbitals.
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A macroscopic ordered state, accompanied by symmetry
breaking, is characterized by its order parameters [1]. The
low-energy dynamics from the ordered state corresponding
to the modulation of the order parameters is represented
by a quantized boson known as a quasiparticle. In general,
physical phenomena can be described by the creation,
annihilation, and motion of quasiparticles. A phonon is a
particle that quantizes the deviation from the equilibrium
position of an atom. A magnon is a particle that quantizes
the fluctuation from the magnetic ordered state, and trans-
ports the change in spin angular momentum AS via a
magnetic exchange interaction. A basic quasiparticle, such
as a phonon and magnon, is composed of a single degree
of freedom. However, in the field of condensed matter
physics, quasiparticles related to two or more degrees of
freedom have drawn considerable attention [2,3]. Here, we
focus on the dynamical coupling between orbital and spin
degrees of freedom in strongly correlated electron systems,
which is an example for such a coupled quasiparticle. The
orbital degree of freedom plays an important role in novel
physical phenomena such as high-T'. superconductivity [4],
the colossal magnetoresistance effect [5], the giant mag-
netoelectric effect [6,7], etc., via the coupling with charge,
spin, and lattice degrees of freedom. A nonlocal quasipar-
ticle in the orbital sector is termed an orbiton. The orbiton is
a dynamic modulation of the shape of electronic clouds.
The change in orbital angular momentum AL propagates
via the transfer integral term between neighboring tran-
sition metal ions [8]. The first experimental observation
of an orbiton was reported in LaMnO; [9,10], followed by
several reports on perovskite-structure materials such as
KCuF; [11], RTiO; (R =La, Y) [12,13], and NdVO;,
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[14,15], and a one-dimensional system, Sr,CuO; [16].
In these compounds, the orbital and magnetic transition
temperatures are well separated, and most of the orbital
ordered phases are antiferromagnetic. The strong coupling
between the orbital and lattice degrees of freedom hinders
the observation of spin-orbital coupled waves. Recently,
the spin-orbital entangled excited state was suggested using
far infrared and terahertz absorption measurements of
FeSc,S,, in which the ground state is proposed to be a
spin-orbital liquid [17].

Therefore, we chose the spinel-type vanadium oxides
AV,0, (A = Al [18], Zn [19], Mg [20,21], Cd [22], Mn
[23-31], Fe [28,32-35], Co [36-38]) [Fig. 1(a)] for
observing such spin-orbital coupled waves. The d orbitals
of the V-site ion, coordinated by an oxygen octahedron,
are split into lower-lying f,, orbitals and higher-lying e,
orbitals. Owing to the edge-sharing structure between the
oxygen octahedra, the orbitals at neighboring V3* ions
directly overlap each other, thus enhancing the Kugel-
Khomskii type spin-orbital interactions [39] between V3+
ions. Furthermore, in the #,, orbital degenerate system in
the O, symmetry ligand field, the relativistic spin-orbit
interaction (SOI) can compete with the relatively weak
Jahn-Teller interaction [40,41]. In MnV,0,4, Mn>* with a
high-spin configuration (S = 3) on a tetrahedral site has no
orbital degeneracy. During cooling, a phase transition takes
place into a collinear ferrimagnetic order at 7. = 58 K.
At a lower temperature, 7o = 53 K, a structural phase
transition takes place from the cubic to the tetragonal
structure, accompanied by the V3*-site orbital order
[23,24,42], in which the |yz) and |zx) orbitals are alter-
nately arranged along the ¢ axis, as shown in Fig. 1(c)
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FIG. 1. (a) Crystal structure of the spinel-type oxide MnV,0y,.
Each A-site ion is surrounded by an oxygen tetrahedron. Each B
site is coordinated by an oxygen octahedron. The V3* ion has
orbital degeneracy in the 1,, orbital. (b) Magnetic structure in the
tetragonal phase (¢ < a) below Tog = 53 K. The spin moment of
the Mn?* ion is parallel to the ¢ axis and that of the V3* ion is in
the opposite direction with a canted angle of 60° from the —c axis
[25]. (c) Proposed A-type antiferroic (AF) orbital structure at V
sites below Too = 53 K [24,28,40,43].

[24,28,31,40,43]. Simultaneously, the magnetic structure
changes into a noncoplanar ferrimagnetic order [25]
[Fig. 1(b)]. The characteristics of this orbital structure lie
in the ferroic and antiferroic arrangements of the orbitals
along the [110]. and [101], directions, respectively. Here,
the subscript ¢ indicates the unconventional face-centered

tetragonal unit cell to avoid the 45° rotation of the & and b
vectors. The orbital and ferrimagnetic order coexists in
MnV,0,, which may provide a stage for controlling the
orbital degree of freedom through the spin sector. Chung
et al. assigned the magnetic excitations in MnV,0, below
10 meV to Mn?* modes and those above 17 meV to V3*
modes by inelastic neutron scattering (INS) [26,27]. A
recent Raman scattering measurement (Q = 0) by Gleason
et al. [30], however, found another excitation around
9-10 meV, which was not clearly observed by Chung et al.
They also observed the anomalous two-magnon scattering
around 20 meV, the energy shift of which increased
towards Too. The ultrasound measurement of MnV,0,
in a magnetic field revealed elastic softening above 7g.
This softening is correlated with the magnetic phase
transition, indicating a spin-orbital coupled fluctuation
above Tog [29].

In the present study, we investigated the magnetic
dynamics of MnV,0, by INS in the larger reciprocal
lattice space. Using a Heisenberg model analysis, we found
that the magnetic scattering assigned to V3* modes exists
around ~10 meV. Finally, a possible origin of the magnetic

scattering around 20 meV, which cannot be reproduced
with the Heisenberg model, is discussed.

Single crystals were grown using the floating-zone
method [31]. They were characterized by powder x-ray
diffraction and magnetization measurements. Four crystal
bars, having a total mass of 10 g, were coaligned using
backscattering Laue photographs. The INS was carried out
using the 4SEASONS spectrometer at MLF, J-PARC [44].
Two-dimensional detectors and multiple E;’s enable the
efficient measurement of large volumes of reciprocal space
[45,46]. The incident energies of the neutrons were selected
as 73, 34, 19, and 12 meV by a Fermi chopper. The sample
was rotated around [001],. by a 0.5-deg step per 15 min. The
temperature was maintained at 5.6 K. Using the software
UTSUSEMI [47], we extracted the value proportional to the
dynamical structure factor. In addition, the intensity was
divided by the Bose factor. The binning parameters were
0.1 (r.l.u.) for H, K, and L and 0.4 meV for the energy.

In order to identify the spin-wave modes from the
experimentally obtained intensity data, we performed a
semiclassical spin-wave analysis in MnV,0, [48]. A unit
cell consists of six magnetic ions, Mn;, Mn,, V;, V,, V3,
and V,. In the ground state, the canted angle between the
Mn2* and V3T moments was assumed to be 120° [25,48].
Since the XMCD measurement of MnV,0, suggests that
(L,) is negligibly small (< 0.15), the orbital angular
momentum would be almost quenched in the ground
state [31,49] (see also the Supplemental Material [48]).

Therefore, the Hamiltonian 7 is given by

=08 S;+ D> (57 (1)
ij

eV

Here, J; ; is the isotropic exchange interaction between the
sites i and j, i.e., J; between neighboring Mn>*-V3*, J,
between the pair V3*-V3* along [110],, and J3 between
V3+-V3+ along [101],. D is the single ion anisotropy of the
V3* ions. d is either x or y, depending on the alternative
orbital order. The schematic representations of all six spin-
wave modes at the I' point, in the ascending order of
energy, are represented in Fig. 2. The lowest energy mode is
the Mn”* acoustic mode, depicted in Fig. 2(a). The time
evolutions of the two Mn?* spin moments are in phase with
each other. In the Mn?* optical mode [Fig. 2(b)], the time
evolutions of the Mn; and Mn, spin moments are out of
phase. In V3* modes 3 and 4, the major axes of the ellipsoid

in spin precession are parallel to the d or b directions
[Figs. 2(c) and 2(d)]. In contrast, those in V3* modes 5
and 6 are mainly along the ¢ axis. In other words, V3*
modes 5 and 6 are dominated by the spin oscillation AS,
along the z axis [Figs. 2(e) and 2(f)]. V3* mode 5, which
has a lower energy (~14 meV) is a coupled mode of the
V3* and Mn** modes.
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~32meV

v ~ 14 meV

FIG.2. Six spin-wave modes in MnV,0; at the I" point. Two of
them are Mn>* spin precession modes (mode 1 and mode 2) and
the others are V3* modes (modes 3-6).

Figures 3(a)-3(c) show the experimental results of the
INS at E; =34 meV and 7 = 5.6 K along three high
symmetry axes: (a) [hhh],, (b) [hh0],, and (c) [k00],. The
corresponding calculations are shown in Figs. 3(d)-3(f).
We averaged the calculated intensity from a multiple-
domain sample for comparison with the experimental
results. The energy region below 17 meV was reproduced
well by our intensity calculation. In Fig. 3(a), we can observe

MnV,0,, J;= 1.422, J,= 13.2, J;= -2.535, D= 1.6 (meV)
30 - ;

not only an acoustic branch from the I" point (111) but also a
clear optical branch with an 8-9 meV energy gap. In our
calculation, the former and the latter branches correspond
to the Mn?* acoustic and optical modes, respectively. In
addition, the dispersive inelastic scattering intensity around
10 meV is newly observed along [240] in the present study
[Fig. 3(b)]. Figure 3(g) shows the energy-intensity plot at
[AhO] (h = 1.8-2.2), at E; = 19 meV. An inelastic scatter-
ing peak with a width of ~3 meV is observed around
10 meV. Considering the energy resolution to be less than
1 meV [48], this broad peak may be ascribed to at least
two branches. Our calculation suggests that the lower- and
higher-energy branches should be assigned to the Mn?*
optical mode [Fig. 2(b)] and V3** mode 3 [Fig. 2(c)],
respectively. The lowest energy of the V3T spin waves
would extend to 10 meV rather than to 17 meV reported
by Chung et al. [26]. In Figs. 3(b) and 3(c), we can see a
dispersive mode with a large scattering intensity around
20 meV at both (2,2,0) and (4,0,0). This scattering was also
observed at E; = 73 meV [48] and thus is not due to the
frame overlap problem [52]. Our calculation in Figs. 3(e)
and 3(f) cannot explain this scattering around 20 meV. It
could be related to magnetic dynamics, since it is clearly
observed in the lower |Q| region as with the scattering
around (2,2,0) [48]. Figures 3(h)-3(q) illustrate the constant
energy cut of the scattering intensity around (2,2,0) and
(4,0,0). Figures 3(h)-3(1) are the case of the Mn>* acoustic
mode, which is a typical Heisenberg-type spin wave.
Since the scattering at 2 meV around the (2,2,0) I' point
[Figs. 3(h)-3(1)] and the scattering at 20 meV around (4,0,0)

around (220)
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FIG. 3.

Energy (meV)

Experimental inelastic intensity and the corresponding calculated intensity contour along the (a),(d) [hhh],, (b),(e) [hh0],, and

(¢),(f) [00],. directions at T = 5.6 K. The purple filled and black open circles are the calculated spin wave dispersions along the [10A]
and [hh0] directions in (b) and along the [00/] and [#00] directions in (c), respectively. (g) Plot of inelastic scattering intensity around
[220] at E; = 19 meV. The calculated energies of each 4 value are connected by black lines with a filled circle for the [220] modes and
with a cross mark for the [20/] modes. (h)—(k) Inelastic intensity contour in the [140]-[240] plane around [220]. The scale is adjusted to
that of panels (m)—(q), for comparison. (m)-(q) Inelastic intensity contour in the [200]-[0k0] plane around [400]. These figures were
obtained by averaging the data of the [h00]-[0k0] and [h00]-[00!] planes.
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[Figs. 3(m)-3(q)] spread isotropically at higher energy, this
20 meV scattering appears to be a typical spin wave.

The origin of the scattering around 20 meV is discussed
below. First, let us consider the excitation at the I" point.
The origin of this scattering has been discussed in several
studies on Raman scattering in MnV,0,. Miyahara et al.
observed the peak about 180 cm™! below T, and inter-
preted this peak as one-magnon scattering [53] similar to
the inelastic scattering observed by Chung et al. [26].
Takubo et al. observed similar peaks around this energy
region below T'-; however, they did not explain the origin
of these peaks [54]. Recently, Gleason et al. clarified two
sharp peaks at 74 cm~! and 84 cm™!, corresponding to
one-magnon scattering [30]. The energy width of the
178 cm™! peak, however, was much broader than that of
these one-magnon peaks. They argued that the observed
broad peak around 20 meV should be ascribed to two-
magnon scattering. They also claimed that the anomalous
temperature dependence of this two-magnon scattering was
due to the spin-lattice coupling [30]. In fact, spin-lattice
coupling should be considered for understanding the
dynamics in this energy region.

The observed 20 meV scattering, however, is not
attributable to two-magnon scattering. The excited energy
of two-magnon scattering is generally smaller than the sum
of two one-magnon energies, because of its binding energy.
In the present case, the sum of two one-magnon energies
is at most 20 meV. Thus, the excited energy of the two-
magnon scattering is smaller than 20 meV. Generally, two-
magnon scattering has no clear dispersion. The propagation
of two-magnon scattering corresponds to a higher order
term than that of one-magnon scattering in the scattering
process. The dispersion of two-magnon scattering is
smaller than that of one-magnon scattering. In addition,
the neutron scattering intensity of two-magnon scattering is
much smaller than the one-magnon scattering intensity,
because the total S value is preserved.

We propose that the SOI £l - s at the V sites affects the
energy levels of the magnetic excited state within the first-
order perturbation. This effect differs from the anisotropic
term D in the Hamiltonian. Using the raising (I™, s™),
lowering (I=, s~), and z-projection (/%, s%) operators
of orbital 1 and spin s angular momentum, ¢&l-s can
be represented as E&l-s = (&/2)(ITs™ +[7sT) + EFs.
Among the V3* modes (see Fig. 2), V3* mode 6 at
~32 meV with the largest AS, has a larger chance to
couple with the orbital excitation through the spin-orbit
term. The typical energy scale of the spin-orbit coupling
constant £ in a 3d system is around 10 meV. In mode 6, the
maximum length of the spin moment along the z direction
S, at the V sites is about 0.889 [48]; therefore, about
8-9 meV of energy reduction from the calculated energy
can be expected. Thus, the discrepancy between the spin
wave calculation and the experimental results at the I
point should be ascribed to the SOI. Interestingly, this

spin-orbital correlated excitation might propagate as col-
lective modes [Figs. 4(a), 4(c), and 4(e)]. In the ground
state, the projection of the spin moments at the V sites in the
z direction is ferromagnetic, as depicted in Figs. 4(c) and
4(d). Let us assume that along the [101] direction [Figs. 4(a)
and 4(c)], a neutron flips the |yz, 1) electron at site 1 along
the [101] direction to |yz, | ) [Fig. 4(e)]. In this excited state,
the SOI &I7s* would excite the |yz, ) electron to |zx, |) as
IFs%|yz, ) = —i|zx, | ). This excited state would recover
the nonzero orbital angular momentum and gain the
energy of the SOI. A spin flip by a neutron can cause an
orbital excitation between the |yz) and |zx) orbitals, with
the change in spin angular momentum. Furthermore, the
|zx, | ) electron at site 1 can be exchanged with the |zx, 1)
electron via a direct exchange interaction, leading to the
spin-orbital correlated collective mode. Localized orbital
excitations could exist in addition to collective spin-orbital
excitations. If the |xy, 1) electron at site 1 is flipped to
|xy, ) along the [110] direction [Figs. 4(b) and 4(d)] by a
neutron [Fig. 4(f)], the SOI &I7s™ excites the |xy,|)
electron, as I=s™ |xy, |) = |yz,1) + i|zx, 1). The transition
to |yz, 1) is forbidden, because |yz, 1) is already occupied.
The |zx, 1) electron cannot be transferred to |yz, 1) at site
2, because of the Pauli exclusion rule. This excitation is
considered as a localized orbital excitation. Based on
the above considerations, we propose that the V3* spin-
wave modes would have different energies, taking into
account the orbital degree of freedom and SOI. Inelastic
polarized neutron scattering and inelastic x-ray scattering

(a) [101] direction (b) [110] direction

9 40011 1o l%”) 4

& j“"xy) 2 ‘2(2 zpz
py ,/' Y |y2) - (\\zx)
; / 3 1?\|u)“m|

c 7 ’ c D. \
2/t 4 4
a/l\b 1 ) / P, a b \yz)%Z
iV " \[110]

(c) v N (d) v+ Vv
lox) ——— ) )

(e) V3+

FIG.4. (a),(b) Schematic figures of superexchange paths via the
oxygen 2p orbital between neighboring V3% ions for the
(a) [101], and (b) [110], directions. These figures are based on
the A-type antiferroic orbital ordering [see also Fig. 1(c)]. The
V3* jons are at sites 1 and 2. The surrounding O%~ ions are at
sites 3 and 4. (c),(d) Electronic structure in the ground state for
the (c) [101],. and (d) [110], directions. The spin moments are
projected along the z direction. The dotted line indicates the
overlapping between orbitals. (e),(f) Excited state along the
(e) [101], and (f) [110], directions.
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experiments in a single domain will be required for
understanding this spin-wave mode around 20 meV.

In conclusion, the magnetic dynamics in the spinel-type
vanadium oxide MnV,0, by INS was investigated. A spin-
wave mode was newly observed around 10 meV, which is
assigned to V3* spin-wave modes. Using the Heisenberg
model with a magnetic anisotropy term, we optimized the
values of the magnetic interactions. The scattering around
20 meV cannot be explained with this model, although the
calculation can reproduce the lower energy dynamics. We
propose that this scattering is due to a V3* spin-wave mode
accompanied by orbital excitation. The orbital degree of
freedom affects the V3T spin-wave modes.

The neutron experiments were performed at the
Materials and Life Science Experimental Facility of the
J-PARC under User Programs No. 2012A0058,
No. 2013A0141, No. 2014A0113, and No. 2014B0152.
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