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ABSTRACT

In order to explore the consequences of spin-orbit coupling on spin—phonon interactions in a set of chemically similar mixed metal oxides,
we measured the infrared vibrational properties of CosB,0O9 (B = Nb, Ta) as a function of temperature and compared our findings with
lattice dynamics calculations and several different models of spin-phonon coupling. Frequency vs temperature trends for the Co®* shearing
mode near 150 cm ™' reveal significant shifts across the magnetic ordering temperature that are especially large in relative terms. Bringing
these results together and accounting for noncollinearity, we obtain spin-phonon coupling constants of —3.4 and —4.3 cm ™' for Co,Nb,O,
and the Ta analog, respectively. Analysis reveals that these coupling constants are derived from interlayer (rather than intralayer) exchange
interactions and that the interlayer interactions contain competing antiferromagnetic and ferromagnetic contributions. At the same time,
beyond-Heisenberg terms are minimized due to fortuitous symmetry considerations, different from most other 4d- and 5d-containing oxides.
Comparison with other contemporary oxides shows that spin-phonon coupling in this family of materials is among the strongest ever
reported, suggesting an origin for magnetoelectric coupling.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137903

Magnetic materials hosting both transition metal centers and
heavy elements are contemporary platforms for the study of chemical
bonding and novel properties. The strategy is that 3d ions deliver
localized orbitals, high spin, and strong electron correlation, whereas
4d and 5d centers contribute more diffuse orbitals, greater hybridiza-
tion, a tendency toward dimerization, and spin-orbit coupling that
competes on an equal footing with electron correlations.' * This com-
petition endows these materials with remarkable properties including
ultra-hard magnetism, two-sublattice magnetism with frustration”
or independent ground states,'”'" and mixing across broad energy
scales.'”” One important consequence of spin-orbit interactions in
these systems is spin-phonon coupling, conventionally described in
terms of how the exchange interactions are modulated by particular

displacement patterns.” >'*'° In addition to revealing how materials
communicate across different energy scales, these interactions can
drive multiferroicity.'” "

The Co4B,0y (B = NbD, Ta) system is quasi-two dimensional
mixed metal oxide with a P3cl space group (Fig. 1).”” This
corundum-type structure is derived from Cr,0O; such that four Cr sites
are occupied by the magnetic Co>" ions and two nonmagnetic Nb>*
or Ta>* ions reside on the B sites. The octahedrally coordinated Co*"
centers are trigonally distorted and both edge- and face-sharing. The B
ions are arranged into vertical columns and occupy trigonally distorted
octahedral sites in the buckled layer. Both systems order antiferromag-
netically at Ty = 27 and 20K for CoyNb,Oy and the Ta analog,
respectively.””* Originally thought to host collinear ab-plane spin
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FIG. 1. (a) and (b) Crystal structure of Co4Nby0g.”**°° Blue, red, and green represent Co, O, and Nb/Ta centers. Octahedra are drawn only for magnetic ions. (c) A simplified

view of the planar Co

* layer shows a honeycomb-like structure. (d) Schematic illustrating the planar and buckled layers. Only Co?* ions are shown. There are two relevant

interlayer interactions (42 Fu and A3 apm)- (€) Calculated E, and Ay, phonon frequencies. (f) Polarized infrared absorption of CosNb,Og at 300 K. The response of Co,Ta,0q is

similar and shown in Fig. S1 of the supplementary material.

. 3 .
structure with a small moment along 62" recent work establishes a

noncollinear spin arrangement, with a different magnetic space
group.”* *° A number of teams report magnetostriction across
Txn.”?” Under a magnetic field, these materials reveal a spin-flop
transition (at 03T for H || ab),”"*>” large magnetoelectric cou-
magnetodlelectrlc behavior,””* a symmetry reduction
with asymmetric distortion,”” and spin excitations with magnetoelec-
tric characteristics.”* The magnetoelectric coupling is approximately
o[110) = 20 ps/m for both compounds.”””****! The interaction is non-
linear,”” and a polarization memory effect is observed in the para-
magnetic phase.”” Despite evidence for magnetostriction across
Txn~?**** and proposals that cast spin-phonon coupling as the
underlying mechanistic driver for these effects,”*”"***"” the funda-
mental excitations of the lattice and their changes across the magnetic
ordering transitions are under-explored with only one Raman study of
polycrystalline sample identifying modest coupling in two low-
frequency modes.” Co,Nb,O, and the Ta analog are also ideal plat-
forms for unraveling structure-property relations, not just across
simple trends but in higher level coupling processes as well. "’
In order to explore these issues in greater depth, we combine

polarized infrared reflectance, a symmetry analysis, and lattice

dynamics calculations to reveal the vibrational properties of
Co4Nb,Oy and Co,Ta,Oy across their magnetic ordering transitions.
We find that the in-plane Co-containing shearing mode couples
strongly to the spin system, red-shifting across Ty in both materials.
The frequency shifts are extremely large, leading to coupling con-
stants of —3.4 and —4.3cm™ ! in CoyNb,Oy and the Ta analog,
respectively. Remarkably, analysis of the spin-phonon coupling
demonstrates that this displacement pattern modulates only the
inter-plane magnetic interactions and that the latter contains com-
peting antiferromagnetic and ferromagnetic terms. In addition to
comparisons with other contemporary oxides, we discuss how
unique inter-layer spin—phonon interactions drive magnetoelectric
coupling in this class of materials.

High-quality single crystals of Co,Nb,Oy and Co,Ta,0y were
grown by flux techniques.”””® Near normal reflectance was measured
over a wide frequency range (25-55000cm ') using a series of spec-
trometers, including a Bruker 113v Fourier transform infrared spec-
trometer equipped with a liquid helium cooled bolometer detector, a
Bruker Equinox 55 equipped with an infrared microscope, and a
Perkin-Elmer Lambda-1050 grating spectrometer. Appropriate polar-
izers revealed the ab-plane and c-axes response. A Kramers-Kronig
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analysis was used to obtain the optical constants." We employed a
constant low frequency extrapolation and a high frequency extrapola-
tion of w17, The infrared absorption, o(w), and the real part of the
optical conductivity, ;(w), are of primary interest in this work.
Open-flow cryostats provided temperature control. The theoretical
phonon frequencies were calculated using the VASP code.”"” The
pseudopotentials are of the projector-augmented-wave type as imple-
mented in VASP,"**" with valence configurations 3d’4s* for Co,
2s%sp* for O, 4d34p®5s* for Nb, and 5d°6s* for Ta. The exchange-
correlation functional is described by the Perdew-Burke-Ernzerhof-
type generalized gradient approximation,”® with Dudarev-type
Hubbard U correction”” on Co 3d orbits by 3 eV. The plane wave cut-
off energy is set to 400eV. The Brillouin zone sampling grid is
12 x 12 X 4, including the I" point. Spin-orbit coupling is not taken
into account. The structural coordinates are relaxed within a force
threshold of 1.0meV/A. To obtain the I" point phonon frequencies,
the dynamical matrix is calculated with the primitive hexagonal cell by
using density-functional-perturbation theory*” and is processed with
the PHONOPY code.”’ The oscillator strength and dielectric function
are calculated by combining Born effective charge tensors and high
frequency dielectric constant from the electron response.”””’

scitation.org/journal/apl

Figures 1(e) and 1(f) summarize the infrared response of
CoyNb,0q. A symmetry analysis reveals 7 A, + 14E, infrared-active
modes and 7 Aj; + 15E, Raman-active modes. The doubly degenerate
E, vibrational modes appear in the ab-plane, whereas the singly
degenerate A, modes vibrate along c. The Ta analog is isostructural
with a P3¢l space group and D3, point group symmetry. As a result,
the spectrum of Co4Ta,0s is quite similar to that of the Nb-containing
compound [Fig. S1, supplementary material]. Overall, the number of
infrared-active modes and their peak positions are nearly identical in
both CosNb,0y and Co,Ta,0q. A summary and detailed comparison
between the experimental and theoretical phonon frequencies, sym-
metries, and displacement patterns is available in Table S6, supple-
mentary material. The modes related to the heavy Nb and Ta centers
appear at the lowest frequencies since @ ~ \/k/p. We also expect fea-
tures involving Nb to vibrate at slightly higher frequencies than those
involving Ta due to simple mass effects. Here, w is the frequency, k is
the spring constant, and p is the effective mass. We can test this sup-
position by examining the mode displacement patterns and realizing
that the E, modes at 60(58) cm ™' and the A,, modes at 138(128)
cm ! reflect the presence of Nb vs Ta, respectively. The E, symmetry
phonon near 150 cm ™' that involves shearing of the Co planes against
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FIG. 2. (a) and (b) Absorption spectrum of CosNb,0q as a function of temperature and peak position vs temperature for the 150 cm~" shearing mode. (c) and (d) Similar
results for Co4Ta;0g. The sgectra in (a) and (c) are shifted for clarity, and the blue dashed lines in (b) and (d) account for temperature effects. (e) Calculated displacement pat-

tern of the E, symmetry Co®* layer shearing mode near 150 cm™".
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each other will be important in our discussion as well. This structure is
marked with a green arrow in Fig. 1(f). We also studied the tempera-
ture dependence of the phonons in Co4Nb,Oy and the Ta analog. The
majority of features move systematically with decreasing temperature.
The E, symmetry shearing mode near 150 cm™ " is the only exception.

Figures 2(a) and 2(c) display a close-up view of the E, symmetry
vibrational mode near 150 cm ™" in both materials. This feature hard-
ens with decreasing temperature in the paramagnetic phase and soft-
ens across Ty in both systems. It is the only mode that displays this
behavior. The Nb compound hosts a sharp frequency shift across the
magnetic ordering temperature, whereas the Ta analog reveals a grad-
ual transition with a sluggish frequency shift and noticeable precursor
effect. As shown in Figs. 2(b) and 2(d), we fit frequency vs temperature
trends in the paramagnetic phase using a Boltzmann sigmoidal model
to capture anharmonic effects

(wo — o)

Here, wy, and o, are the high- and low-temperature limits; T; and dT
are the inflection point and the width of the distribution. As demon-
strated by the deviation from the anharmonic phonon model fit below
the magnetic ordering transition, this phonon engages in strong spin—
phonon coupling in both CoyNb,Oy and Co,Ta,00.”7>>> We also
employed linewidth effects to extract phonon lifetimes. Focusing on
the Co®" layer shearing mode, we find phonon lifetimes of 0.75 and
0.6 ps at room temperature in Co,Nb,Oq and the Ta analog, respec-
tively. They drop slightly with decreasing temperature and rise sharply
below Ty. The latter is consistent with fewer scattering events due to
spin ordering,”**” Details are available in the supplementary material.
In magnetic materials, it is well-known that phonon frequencies
can be sensitive to the development of near-neighbor spin correla-
tions.'”' "> In such cases, the frequency is expressed as™*

W = W, + A<S, . S]> (2)

Here, o, is the unperturbed phonon frequency that is nicely revealed
from the fit in Figs. 2(b) and 2(d) at base temperature, o is the renor-
malized phonon frequency due to spin-phonon interactions, (S; - ;)
is the spin-spin correlation function, and / is the spin-phonon cou-
pling constant. Using Eq. (2), our frequency vs temperature trends,
and the model fits of »(T) shown in Figs. 2(b) and 2(d), we extract fre-
quency shifts across the magnetic ordering transitions and calculate
spin-phonon coupling constants for Co4Nb,Og and Co,Ta,Os.

The displacement pattern of the participating phonon is also key
to our analysis. As a reminder, our calculations predict that the
150 cm™' phonon mode is an out-of-phase E, symmetry displacement
involving the Co centers in which the planar and buckled layers vibrate
against each other. The Nb and Ta centers do not participate very much
in the motion. As a result, the relevant motion contains only one spin-
containing center: Co”" with S = 2. With this insight and the fact that
(S; - S;) goes as S in the low-temperature limit, we see that the spin-
spin correlation function can be approximated as (S; - §j) ~ 8 = ()
= %. Co,Nb,Oy has a frequency shift (Aw) across Ty of —7.5 cm ' In
other words, the mode softens across the magnetic ordering tempera-
ture. This means that the bond between layers gets weaker due to mag-
netism. We extract a spin-phonon coupling constant (1) of —3.3cm ™.
Co4Ta,0y has a larger frequency shift than CoyNb,Oy. Using the same

scitation.org/journal/apl

estimate for (S; - Sj) and Aw = —9.1cm ™', we find 4 = —4.0cm™".
This makes sense because Nb is a 4d element, whereas Ta is 5d, so the
latter hosts more significant spin—orbit coupling.

We can extend this analysis to include additional effects.
For instance, we can modify the spin-spin correlation function as
(Si - Sj) ~ S*cos*(®) in order to capture the noncollinearity of
the spin states reported in our systems.””*® This expression is a
simple analog of Malus’s rule for the polarization of light.”” We use
6 = 10.5° and 14° to obtain A = —3.4 and —4.3 cm ™" for Co,Nb,O,
and Co,Ta,0,, respectively.25 20 Accounting for non-collinearity
increases spin-phonon coupling constants in the Co4B, Oy materials
by about 10%. These values are an order of magnitude larger than
what was extracted for the aforementioned Raman-active modes,””
so we see that coupling with odd- rather than even-symmetry vibra-
tional modes is significantly more important.

We can also analyze the individual interactions between Co*"
sites. Here, it is important to recall that Co,Nb,Og and the Ta analog
are composed of two different layers, akin to a superlattice consisting
of planar graphene and buckled SiC [Figs. 1(c) and 1(d)]. Writing
down the spin Hamiltonian for the planar layer, the buckled layer, and
the interaction terms between layers in a pair-wise fashion, we obtain
as follows:

Hopin= Y _JpSi- S+ JsSi-S+ Y _ISi-S. (3
ij ij ij

Here, the Jp’s are in-plane exchange interactions, the J5’s are those in
the buckled layer, and the J;’s couple the two layers quantifying inter-
layer exchange interactions. The Sj’s and §s are the spins.
Interestingly, both 9?Jp /Ot Ou, and 6*Jp /Ot Ou, are zero, because
the motion of interest does not modulate these exchange interactions
[Sec. 4, supplementary material]. In other words, the in-plane terms
can be ignored because the distances and angles do not change as a
result of the displacement. Here, the u,, ,’s are the displacements (or
distances) between Co centers. Writing down the force constant
(kp,m), we find that

_ 627:[517,'" o 82][
" OuyOu,  Ouy,Ouy,

knm (Si - S;) = 4(Si - Sj). (4)
We, therefore, see that spin-phonon coupling in CosNb,Oy and the
Ta analog is entirely an inter-plane effect and that it is the Co shearing
mode shown in Fig. 2(e) that modulates the interlayer magnetic inter-
actions. It turns out that there are two primary types of inter-plane
interactions in these systems. (We neglect the long interaction between
Co centers along ¢ because it is very small.) By analyzing the bond
angles and their tendencies toward parallel or anti-parallel alignment
based on Goodenough-Kanamori-Anderson rules along with the
number of near-neighbors, we can write

Atotal(Si - Sj> = 21(S; - Sj> = Zo (S - Sj> + 323 4pm(S; - Sj>~ (5)

We immediately notice the competition between antiferromagnetic and
ferromagnetic interlayer interactions in Eq. (5) [and Fig. 1(d)], sugges-
ting that CoyNb,Oy and Co,Ta,0y are frustrated. This competition
reduces the overall size of the frequency shift across the magnetic order-
ing transition. It is also why the Ty’s are so low. We suspect that the
magnitude of A, g is larger than that of A3 apy’s, but there are more
Asapm’s in the sum leading to a slight preference for an
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TABLE I. Spin—phonon coupling in Co4Nb,Og and Co,Ta,0g compared with representative oxides. An asterisk (*) indicates estimated values.

Materials (cm™?) Sites Electronic state g (cm™?) Aw (cm™b) Aw /g (cm™Y) A(em™Y) Refs.
ZnCr,04 crrt 34 370 11 3% 6.2 15
CdCr,0, crrt 34 365 9 2.5% 4 60
SrMnO; Mn*" 34 165 30* 18%* 48" 61
Fe,_.Cu,Cr,S, Fe’™ 34 120 to 400 . <—1.5to 3% . 62
Fe,TeOy Fe’ " 34 300 to 800 <1to5* <1to1.3%" 0.1to1.2 63
Sr,CoO, Co*™ 34 630 and 410 . - 210 3.5 64
MnF, Mn?" 34 ~ 56 t0480.5  2,—1.2,2.7,1.5" ~—041t03.7%"  04,0.3,0.3, —0.2 65
FeF, Fe’" 3d° 56 to 480.5 e 0.4,0.3, —0.5, —1.3 65
Co,Nb,0, Co** 3d 144 —-75 —5% —34 This work
Co,Ta,0, Co** 3d 145 —9.1 —6% —43 This work
NiO Ni* " 348 752.5, 1160 —12.5,25" —1.7%", —2.7%" —7.9,14.7 66
Ni;TeOq NiZ* 3d8 313,597.3,672  —0.4,0.3,—3.7 —0.1to <1%" —04,03, —3.7 67
Y,Ru,0, Ru*" 44 420 and 492 —0.1 and —0.3 —0.2 and —0.6%" —6and —9 68
NaOsO; 0s>* 5d° 550 to 800 40 ~5.7%" 17.8* 69
Cd,0s,0, Os>" 5 d° 100 to 800 —4.0 to 20 —1to 7% —1.8t08.9 69 and 70
(with §=3/2)*
Y,Ir,0, It 54 333,425,500 —0.8%, —1.6%, —=6.5" —0.2, —0.4, —1.3% —0.4to—32 71
(with Je = 1/2)"

Sr3NilrOg Ir*t 54! 133, 310, 534 . e 2,10,5 6
Ba,FeReOy Fe’t/Re* " 345 d° 390 to 630 ~ 30 5.1%" e 72
Sr,CrReOg Crrt/Re*" 345 d° 600 ~ 25 4.9%" e 72

antiferromagnetic ground state. The findings are consistent with
softer O-Co-O bond angles and temperature-dependent lattice
constants.”””’ As we discuss below, magnetoelectric coupling in
these materials is likely to emanate from inter-layer spin-phonon
interactions.

Table I summarizes the properties of several representative tran-
sition metal oxides, 4d- and 5d-containing systems, and 3d-5d hybrids.
The entries are grouped by the electronic state. We immediately notice
that some materials have multiple coupled modes and a tendency
toward three-dimensional structure, whereas others have only a single
spin—phonon coupled mode along with a tendency toward layered or
chain-like character. As already discussed, the E, symmetry Co*"
shearing mode near 150 cm™ " is the only feature to engage in spin-
phonon coupling in the materials of interest here. We also see that the
frequency shifts in Table I have both positive and negative signs.
Among the materials with coupled modes that soften, Co,Nb,Oy and
the Ta analog host the largest relative frequency shift—even though
competing antiferromagnetic and ferromagnetic interactions reduce
the size of the overall shift.

The spin-phonon coupling constant, 4, is often challenging to
define, and the procedure for doing so is inconsistent in the literature.
We therefore find the relative frequency shifts to be the most reliable
for comparison purposes. As pointed out in Ref. 70, the relative fre-
quency shift of a phonon across a magnetic ordering transition Aw/w,
is usually less than 1% for a transition metal oxide. Co,Nb,Oy and the
Ta analog are different with relative frequency shifts of —5% and
—6%, respectively. These values are unusually large. In fact, the
Awlwy’s that we find in CoyNb,Oy and Co,Ta,Oy [Figs. 2(b) and
2(d)] are more comparable with the 54 oxides and 3d/5d hybrid

systems shown in Table I where the relative frequency shifts correlate
(in general) with the electronic shell and spin-orbit coupling.

The presence of a heavy element at the B site in Co,Nb,Og and
Co,Ta,04 naturally raises questions about the spin Hamiltonian and
whether additional terms such as anisotropy and Dzyaloshinskii—
Moriya interactions contribute to spin-phonon coupling.'***”""
Recent neutron scattering also demonstrates that the excitation spec-
trum cannot be reproduced without terms that give rise to spin non-
collinealrity.“‘25 Focusing on CosNb,Oo, we see that the anisotropies
> J's > Dzyaloshinskii-Moriya interaction.”*”” All of these terms are
on the order of 1 meV. Of course, we are not interested in the absolute
size of the anisotropy, exchange, or Dzyaloshinskii-Moriya interac-
tion. Instead, we want to know how they are modulated by the
150cm ™' phonon mode. In other words, we are interested in how
these quantities change with respect to the displacement. By using the
mode symmetry and details of the displacement pattern, we can iden-
tify the terms that are important for spin-phonon coupling as well as
those that will likely cancel out.

If we modify Eq. (4) to include these terms, the prefactors that
contribute to spin-phonon coupling are 9*A/0u? and 9*DM /Ou>.
Here, A is the anisotropy, and DM is the Dzyaloshinskii-Moriya inter-
action. The question is whether these contributions are large or small.
Since A is an on-site term, we do not expect it to change very much
with vibration. Even if it does, we anticipate that shearing of the planar
vs buckled layers against each other will significantly diminish
O*A/Ou* due to their opposite motion. In other words, while
0*A/0u? for the planar and buckled layers are not exactly equal, they
have opposite signs due to the shearing motion of the layers, which,
when added together, diminish any impact of the overall anisotropy
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term. Therefore, we argue that in these unique circumstances,
0*A/0u? is small. On the other hand, the 9> DM/du? term multiplies
a cross product between two sites and has the potential to contribute.
However, spin-orbit coupling and noncollinearity derive primarily
from the B site, suggesting reduced importance because the displace-
ment pattern does not involve the movement of the B site. Another
way to consider the issue is that the Dzyaloshinskii-Moriya interaction
is in the Co-O-Co linkage of the buckled layers, and these bond
lengths and angles do not change with the motion.”* This again rules
out contributions from the Dzyaloshinskii-Moriya interaction.

Magnetoelectric coupling in the CosB, 0y (B = Nb, Ta) family of
materials has been of sustained interest.””’"">** Suggested mecha-
nisms include spin-phonon coupling,”*** domain and domain wall
effects,”” Dzyaloshinskii-Moriya interactions through the spin-current
model,”*** and critical spin fluctuations.””*" With direct observation
of large frequency shifts across the magnetic ordering transitions, size-
able spin-phonon coupling constants, and microscopic analysis of the
competing interlayer interactions, we are in a better position to evalu-
ate how magnetoelectric coupling might emerge from these candidate
mechanisms. As established above, our analysis reveals that Co,Nb,Oq
and the Ta analog have strong spin—phonon interactions that involve
competing interlayer exchange interactions modulated by the shearing
motion of the Co layers. While there are Raman-active modes that are
sensitive to the development of magnetic ordering,” the infrared-
active E, symmetry Co>" layer shearing mode has a frequency shift
that is an order of magnitude larger, indicating that odd-symmetry
motion dominates spin-phonon coupling in this system. This type of
exchange striction provides a very natural origin for magnetodielectric
coupling,”****** It is also the most likely origin of magnetoelectric
coupling, given the fact that the Dzyaloshinskii-Moriya interac-
tion operating through the spin-current model is significantly smaller
and does not couple to the Co®* layer shearing mode near 150 cm ™.
The change in dipole moment associated with magnetoelectric cou-
pling” is consistent with the microscopic nature of this infrared-active
mode.

To summarize, we measured the vibrational properties of
Co4Nb,0y and the Ta analog and compared our findings with lattice
dynamics calculations and a detailed model of spin-phonon coupling.
In addition to revealing one of the largest relative frequency shifts ever
reported, these materials host a Co shearing mode that couples only
with the interlayer interactions due to unique symmetry conditions.
These interlayer interactions are frustrated. Given the sizable contribu-
tion of spin-phonon interactions in these systems, it is likely that mag-
netoelectric coupling is driven by this effect.

23,28,29

See the supplementary material for a complete description of the
vibrational modes, displacement patterns, temperature dependence of
phonons, spin-phonon analysis, and phonon lifetimes as a function of
temperature.
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