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The Mott insulator YVO; with 7y = 118K is revisited to explore the role of spin, lattice, and orbital
correlations across the multiple structural and magnetic transitions observed as a function of temperature. Upon
cooling, the crystal structure changes from orthorhombic to monoclinic at 200 K, and back to orthorhombic
at 77 K, followed by magnetic transitions. From the paramagnetic high-temperature phase, C-type magnetic
ordering is first observed at 118 K, followed by a G-type spin re-orientation transition at 77 K. The dynamics
of the transitions were investigated via inelastic neutron scattering and first-principles calculations. An overall
good agreement between the neutron data and calculated spectra was observed. From the magnon density of
states, the magnetic exchange constants were deduced to be J,, = J. = —5.8 meV in the G-type spin phase, and
Jop = —3.8meV, J. =7.6meV at 80 K and J,, = —3.0meV, J. = 6.0meV at 100 K in the C-type spin phase.
Paramagnetic scattering was observed in the spin ordered phases, well below the C-type magnetic transition
temperature, which continuously increased above the transition. Fluctuations in the temperature dependence
of the phonon density of states were observed between 50 and 80 K as well, coinciding with the G-type to
C-type transition. These fluctuations are attributed to optical oxygen modes above 40 meV, from first-principles

calculations. In contrast, little change in the phonon spectra is observed across Ty .

DOI: 10.1103/PhysRevB.105.094412

I. INTRODUCTION

Transition-metal oxides with the perovskite structure
exhibit many interesting properties due to strong electron cor-
relations leading to a Mott transition [1,2], high-temperature
superconductivity [2], colossal magnetoresistivity [3], and fer-
roelectricity [4]. Included in this class is the insulating YVOs3
in which correlation effects can lead to Jahn-Teller (JT) dis-
tortions, orbital ordering, charge and spin stripe formation,
polaron localization, and phase separation. YVOj3 has a com-
plex phase diagram associated with its orbital physics, and it
has been extensively studied [5—7]. However, little is known
of the magnetic and lattice dynamics across the many phase
transitions observed in this system, which is the focus of the
present work.

YVOs; adopts an orthorhombically distorted perovskite
structure with space group Pnma at room temperature
[Fig. 1(a)]. The 3d magnetic ions V** with spin § = 1 are
doubly degenerate in the 75, manifold. On cooling below
Too = 200K, YVOs; first undergoes a structural phase tran-
sition from the orthorhombic phase to a monoclinic phase
[Fig. 1(b)] with its symmetry lowered down to P2;/a. At
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this temperature, the 3d orbitals of V3* form a G-type orbital
ordering pattern along the ¢ axis. A second phase transition
occurs at Ty = 118 K, where the spins form C-type antiferro-
magnetic (AFM) structure in the ab-plane with ferromagnetic
coupling along the ¢ axis [C-type spin ordering (C-SO),
Fig. 1(f)]. Finally, with further cooling, the system transforms
back to its original orthorhombic structure (with the Pnma
crystal symmetry) at 7o = 77 K. This phase transition is ac-
companied by a change of the spin configuration into a G-type
AFM order [G-SO, Fig. 1(e)], with a simultaneous change in
the orbital order from G to C type [6,8].

In both the G- and C-type orbitally ordered phases, the
dy, orbital is always occupied due to its lower energy, and
the second occupied orbital alternates between d,; or d.,
along the ¢ axis [9]. Superexchange interactions between the
neighboring spins and orbitals as proposed in Refs. [10,11]
give rise to the orbital and spin-ordering patterns observed
in YVO;. Experimentally, these transitions have been widely
studied using several techniques including optical reflectivity
[12], synchrotron x-ray diffraction [5], specific heat [8], and
neutron scattering [6,13,14].

Previous neutron-diffraction measurements combined
with the analysis of the local structure using the pair
distribution function (PDF) technique provided evidence for
a local G-type orbital ordering pattern above 200 K, where
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FIG. 1. The crystal structures of YVOs; in (a) the orthorhombic
phase (Pnma) and (b) the monoclinic phase (P2;/a). (c) A plot of
the inelastic neutron-scattering intensity as a function of momen-
tum transfer (Q) and energy (£) on a powder sample of YVOs; at
T = 5K, with an incident neutron energy of E; = 80 meV. (d) Elas-
tic neutron-scattering intensity versus momentum transfer as a
function of temperature. The labeled AFM peaks show the magnetic
transition from the G-type to the C-type spin ordered state. (e) G-type
spin ordered structure in the orthorhombic unit cell (solid black line).
(f) C-type spin ordered structure in the monoclinic unit cell.

the local structure favors a modified P2;/a symmetry. The
presence of a local monoclinic pattern in the overall or-
thorhombic structure suggests that the transitions in YVOj3 are
more complex and worth further investigation [9]. Although
the static atomic and magnetic structures of YVO3 have been
well characterized, there are not many studies that address the
dynamics of the transitions and the nature of the magneto-
orbital mechanism. Coupled with the structural transitions are
steric VO3 octahedral rotations that have direct consequences
on the magnetic and phonon dynamics. The dynamics of the
rotations have not been probed, to the best of our knowl-
edge. Therefore, investigating the phonon spectra at different
temperatures across the transition will elucidate the nature
of the phase transitions observed in YVO;. Although Raman
spectroscopy has been used to probe the phonon and magnon
changes in YVO3, the technique provides only zone-center in-
formation [15-17]. Extending this beyond the Brillouin-zone
center requires techniques such as inelastic neutron scattering.
Of the sixty phonon modes, only twenty four of them are Ra-
man active. Neutron scattering will complement much needed
information on the phonons and spin spectra in YVOs3.

In this paper, we report on the spin-wave and phonon
dynamics determined from neutron inelastic-scattering mea-
surements with a powder sample and first-principles calcu-
lations. The transition from the G- to C-type spin-ordered
states is accompanied by clear changes in the magnon spectra
on warming between 50 and 80 K. The magnetic exchange
constants in the G- and C-type spin ordered structures were
extracted to be J,;, =J. = —5.8meV at 5 and 50 K, J,, =

—3.8meV,J. =7.6meV at 80 K, and J;, = —3.0meV, J. =
6.0meV at 100 K obtained from spin-wave analysis. Below
the magnetic transition of 118 K, paramagnetic scattering
is present in the dynamic structure function S(Q, E). The
phonon spectra up to 130 meV as a function of temperature
was also extracted from the data and compared with those
calculated from first principles. The phonon density of states
changes between 50 and 80 K, and these were attributed to
energy fluctuations of optical oxygen modes above 40 meV,
linked to the orthorhombic to monoclinic structural transition
on warming at 77 K. By comparison, little change in the
phonon spectra was observed across Ty, from C-type spin
ordering, to the high-temperature paramagnetic phase.

II. EXPERIMENTAL AND CALCULATION DETAILS

A 30 g powder sample of YVO; was prepared for the mea-
surement. Single-phase crystals were melt-grown using an
image furnace following the procedure described elsewhere
[18]. The powder sample was obtained by crushing the sin-
gle crystals. The inelastic neutron-scattering experiment was
performed on the wide angular-range chopper spectrometer
ARCS, located at the Spallation Neutron Source of Oak Ridge
National Laboratory (ORNL). The measurements used inci-
dent neutron energies of 80 and 130 meV. The powder was
loaded into an aluminum can. The data were collected as a
function of temperature between 5 and 150 K. In this work,
we use atomic coordinates with a < b < c, i.e., a ~ 5.287 A,
b~ 5.594 A, and ¢ ~ 7.560 A for the orthorhombic unit cell,
a~5274A,b~5.605A, c~7.544A, and a ~ 90.032° for
the monoclinic unit cell.

The density-functional theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package (VASP)
[19] implementing the local-density approximations (LDA)
exchange-correlation functional. The simplified (rotationally
invariant) approach to the LSDA 4 U introduced by Du-
darev et al. [20] was implemented to correct the approximate
exchange-correlation functional. The factor U which specifies
the strength of the effective on-site Coulomb interactions was
setto 4 eV.

The k-space integration was performed with 8 x 8 x 8 k
points in the Brillouin zone for the structural optimization. For
the structural relaxation in the G-type magnetic phase, atoms
were allowed to relax along the calculated forces until all the
residual force components were less than le~’ eV /a.u. In the
C-type magnetic phase, to make sure the phonon changes only
come from the spin-configuration difference but not from the
structural difference, the crystal structure was kept the same
as in G-type and only the spin configurations were changed.
The phonon band structures and density of states were calcu-
lated using the finite difference method implemented by the
Phonopy software [21] and VASP using a 2 x 2 x 2 supercell
and 4 x 4 x 3 k grids.

III. RESULTS AND DISCUSSION

The time-of-flight data were collected as a function of
temperature from 5 to 150 K. Shown in Fig. 1(c) is the
E-Q contour map of the dynamic structure function S(Q, E)
at 5 K using an incident energy E; = 80meV. The data
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were reduced, analyzed, and visualized using DAVE [22]. The
background and empty can were also subtracted. With this
measurement both magnon and phonon excitations are cap-
tured. At low Q, magnetic dispersions are visible. At high Q,
the horizontal bright bands, with the intensity increasing as
a function of Q7 are due to the phonon integrated dispersion
spectrum. In the low-Q region, magnon dispersions are clearly
visible up to 4 A=, corresponding to the G-type spin ordering
below 77 K. The magnetic form factor suppresses the intensity
beyond 4 A~'.

The integrated elastic-scattering intensity between Q = 0.5
and 2.5 A~ is plotted in Fig. 1(d) as a function of temperature.
The cuts were obtained by integrating from —5 to 5 meV
across the elastic line. Indicated on this figure are the positions
in Q of the static magnetic Bragg peaks. From Fig. 1(c), it
can be seen that the spin-wave excitations emanate from the
Bragg peaks marked in Fig. 1(d). For the elastic data shown at
5 and 50 K, a Bragg peak appears at ~1.4 A~!, corresponding
to the (0.5, 0.5, 0.5)y G-type AFM structure. Increasing the
temperature to 80 K, a C-type magnetic AFM peak at (0.5, 0.5,
0)3 appears at 21.2 A~!, which follows the G- to C-type spin-
ordering transition at 77 K. The magnetic peaks disappear
above Ty.

A. Spin-wave analysis

The dynamic structure function S(Q, E) as a function
of momentum transfer (Q) and energy (E) consists of
both magnon and phonon information. To separate the two
contributions, data were integrated in Q from 0.5 to 5 Al [the
low-Q cut (LQ)] and from 5 to 9 A~! [the high-Q cut (HQ)].
The two cuts are shown in Fig. 2(a). The LQ-cut includes the
entire magnon spectrum based on the magnetic form factor
calculation for V3T [Fig. 2(e)], plus low-energy phonons. The
HQ cut, on the other hand, should be devoid of spin-waves
and be mostly due to phonons. The method used to remove
the phonon contribution was the same as the one performed in
Ref. [23], for LaMnO3, LaVO3, and LaFeOs3. The in-plane J,,
and out-of-plane J. can be determined from the positions of
the magnon peaks. This method has also been used in several
other magnetic systems [24-27].

To subtract the phonon background, the HQ cut was scaled
by a factor, in this case, k = 0.48, so that the high-energy
region of the HQ cut overlaps with the high-energy region of
the LQ cut. This is because phonon intensity is proportional to
Q? and this is clearly seen in the HQ cut. In the high-energy
region, the LQ cut only contains low-energy phonons. This
phonon background is then subtracted from all the data at each
temperature, as shown in Fig. 2(b), and the remaining intensity
is due to magnons as shown in Fig. 2(c).

Shown in Fig. 2(d) is a plot of the spin-wave density of
states (SW-DOS) as a function of temperature. The elastic
intensity at each temperature was fit with a Gaussian peak
centered at 0 meV and subtracted from the data. The magnetic
structure of YVOs3 is described in terms of a pseudocubic
cell with lattice parameters of a/~/2, b/~/2, and ¢/2 [7]. The
magnetic exchange coupling constants between neighboring
spins are extracted from the SW-DOS.

In the SW-DOS, the magnon peaks indicate the energy
extrema corresponding to Van Hove singularities in the disper-
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FIG. 2. (a) Inelastic neutron-scattering intensity integrated over
the low-Q region (LQ) from 0.5 to 5 A~!, and over the high-Q region
(HQ) from 5 to 9 A~!. (b) The phonon background, determined
from the HQ cut, is subtracted from the LQ data. (c) The intensity
difference between LQ and HQ cuts is the magnon DOS at 5 K.
(d) The extracted magnon DOS versus energy transfer as a function
of temperature between 5 and 150 K. (e) The integrated intensity
between 30 and 35 meV at 5 K as a function of Q. The results are
compared with the calculated magnetic form factor of V3+.

sion curves that are related to the magnetic exchange coupling
constants J,; and J. [23]. For example, the magnon peak
at ~35meV in the 5 K SW-DOS has an energy equivalent
to 2S(2|Jyp| + |J.|) [Fig. 2(c)]. In the G-type spin-ordered
state, little change is observed in the SW-DOS between 5 and
50 K. The isotropic magnetic exchange coupling constants
were determined to be J,, = J. = —5.8 meV at both temper-
atures. These values are consistent with the reported values of
Jap = J. = —5.7meV, measured using single-crystal neutron
scattering [7].

In the C-type spin-ordering state, two magnon peaks
are expected. The first peak is located at E =~ 10meV,
which corresponds to 4S|J,,|. The second peak is located at
E ~ 30meV, which corresponds to 4S(|Js| + |J.|). When
T > 77K, a large reduction of the ordered moment of V3+
due to strong quantum fluctuations is expected. The effec-
tive moment of V3T from the refinement of the magnetic
Bragg peaks is between 1.05 up and 1.11 up, much lower
than the free-ion moment of 2 ug [7,8,28]. In addition, the
Dzyaloshinskii-Moriya interaction leads to additional mag-
netic anisotropies that result in a canting (14°) of the magnetic
moments of V3*. For the analysis and simulations presented
in this work, we consider only the pure collinear structures
with exchange interactions J,; and J.. From the SW-DOS
data at 80 K, the magnetic exchange coupling constants us-
ing the refined effective moment were extracted to be J,, =
—3.8meV, J. = 7.6 meV. At 100 K, both magnon peaks are
damped, in contrast to the G-type spin ordering state. The
magnon peaks at 100 K are located at £ =~ 8 and 24 meV,
indicating a decrease of J,, to —3.0meV and J, to 6.0 meV.
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FIG. 3. (a), (c) Inelastic neutron-scattering intensity S(Q, E) of
YVO; at 5 and 80 K. The data panels are shown over a smaller Q
and E range as compared with Fig. 1(e) and include mainly the spin
waves. (b), (d) Calculated powder averaged spin-wave dispersions
of YVO; using a Heisenberg AFM model with G- or C-type spin
ordering at 5 and 80 K, convoluted with the resolution function of
the ARCS instrument.

At 125 and 150 K in the paramagnetic (PM) state, the magnon
peaks are further damped, but still present, indicating that
magnetic correlations still survive in the PM phase.

In Fig. 2(e), the change of the integrated magnon intensity
at 5 K is plotted as a function of Q. The integration was
performed between 30 and 35 meV, with a Q width of 0.5A1,
The magnetic form factor of V3* was computed and is also
plotted for comparison. It is clear that the magnon intensity
follows the Q dependence of the magnetic form factor.

At 5 K, the G-type spin waves emanate from the AFM
Bragg peaks of (0.5 0.50.5)3 and (1 1 1)y, located at Q ~ 1.4
and 2.8 A=, The maximum magnon energy is at ~35meV
[Fig. 3(a)]. At 80 K, C-type magnetic Bragg peaks were
observed at (0.5 0.50)y, at Q ~ 1.2 A-! and (0.50.5 1)y at
Q ~ 2.0 A='. Alower magnon band is at 10 meV along with
a higher magnon band at ~30 meV [Fig. 3(c)].

The simulated spin waves at 5 K G-type and 80 K
C-type spin-ordered states are shown in Figs. 3(b) and 3(d)
and are compared with the neutron data in Figs. 3(a) and 3(c).
The calculations were performed using the SPINW software
[29]. The Hamiltonian of a simple Heisenberg AFM model
(—Jup Z“’j)”a’b Si-S;—Je Z(Lj)l\c S; - S;) was used for both
magnetic structures. Reported lattice parameters from earlier
studies were used [9]. The calculated magnon intensity was
further convoluted with the instrument resolution function.
The simulated patterns reproduce the spin-wave spectra well.

Even for temperatures below 7y, PM scattering is still
observed in both spin-ordered phases. From the SW-DOS
data at 5 and 50 K shown in Fig. 2(d), the PM intensity is
observed between 5 and 15 meV. At 80 and 100 K, some
inelastic intensity appears in the low-Q region between 0 and

1 A~!, and from 0 to 10 meV, as shown in Fig. 3(c). This
PM intensity is not reproduced by the simulation and suggests
that short-range PM spin correlations might persist in YVO3
despite the long-range magnetic order.

Magnon-magnon interactions might also exist in YVOs.
As shown in Figs. 3(a) and 3(c), the spin-waves at 80 K are
less sharply defined compared with the data at 5 K. Upon
warming, the C-type magnon peaks in Fig. 2(d) gradually shift
to lower energy and become strongly damped just below the
magnetic transition. In contrast, the magnons in the G-type
spin ordered state show little temperature dependence. Evi-
dence of magnon-magnon interactions in YVOj3 has also been
provided by Raman spectroscopy [15]. Above Ty, the spin
waves are replaced by a broad PM scattering intensity. The
magnon-magnon interactions, together with the PM scattering
suggest that the C-type spin ordered phase is much more
complex than the G-type.

While most studies carried out so far indicate a single
magnetic phase (C type) between 77 and 118 K [6,7,13],
two recent studies using neutron diffraction and synchrotron
x-ray diffraction provided evidence of phase coexistence (C-
and G-type) in powder samples in this temperature range
and a second-order nature of the magnetic transition at Ty
[30,31]. The phase fraction of the G-type spin-ordered state
decreases gradually with temperature, from 96% at 80 K to
50% at 100 K, replaced by the C-type spin-ordered state, with
clear changes of the Bragg-peak intensity [30]. However, such
coexistence is not observed in our data. In Fig. 4, the elastic
neutron-scattering intensity as a function of temperature is
plotted in three different Q ranges. Changes of the Bragg-peak
intensity were only observed between 50 and 80 K, corre-
sponding to the orthorhombic to monoclinic transition at 77 K.
Little change was observed between 80 and 100 K, from both
the nuclear and the magnetic Bragg peaks. In Fig. 4(a), no
G-type magnetic Bragg peaks were present at 80 or 100 K, and
the higher background below 1.5 A~! indicates that PM scat-
tering is present together with a long-range C-type magnetic
ordering. There is also no sign of the G-type spin wave in the
80 K magnon data, as shown in Fig. 3(c). The reported phase
coexistence might be related to sample-dependent factors. The
powder used in our experiment was crushed from single crys-
tals, while the powder used in Refs. [30,31] was obtained by
using the hydrogen reduction method. The presence of grain
boundaries and interparticle strain may frustrate each grain’s
G- to C-type magnetic transition. Different sample-dependent
transition behaviors were also observed in many other materi-
als, such as WTe, and CrCls, where broader transitions were
observed in powder samples compared with single crystals
[32,33].

B. Phonon analysis

The S(Q, E) data collected with an incident energy of
130 meV were analyzed to extract the phonon DOS, as shown
in Fig. 5(a). The data were integrated from 5 A~! < Q <
13 A= in order to minimize the magnetic contribution. The
measurement of the empty can was subtracted from the data
and Bose corrections were performed on the data at all tem-
peratures. The elastic peak fit with a Gaussian function was
subtracted from the data as well.
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FIG. 4. Elastic neutron-scattering intensity versus momentum
transfer as a function of temperature at different Q ranges: (a)
05A"'<0<25A,(0)34A71<0<39A7,(©53A! <
0 < 6.3 A~'. The dashed line in panel (a) indicates the background
level, with clear PM scattering intensity present below 1.5 A"

The phonon DOS changes as function of temperature.
Below 40 meV, the intensity of the phonon peaks decreases
gradually upon warming while the energy remains fixed. Be-
tween 40 and 60 meV, some phonon modes shift to higher
energies, resulting in an overall change of the shape of the
DOS. Above 60 meV, two phonon peaks show opposite
temperature dependence. The peak at ~65meV is slightly
hardened at 80 K compared with 50 K, whereas the peak at
~85 meV undergoes a small softening from 50 to 80 K. Upon
warming from 100 to 125 K, little changes in phonon spectra
were observed, despite the magnetic transition at Ty = 118 K.

To investigate the active phonon modes that are involved
in the structural and spin ordered transitions at Teg = 77K,
density-functional theory calculations were performed to ob-
tain the theoretical phonon DOS. To have a better comparison
with experiment, we calculated the generalized dynamical
structure factor (DSF) with the same Q-range averaging and
energy-resolution as the experiment, and the results are shown
in Figs. 5(b) and 5(c) for G-type and C-type spin ordering,
respectively. To better understand any spin-phonon coupling
in YVOs;, the crystal structure is fixed to the orthorhombic
Pnma symmetry with the same lattice constants for both spin
configurations. The partial DSFs are also shown for each type
of atoms. The calculations are compared with data at 5 and
100 K (without Bose correction).

The calculated phonon DSF agrees well with the data at
5 K and allows the identification of the phonon modes that are
associated with the changes observed between 50 and 80 K.
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FIG. 5. (a) Generalized YVO; phonon DOS measured at ARCS,
averaged over a Q range of 5 to 13 A‘l, at 5, 50, 80, 100, 125, and
150 K. Inset shows phonon DOS zoomed-in between 40 and 60 me'V.
(b) First-principles calculations of the phonon dynamical structural
factor (DSF) of Pnma YVOs; at 5 K, using the G-type magnetic
structure, and the partial DSFs from the Y, V, O atoms. (c¢) First-
principles calculations of the phonon DSF of Prnma YVO; at 100 K,
with the magnetic structure changed to C-type. (d) Visualizations of
some phonon modes at the I' point between 40 and 60 meV: z rotation
mode at =41 meV, y rotation mode at 42 meV, in-phase stretching
mode at &~55 meV, out-of-phase stretching mode at ~56 meV. Red
arrows indicate the vibrating direction of the oxygen atoms.

Based on the partial DSFs, the broad intensity between 40
and 60 meV mainly comes from the optical oxygen modes,
while little change is observed in both the Y and the V modes.
Moreover, even though the crystal structure was kept the same
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for both calculations, the changes seen in the calculated DSF
at ~#55meV where only the spin-configuration changes from
G- to C-type also agree with the energy shifts seen in the data,
which indicates that oxygen phonon modes between 40 and
60 meV might be coupled with the spins of V3+.

While a change in the spin configuration partially explains
the change in phonon DOS observed between 40 and 60 meV,
the orthorhombic to monoclinic structural phase transition
at 77 K might also contribute through the oxygen rotation
modes shown in Fig. 5(d). From the reported coordinates,
the orthorhombic and monoclinic structures of YVO3; mainly
differ in the bond lengths in the ab plane and the y and
z orientation of the VOj octahedra [8]. Therefore, the z-
rotation mode at ~41 meV, the y-rotation mode at ~42 meV,
and the two in-plane stretching modes at ~55 and 56 meV
might be more active across the 77 K phase boundary. These
energies correspond to the energies of the phonon modes at the
I" point. Figure 5(d) shows the visualizations of these phonon
modes at the I point, obtained from the calculated phonon
band structure at 5 K.

In addition, although the magnetic transition at 7y from the
C-type spin-ordered phase to the high-temperature PM phase
is not accompanied by any structural transition, little change
is observed in the phonon DOS between 100 and 125 K. This
could indicate that the spin-phonon interactions in YVOj is
weak at Ty.

IV. CONCLUSION

The temperature dependence of the spin waves and
phonons in YVO; were investigated using powder inelastic
neutron-scattering measurements and first-principles lattice
dynamics calculations. The G- to C-type spin-ordered tran-
sition on warming was characterized from the magnon
intensities, and the magnetic exchange constants in the
G-type spin-ordered (J,;, = J. = —5.8meV at 5 and 50 K),
and C-type spin-ordered (J,, = —3.8meV, J. = 7.6 meV at

80 K, J,, = —3.0meV, J. = 6.0meV at 100 K) states were
determined from the magnon peak positions, which are in
good agreement with those reported from single-crystal mea-
surements [7]. The calculated dispersion from SPINW using
the Heisenberg AFM coupling provide a representation of
the measured spin waves. Additionally, we find PM scat-
tering intensities below the magnetic transition temperature
of Ty = 118K, and that magnon-magnon interactions might
exist in the C-type spin-ordered state. These newly observed
features indicate that the C-type spin-ordered phase is much
more complex than the G type. In this work, we also extend
the current understanding of phonons in YVO3; beyond the
Brillouin-zone center using inelastic neutron scattering. We
obtained the phonon spectra as a function of temperature and
compared with the results from first-principles calculations.
The calculated DSFs agree well with the measured phonon
intensity at 5 and 100 K. The phonon intensity shows a strong
temperature dependence across the 77 K transition tempera-
ture, manifested as changes in some optical oxygen branches
between 40 and 60 meV. In contrast, little phonon changes
were seen between 100 and 125 K, despite across a magnetic
transition at 7y = 118 K, indicating rather small spin-phonon
coupling in this system.
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