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Orbital degrees of freedom mediating an interaction between spin and lattice were predicted to raise
strong magnetoelectric effect, i.e., to realize an efficient coupling between magnetic and ferroelectric
orders. However, the effect of orbital fluctuations has been considered only in a few magnetoelectric
materials, as orbital-degeneracy driven Jahn-Teller effect rarely couples to polarization. Here, we explore
the spin-lattice coupling in multiferroic Swedenborgites with mixed valence and Jahn-Teller active
transition metal ions on a stacked triangular and Kagome lattice using infrared and dielectric spectroscopy.
On one hand, in CaBaM,0; (M = Co, Fe), we observe a strong magnetic-order-induced shift in the
phonon frequencies and a corresponding large change in the dielectric response. Remarkably, as an unusual
manifestation of the spin-phonon coupling, the spin fluctuations reduce the phonon lifetime by one order of
magnitude at the magnetic phase transitions. On the other hand, lattice vibrations, dielectric response, and
electric polarization show no variation at the Néel temperature of CaBaFe,Co,05, which is built up by
orbital singlet ions. Our results provide a showcase for orbital degrees of freedom enhanced magneto-
electric coupling via the example of Swedenborgites.
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Spin-orbit coupling (SOC) is considered among the most
essential interactions in condensed matter science, standing
in the background of topological insulators [1] and super-
conductors [2], Dirac and Weyl semimetals [3,4], Kitaev
physics [5], as well as multiferroics [6,7]. In the latter
compounds, SOC induces magnetoelectric (ME) coupling
between electric polarization and magnetism making them
interesting for basic research and appealing for applica-
tions; however, this interaction is usually weak due to its
relativistic nature [8—12]. While the relativistic spin-orbit
interaction enables the ME coupling on a single (a pair) of
magnetic ion(s), theoretical works proposed early that the
charge and orbital degrees of freedoms can mediate an
enhanced ME interaction via the Kugel-Khomskii-type
spin-orbital coupling [13—16]. However, materials realizing
this scenario are exceptional, as charge and orbital order
alone rarely break the inversion symmetry [16-22]. The
two most studied cases are Fe;O,4, where the ME effect is
attributed to the charge and orbital orderings [16—19], and
LuFe, 0, in which the ferroelectricity is debated to emerge
from charge ordering [20]. Recently, CaMn,;0;, was also
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identified with a chiral magnetic structure stabilized by the
charge and orbital ordering [21,22].

Swedenborgites CaBaM,0; (M = Co, Fe) provide
another platform to study the interplay between spins and
orbitals, but there, unlike the previous examples, the charge
degree of freedom is quenched. The polar Swedenborgites
are built up by alternating layers of triangular and kagomé
sheets of MO, tetrahedra, all pointing to the ¢ axis, as shown
in Fig. 1(a). The M>>* nominal valence suggests a 1:1
mixture of M?>* and M>* ions, subjected to geometric
frustration. The buckling of the kagomé lattice releases
the frustration and reduces the symmetry to orthorhombic
at Tg =450 K [23,24] and Tg =380 K [27,28] in
CaBaCo,0O; and CaBaFe,O;, respectively. In both
compounds, x-ray spectroscopy studies confirmed the coex-
istence of distinct valences, M** and M>* (electron con-
figurations sketched in Fig. 2), and suggested charge order
with the M** ions occupying the triangular and one of the
kagomé sites [23,27,29-31]. Therefore, both CaBaCo,0;
and CaBaFe,0, contain the Jahn-Teller active Co’* and
Fe2" ions, respectively, though, no further information is
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FIG. 1. (a) The polar structural unit cell of trigonal Sweden-
borgites are built up by alternating triangular and Kagomé layers
of coaligned MOy tetrahedra. (b) In the trigonal CaBaFe,Co,0-,
one Fe3* ion occupies the triangular lattice, while the remaining
Fe’* /Co%* /Co?* ions are distributed randomly on the Kagome
lattice. The +/3 x v/3-type antiferromagnetic order develops
below Ty =152 K (spin S, green arrow, reproduced after
Ref. [39].) (c) The orthorhombic CaBaCo4O; has charge order
and a ferrimagnetic order below 7. = 60 K, reproduced after
Refs. [23,29].

available on orbital ordering. However, the solid solution
CaBaFe,Co,0; lacks orbital degeneracy, namely solely the
orbital singlet Fe>* and Co?* charge states are present in this
compound [30-32].

In CaBaCo40O;, spins order antiferromegnetically at
Ty = 70 K [33], and then a ferrimagnetic structure emerges
below T = 60 K [23,34], as shown in Fig. 1(c). The latter
phase is accompanied by one of the largest magnetic-order-
induced polarizations detected so far [35,36] as well as
exceptionally large magnetostriction [37]. Its sister com-
pound, CaBaFe,O; also shows peculiar ME properties. It
becomes multiferroic close to room temperature, 7c; =
275K upon a ferrimagnetic ordering, which is followed
by a reorientation transition below T, = 211 K [27,28].
CaBaFe,Co0,0 develops an antiferromagnetic structure at
Ty = 152 K [32,38,39] [Fig. 1(b)]; however, its ME proper-
ties have been unknown.

In this Letter, we investigate the effect of magnetic ordering
on the charge dynamics of Swedenborgites via infrared and
dielectric spectroscopy. We compared members of the
material family with and without orbital degree of freedom,
and found a strong spin-lattice coupling only in CaBaM 40,
(M = Co, Fe) with Jahn-Teller active ions. In these pristine
compounds, the phonon frequencies show a sudden shift at
T, related to the large magnetic-order-induced polarization

and magnetocapacitance. Moreover, we observed one order
of magnitude decrease of the phonon lifetimes at the
ferrimagnetic phase transitions. In contrast, we found no
phonon or dielectric anomalies and negligible change in the
pyroelectric polarization upon the magnetic ordering in the
orbital singlet CaBaCo,Fe,0;. Therefore, our results high-
light the importance of orbital degrees of freedom in the
enhancement of the spin-lattice interaction and the ME effect
in multiferroics.

Large single crystals of CaBaCo,O,, CaBaFe O,
CaBaFe,Co0,0,, and YBaCo;AlO; were grown by the
floating zone technique [28,32,35,40,41]. Polarized, near
normal incidence reflectivity was measured on polished
cuts. Temperature dependent experiments were carried out
up to 40000 cm~! with an FT-IR spectrometer (Vertex80v,
Bruker) and a grating-monochromator spectrometer
(MSV-370YK, Jasco). The reflectivity spectrum of each
compound was measured up to 250000 cm~! at room
temperature with the use of synchrotron radiation at
UVSOR Institute for Molecular Science, Okazaki, Japan.
The optical conductivity was calculated using the Kramers-
Kronig transformation [24]. The pyroelectric polarization
was obtained by measuring and integrating the displace-
ment current with an electrometer (6517A, Keithley) while
the temperature was swept in a Physical Property
Measurement System (PPMS, Quantum Design). The
dielectric properties were also measured in a PPMS, using
an LCR meter (E4980A, Keysight Technologies) while the
ac magnetization was measured in a Magnetic Property
Measurement System (Quantum Design).

For quantitative analysis, we fitted the real part of the
optical conductivity as a sum of Lorentz oscillators:

S.

o(w) = ~imey {eoo + Zm] ()
j 0.j vj

where @ j» Sj’ and y j are the frequency, oscillator strength,
and damping rate of the jth mode, and ¢, is the high-
frequency dielectric constant, respectively.

In Fig. 2, we show the temperature dependence of
the reflectivity and optical conductivity spectra around
the lowest energy phonon modes of CaBaCo,O;,
CaBaFe,Co0,0,, and CaBaFe O, for light polarization
E”||z. The reflectivity spectra over the whole photon
energy range covered by our experiment for both E“||z
and E” 1 z are presented in the Supplemental Material [24].
The phonon spectra of CaBaCo,O; and CaBaFe,O; [see
Figs. 2(a), 2(d), and, in the Supplemental Material, S3 [24],
and Figs. 2(c) and 2(f), and, in the Supplemental Material,
S4 [24], respectively) change markedly with temperature.
The resonances are narrow at low temperatures and get
significantly broader above the magnetic-ordering temper-
ature. Contrary to the pristine compounds, the phonon
modes of CaBaFe,Co,0; depend weakly on the
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FIG. 2. The reflectivity and the optical conductivity spectra of (a) and (d) CaBaCo,05, (b) and (e) CaBaFe,Co0,0-, and (c) and (f)
CaBaFe,O; at selected temperatures in the frequency range of the lowest energy phonon modes.

temperature and show no anomaly at Ty, as shown in
Figs. 2(b), 2(e), and, in the Supplemental Material, S5 [24].

In Fig. 3, we compare the temperature dependence
of the phonon parameters, frequency (w ;), and damping
rate (y;) in CaBaCo,0; and CaBaFe,Co,0; for selected,
well-separated phonon modes. In the orthorhombic
CaBaCo40; and CaBaFe,0O-, the phonon modes are non-
degenerate already at room temperature, and we did not
resolve new modes below the magnetic phase transition
temperatures. However, in both compounds the phonon
frequencies change abruptly at the onset of the ferrimag-
netic phase transitions. As an example, the magnitude of
phonon energy shift becomes as large as Awy/w, ~ 4% for
modes 1 and 2 in CaBaCo,07, shown in Fig. 3(a). This is
significantly higher than Awq/wg ~ 1%, the highest value
observed in other multiferroics [42—44] and in magnets
with strong spin-phonon coupling [45,46]. This indicates
an extremely strong spin-lattice coupling [47-50], which
agrees with recent experiments demonstrating giant mag-
netostriction [37]. In CaBaFe,Co,0, however, the phonon
frequencies change slightly with the temperature, and we
could not resolve any splitting of the phonon modes (see
Figs. S5 and S8 in the Supplemental Material [24]).

The most remarkable changes in the infrared spectra of
CaBaCo,0; and CaBaFe O, are the drastic increase in
the damping rates of all phonon modes as warmed above
the ferrimagnetic phase transitions; see Fig. 3 and, in the
Supplemental Material [24], S8, respectively. Modes 1
and 2 of CaBaCo,0O; well exemplify this tendency: At

T = 10 K the damping rates of these modes are as low as
0.5 cm™!. Such sharp phonons with y/wy, < 1% are
unusual in condensed matter systems, and only observed
in nonmagnetic molecular crystals [51-54]. However, in
the vicinity of 7 the phonon lifetime decreases, i.e., the
damping rate grows by 1 order of magnitude indicating a
strong scattering of phonons by spin fluctuations. In the
paramagnetic phase, y keeps increasing, and at room
temperature the phonon modes are strongly damped with
y/wy ratios exceeding 10%. The strong temperature
dependence of the damping rates away from 7', besides
the strong spin-lattice coupling, suggests strong lattice
anharmonicity [55,56]. The damping rates of modes 16
and 21, and those of CaBaFe,O; (see Fig. S8 in the
Supplemental Material [24]) follow similar temperature
dependence with pronounced change at the ferrimagnetic
phase ftransitions. In contrast, the damping rates in
CaBaFe,Co,0; show weak temperature dependence and
no anomalies at Ty.

As demonstrated in Fig. 4 and, in the Supplemental
Material [24], S9, the emergence of magnetic order
strongly influences the pyroelectric polarization and the
low-frequency dielectric response of CaBaCo,0;. We
observed large magnetic-order-induced polarization change
for P||z in agreement with former results [35,36] and
negligible for PLz [57]. The real part of the dielectric
constants, both €, ; and ¢, exhibit a steplike change when
crossing T [see Figs. 4(d) and 4(f)], with similar magni-
tude to that of in DyMn,0Os showing a colossal
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FIG. 3. (a) and (b) Temperature dependence of the fitted
phonon frequencies (wy) and (c) and (d) damping rates (y) in
CaBaCo,0; and CaBaFe,Co,0;, respectively. The strong cou-
pling between magnetic and elastic properties in CaBaCo,0; is
demonstrated by the changes in @, and y around the magnetic
phase transition (7¢), indicated by dashed lines.

magnetodielectric effect [58]. Since the step height is
independent of frequency between 10%> and 10° Hz, and
observed for both €,, and ¢, the drop in the static
dielectric function is related to the sudden changes in
the phonon resonances. In addition to the step edge in the
real part, both the real and the imaginary parts of ¢, have a
peak at the close vicinity of 7'c. The frequency dependence
and the related finite dissipation indicate electric dipoles
with low-frequency dynamics and strong scattering. The
peak shape in the real part suggests that the magnetic
fluctuations can couple to electric dipoles and contribute to
the phonon scattering [59,60]. Toward higher temperatures,
the dielectric constants increase, not due to the change of
phonon frequency but due to the decrease of the resistivity
caused by the thermally activated carriers, as shown in
Fig. S2 of the Supplemental Material [24]. Although
CaBaFe,Co,0; has a similar pyroelectric crystal structure
and a relatively high Ty, its polarization is not affected by
the antiferromagnetic order, as displayed in Fig. 4(c). The
dielectric properties of this compound show a smooth
variation on temperature in accordance with the phonon
spectrum.

We now discuss the enhanced scattering of phonons
by spin fluctuations and the origin of the strong
anomaly in the dielectric constant observed only in the
pristine Swedenborgites, CaBaCo,0,; and CaBaFe,O;.
Remarkably, such a large drop of the phonon damping rate
induced by magnetic ordering is rare. Only minor changes in

(@) AT Co*in
CaBaCo,O,

C3v dxz

2A,+2A,
3E

b = T T . T T r .
(&El | 'Tc CaBaCo,0 ] | CaBaFe,C0,0, |Tn ]
o | X
505F : 05 L
St . - .
Coollie by 0.0 S E—
0 100 200 0 100 200
d) 30 = T e) 30 T T
( ) |E°L z J ( ) |E® 1z I !
20k _J  cw100Hz 1 50l Re{s}/
N | Refs). TkHz | =]
i *+10kHz I
10T IMeE /. 400Ktz | or 1
L s | i Im{e} x5 / V/ /|
f) 30 3 30 frsmpienst
(f) W] @OF e —
20 . 1 20 Refe} |
> |Rels) b oot —
10 |- Im{e} %57 60 63 10~ Im{e} v /5
0 Lanl, t . 0 " -
0 100 200 0 100 200
Temperature (K) Temperature (K)
FIG. 4. (a) Schematics of the ground state multiplet structure of

Jahn-Teller active Co®* ion in CaBaCo,O;. The Jahn-Teller active
Fe?* ion in CaBaFe,0; has the same multiplet structure. The
magnetic ions in the tetrahedral environment (7 ;) have the orbital-
degenerate 5E ground state, which is preserved by the spin-orbit
interaction. At high temperature (7's < T), the oxygen environ-
ment is distorted to the polar C;, symmetry, but the orbital
degeneracy is preserved by the E ground states {d._p..d,,}.
The trigonal to orthorombic distortion decreases the local sym-
metry to monoclinic C; (Tc < T < Tg), releases the orbital
degeneracy ({d;z_yz}), and deforms the orbitals. The ordering to
the ferrimagnetic magnetic state (T < T) further distorts the
orbitals and selects only one (d**). Temperature dependence of
the (b) and (c) pyroelectric polarization and (d)—(g) dielectric
constant of CaBaCo,0O; and CaBaFe,Co,05, respectively. The
(h) inset shows the peak in the imaginary part of ¢ at 7'c.

the damping rate have been detected in emblematic multi-
ferroics including manganites RMnO; (R = Ho, Y) [61,62],
TbMnO5 [63], RMn,O5 (R =Tb, Eu, Dy, Bi) [64,65],
delafossite CuFeO, [66], or Ni;V,0g [67]. Although several
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different mechanisms are responsible for the spin-lattice
coupling in these materials, ranging from exchange stric-
tion [11,68], inverse Dzyaloshinskii-Moriya interaction [8,9]
to on site anisotropy term [ 12], none of them results in such a
strong magnetic-order-induced change of phonon lifetime.
We note that charge fluctuations are frozen in the studied
Swedenborgites as indicated by the large dc resistivity and
the corresponding few-100 meV optical charge gap (see
Figs. S2 and S7 in the Supplemental Material [24]); thus,
these cannot modify the spin-lattice interaction. Instead, we
argue that low-energy fluctuations of the orbital degrees of
freedom open a new channel and mediate a more efficient
spin-lattice interaction in CaBaCo,0; and CaBaFe,O; since
orbitals can strongly interact with both spin fluctuations
and phonons. This may lead to considerable broadening of
phonon modes when the ordered state becomes paramagnetic
as demonstrated in LaTiO5 [46]. It is instructive to compare
the case of Swedenborgites to that of hexagonal manganites.
Although both classes of compounds crystallize in a polar
structure with geometric frustration, the phonons are scat-
tered strongly by spin fluctuations exclusively in the
Swedenborgites. In hexagonal mangnites, Mn>* ions sit in
a trigonal bipyramid; thus, they have S = 2 spins just like
tetrahedrally coordinated Co®* and Fe?* ions. However, they
are not Jahn-Teller active, and their orbital singlet ground
state is well separated from other 3d states [69,70]. This fact
also suggests that the presence of orbital degrees of freedom
allows the unusually strong spin-lattice coupling in
Swedenborgites. Finally, we mention that a recent study
of infrared phonons in Fe,Mo;0g shows similar enhance-
ment of the damping rate across its antiferromagnetic phase
transition [44].

In CaBaCo,0O; and CaBaFe,0O;, both the tetrahedrally
coordinated Co®** and Fe’* ions possess the orbital-
degenerate 5E ground state multiplet as shown in the inset
of Fig. 2. The orbital degeneracy is released by the trigonal
to orthorhombic phase transition at 7', as illustrated in
Fig. 4(a). The symmetry of the surrounding oxygen ligands
is reduced to monoclinic, the d,»_» and d,, orbitals are
separated by a small energy gap, and mixed with d3.2_p.
orbitals [27,29]. Since these strongly fluctuating low-
symmetry orbitals can efficiently couple to the lattice,
the phonons strongly scatter on this hybridized ground state
in the paramagnetic phase. As the magnetic order develops,
the second-order spin-orbit interaction can further polarize
the orbitals; as an example spins along the y axis favor the
d._,» orbital [71,72]. The magnetic order in CaBaCo,O;
selects the same orbital shape at each Co’*t site and
consequently reduces the fluctuations. According to this
scenario, the quenching of the orbitals at T strongly
influences the lattice as well [23], which explains the
exceptionally large magnetostriction, magnetic-order-
induced polarization, and change in the dielectric response
in CaBaCo,0; and CaBaFe,O,. The on site anisotropy as
well as the orbital dependence of the exchange interactions

(Kugel-Khomskii-type interaction) may equally play an
important role in the enhanced spin-phonon coupling;
however, our experiment is sensitive only to the I'-point
lattice vibrations. Thus it cannot distinguish between these
mechanisms. On one hand, the orbitals may affect the bond
orientation dependence of the exchange and its bond-length
variation. On the other hand, they may distort the local
environment, and spins drive a distortion of the local
coordination. This question may be addressed by studying
the momentum dependence of the phonon dispersion and
lifetime in a scattering experiment. As the magnetic ions in
CaBaFe,Co,0; have exclusively orbital-singlet ground
states, the magnetic order has no effect on the orbitals,
and the absence of orbital degrees of freedom diminishes
the spin-lattice coupling. Furthermore, orbital degeneracy
can be the driving force behind the phonon anomalies in
Fe,Mo;0g [44], as it contains tetrahedrally coordinated
Fe?* ions with orbital degrees of freedom, which suggests
that the orbitals can enhance magnetoelastic and magneto-
electric couplings not only in Swedenborgites, but also in
broader classes of multiferroics. This idea is further
supported by the effect of Ni doping in CaBaCo,0O;, where
the substitution of orbital singlet Co>* to Ni** ions with
orbital degeneracy leads to further enhancement of the ME
effect [73]. Although a precise theoretical description of
these materials is challenging, we believe these findings
will motivate further experimental and theoretical research.
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