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The strong coupling between spin, lattice and electronic degrees of freedom in magnetic materials
can produce interesting phenomena, including multiferroic and magnetodielectric (MD) behavior,
and exotic coupled excitations, such as electromagnons. We present a temperature- and magnetic-
field-dependent inelastic light (Raman) scattering study that reveals the emergence of vibronic
modes, i.e., coupled vibrational and crystal-electric-field (CEF) electronic excitations, in the uncon-
ventional rare-earth MD material, Ce2O3. The energies and intensities of these emergent vibronic
modes are indicative of enhanced vibronic coupling and increased modulation of the dielectric sus-
ceptibility in the Néel state (In =~ 6.2K). The field-dependences of the energies and intensities of
these vibronic modes are consistent with a decrease of both the vibronic coupling and the dielectric
fluctuations associated with these modes below Tn. These results suggest a distinctive mechanism
for MD behavior in Ce2O3 that is associated with a field-tunable coupling between CEF and phonon

states.

Introduction— Magnetically responsive materials, in-
cluding multiferroics [1] and magnetodielectrics [2], are
of enormous scientific and technological interest because
the physical properties of these materials have large sus-
ceptibilities to external perturbations, such as magnetic
field and pressure. These large susceptibilities reflect a
strong coupling between spin, electronic, and lattice de-
grees of freedom, one manifestation of which is the emer-
gence of coupled excitations, such as hybrid magnon-
phonon modes (i.e., electromagnons) in the magneto-
electric phase of multiferroic materials [1, 3-9]. A key
challenge remains elucidating the underlying spin-lattice
coupling mechanisms governing magnetically responsive
phases and their associated hybrid excitations [1].

Multiferroic and magnetodielectric materials most
commonly involve transition metal (TM) compounds, in
which the presence of magnetic frustration and the resul-
tant complex magnetic orders are key factors responsible
for their multiferroic properties [1-5, 8, 9]. The search
for new magnetically responsive materials is important,
not only to expand the family of existing multiferroics
but also to uncover the novel physics that new materials
may exhibit.

Recently, a giant MD response was reported in the
hexagonal A-type rare-earth oxide, CeyOgs[10]. This
material does not exhibit magnetic frustration or non-
collinear magnetic order typical of magnetically respon-
sive TM compounds; consequently, the mechanism as-
sociated with MD behavior in CesO3remains an open
issue. Significantly, the localized f-orbitals in rare-earth
materials lead to CEF excitations within the f-electron
manifold that are energetically resonant with the phonon
bands [11-16]. This condition can lead to strong vibronic
coupling between the CEF and phonon excitations [12—
16], offering the possibility of novel spin-lattice coupling
mechanisms and magnetically responsive phenomena in

rare-earth-based materials.

In this paper, we report Raman scattering studies
showing that the MD phase below Ty in CezOgis char-
acterized by the emergence of hybrid ”vibronic” exci-
tations, involving coupled f-electron CEF and phonon
modes. The energies and intensities of these vibronic
modes are consistent with a rapid enhancement of the
vibronic coupling and an increased modulation of the di-
electric susceptibility by these coupled modes below Ty in
CesO3. Magnetic-field-dependent Raman measurements
show that an applied field decreases both the vibronic
coupling and the modulation of the dielectric suscepti-
bility below Tyn. These results suggest that the field-
dependent coupling between the electronic and phononic
degrees of freedom in the Néel state is associated with a
distinctive mechanism for MD behavior in Ce;O3.

Experimental  Methods— The polycrystalline
CegOgzsamples used for this study were prepared
and characterized as per the methods described in
Ref. [10]. Raman scattering measurements were per-
formed using a 647.1nm excitation line of a KrT laser.
To minimize laser heating of the samples, the laser
was focused to a ~ 50pum diameter spot and incident
powers between 0.5mW and 3mW were used. The
minimal effects of laser heating at these low laser powers
were estimated using a procedure discussed in the
Supplemental Material, and these quantitative estimates
are accounted for in the temperatures reported in this
paper. The scattered light was collected in a back-
scattering geometry, dispersed through a triple stage
spectrometer and then recorded with a liquid nitrogen
cooled CCD detector. Samples were inserted in a helium
flow-through cryostat, which was horizontally mounted
in the bore of a superconducting magnet to allow
simultaneous temperature (3 — 300 K) and magnetic
(0 — 9 T) measurements. All magnetic measurements
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FIG. 1: Temperature dependences of Raman intensities
of zone-center phonons for T' > Tx.

were performed in a Faraday geometry with the incident
light wave vector parallel to the magnetic field (k || H)
and perpendicular to the surface of the sample. The
incident light was circularly polarized and the scattered
light from all polarizations was collected.

Phonons for T > Ty — A-type Cez03 belongs to the
trigonal P32/m1 or D3, space group [10, 17-19]. Group
theory predicts four Raman active phonons for this crys-
tal structure, 24,4 + 2E, [17-19]. Figure 1 shows the
temperature dependences of the expected phonons in the
paramagnetic phase of CesO3. The measured phonon
energies at T' = 295K are in close agreement with a
previous room temperature Raman scattering study [17].
The two lower energy phonons shown in Figs. la—1b at
w ~ 103.8and 188.5cm ™! correspond to the bending vi-
brations of the Ce-O(II) bond with E, and A;, symme-
try, respectively [17, 18]. The increasing background of
the phonon in Fig. 1b is caused by a nearby CEF exci-
tation that will be discussed later. The broad peak in
Fig. 1c at w &~ 408cm™! (at T = 295 K) is comprised
of two closely spaced A4 - and E, - symmetry phonons,
which are associated with the stretching vibrations of the
long and short Ce-O(II) bonds, respectively [17-19]. In
unpolarized Raman scattering studies at room temper-
ature, the stretching A;, and E, phonons were not en-
ergy resolved in previous studies of the rare-earth (RE)
sesquioxides (RE2O3), including Ce2O3 [17, 18]. How-
ever, at 9 K, we can clearly distinguish both the phonons
at wa,, ~ 408.6 andwg, ~ 416 cm~L.

Crystal Electric Field (CEF) excitations for T > Tx —
In addition to the phonons, two broad peaks exhibiting
strongly temperature dependent energies and intensities
are observed at low temperatures, as shown in Figs. 2a
and 2b. With increasing temperature, these modes de-
crease in intensity, which is consistent with the tempera-
ture dependences expected for CEF excitations. Indeed,
the energies of these two peaks correspond well with the
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FIG. 2: (a),(b) Temperature dependences of Raman in-

tensities of CEF excitations in CeyOsfor T > Tx. The

dashed lines are a guide to the eye showing the shifts in

energies of the two peaks with temperature. (c) Sum-

mary of temperature dependences of CEF excitation en-
ergies.

CEF excitations calculated for the lower-lying CEF tran-
sitions within crystal-field-split J = g manifold of states
in Cex03 [10, 11]. To our knowledge, the excitations
at w ~ 230cm~!and 805cm~! (at T = 9 K) shown in
Fig. 2 are the first reported experimental observation of
CEF excitations in CeOs3.

Notably, the CEF excitation energies exhibit anoma-
lous temperature dependences, initially decreasing with
decreasing temperature from 295 K to 50 K, but then
increasing in energy with decreasing temperature below
50 K. This anomalous temperature dependence is sug-
gestive of strong electron-phonon coupling involving the
CEF excitations in Ce;Os3.

Vibronic modes and phonon anomalies for T < Tyn —
In the Néel state, two new modes develop (see Fig. 3a):
a sharp mode at w; ~ 177cm™! and a broader mode
at wo ~ 250cm ™. Below Ty, the mode at wo gains in-
tensity while the 230 cm~! CEF; excitation loses inten-
sity, suggesting that there is a transfer of spectral weight
from CEF; to the ws mode with decreasing temperature
through Ty. The energies of the modes at wy and wy are
roughly an order-of-magnitude too large for zone-center
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FIG. 3: (a) Raman spectrum of vibronic modes, w; and
wq, as a function of temperature. (b) Summary of (log
scale) temperature dependences of energies of wy, wa,
CEF; and ph-band. Symbol size used is larger than the
fitting errors in peak positions. (c) Temperature depen-
dence of Raman spectrum of the stretching E, phonon
across Ty. Dotted line is a guide to the eye. Inset:
Schematic of F, symmetry stretching vibration of Ce-
O(IT) bond, adapted from Refs. [17-19]. Small empty cir-
cles denote Ce ion and large shaded circles denote O(II)
ions. The large empty circles at the corners denote O(I)
ions which do no participate in Raman active vibrations.
Vertical axis is the cg axis. (d) Summary of dependence
of F, phonon energy on temperature across Tx. Dashed
line in (b) and (d) denotes T" = Tx boundary between
the anti-ferromagnetic (AFM) and paramagnetic (PM)
phases.

magnon or electromagnon modes given the low magnetic
ordering temperature (Ty ~ 6.2 K) of Ce303. In particu-
lar, other magnetic Ce-based compounds with compara-
ble Néel temperatures have magnon energies in the range
8-35 cm~! [20-24], well below the energies of the two new
modes observed in Ce;O3. Consequently, we rule out a
magnetic origin for the new excitations observed below

TN in 06203.

On the other hand, the two emergent modes in the
magnetodielectric Néel state of CesO3 have all the char-
acteristics of vibronic excitations, i.e., coupled vibra-
tional and f-electron quantum modes. Thalmeier and
Fulde first predicted that strong electron-phonon cou-
pling between a crystal field level and an energetically
proximate phonon band can lead to two ”vibronic” states
having mixed electron-phonon character [12]; such vi-
bronic modes have been observed in many rare-earth
compounds with atomic-like crystal field levels in the
phonon energy region, including CeAl, [12], CeCuy [13],
Ho,TisO7 [14], CeCuAl;z [15] and NdBayCuzO7 [16].
Several characteristics identify the two new modes ob-
served below Ty in CeyO3 as vibronic modes involving the
CEF; level and a phonon band: First, the development
of two new modes, w; and ws, in the same energy region
as the CEF; and phonon modes is consistent with the
vibronic mode interpretation, as shown more quantita-
tively below. Second, the increasing separation between
the w; and wy mode energies with decreasing temperature
(see Fig. 3a and 3b) are consistent with an increasing
level repulsion with decreasing temperature within the
Thalmeier-Fulde vibronic model. Finally, the transfer of
scattering strength from the electronic CEF; excitation
to the broader vibronic mode is strong evidence for mixed
electronic character associated with the wy mode.

In addition to the emergent vibronic modes, a broad
feature at w ~ 194cm™"' develops at low temperatures,
especially below 7 K (for clarity see Fig. S1 in Supple-
mental Material). As the four expected single-phonon
excitations and the two CEF excitations in this energy
range have already been accounted for, this broad fea-
ture likely involves a 2-phonon band that is involved in
the formation of the vibronic modes. Figure 3b summa-
rizes the temperature dependences of the peak energies
of the two vibronic modes, the CEF; excitation and the
2-phonon band, extracted from curve fits to the Raman
spectra. The curve fitting procedure is described in the
Supplemental Material (see Fig. S1).

The Thalmeier-Fulde description predicts that the
relative mixing of electron-phonon character associated
with the vibronic modes depends on the energy difference
between the coupled phonon band and the CEF level [12].
In Ce;Og3, the appearance of a relatively narrow ” phonon-
like” mode at w; ~ 177cm™! and a broader ”electron-
like” mode at wy &~ 250 cm ™! is consistent with the rela-
tively large separation between the coupled phonon band
at 194cm~! and the CEF; level.

Unlike previously observed vibronic modes in rare-
earth materials [12-16], the vibronic modes observed in
Ceg O3 are noteworthy in that they emerge in the MD
regime below Ty. Importantly, the integrated Raman
scattering intensity of an excitation is proportional to
the modulation of the dielectric response due to that ex-
citation [25-27]. The significant increase in the inten-



sity of both the vibronic modes observed below Ty (see
Fig. 3a) is consistent with an enhanced modulation of the
dielectric susceptibility due to these modes, as expected
in the MD regime in the Néel state of Ce2Og3. In partic-
ular, the increased coupling between the CEF electronic
and phononic modes below Ty is expected to result in
enhanced fluctuations in the electronic levels, which is
known to cause increased fluctuations of the dielectric
response [28].

To extract more quantitative information from the
emergent w; and we modes in CeyO3, we apply the
Thalmeier-Fulde model for vibronic mode energies re-
sulting from a coupling between a CEF excitation and
a phonon band [12]:

— 2
Wi = wCEF2+ “ph F \/(WCEF2 wPh) +V2 (1)

where wopr and wpp, denote the energies of the CEF
excitation and the phonon band, respectively, and V
denotes the electron-phonon coupling strength between
them. Using the measured vibronic energies, w; and wa,
and the involved CEF; excitation energy in Eq. (1), we
can extract the temperature dependence of V' and wyp,
(see Table II in the Supplemental Material). The cal-
culated phonon band energy (= 199cm~1!) is close to
the experimentally observed 2-phonon band centered at
wpn ~ 194 cm™!, consistent with our assumption that
this band is involved in the vibronic coupling.

The resulting temperature dependence of the electron-
phonon coupling strength, V', is plotted in Fig. 4b, show-
ing that the emergence of the vibronic modes below Ty
in Ceg O3 results from a rapid increase in electron-phonon
coupling strength through the Néel transition. Signifi-
cantly, the increase in electron-phonon coupling shown
in Fig. 4b coincides with the abrupt increase in the 416
em~! E, - symmetry stretching vibration below Tx (see
Figs. 3c and 3d), which suggests a decrease in the Ce-
O(II) bond length involved in this vibration. Conse-
quently, we propose that the increasing vibronic mode
coupling parameter and resultant emergence of vibronic
modes in Ce;03is caused by magnetostructural changes
associated with the Néel ordering, which result in an
abrupt shortening of the Ce-O(II) bond below Tx.

To test the above hypothesis, we conducted magnetic
field-dependent Raman measurements to study the ef-
fects of magnetic field on the vibronic and phonon modes.
Figure 5a shows that an increasing magnetic field leads
to a decrease of the vibronic mode intensities and a slight
reduction of the level repulsion between the w; and wo
modes, primarily resulting from a shift of the wy mode
to lower energies. Analyzing the field-dependent results
using Eq. (1), the slight decrease in the energy separa-
tion between w; and wy vibronic modes with increas-
ing field is consistent with a small decrease in the vi-
bronic mode coupling with applied field, as summarized
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FIG. 4: (a) Schematic representation of the coupling

of electronic (CEF) and vibrational states to form new

bound states called ”vibronic states”. (b) Temperature

dependence of the electron-phonon coupling constant, V'

(extracted from Eq. (1)). Dashed line denotes T = Tx.

The fitting errors in peak positions were used to estimate
the error bars in V' as per Eq. (1)

in Fig. 5b. Consistent with this result, the 416 cm ™! E,
- phonon exhibits a decrease in energy with increasing
field for T' < Ty, indicating that the associated Ce-O(II)
bond lengthens slightly with increasing magnetic field
in the Néel state. These results support the hypothesis
that magnetostructural changes below Ty are responsible
for the shortening of the Ce-O(II) bond and the emer-
gence of vibronic modes in the MD regime of CesO3. In
this regard, the emergence of vibronic modes in the MD
phase of Ce;O3 is analogous to the emergence of electro-
magnons that develop via magnetostriction in the mag-
netoelectric phase of magnetoelectric materials [3, 4].

Additionally, the decrease of the vibronic mode in-
tensities with applied field is consistent with a reduced
modulation of the dielectric response by these modes in
the Néel state. Altogether, these field-dependent results
provide evidence that the field-tunable coupling between
the CEF and phonon excitations is correlated with the
unusual MD behavior in Ce;Ogbelow Ty, presumably
because of enhanced fluctuations of the CEF levels by
phonons [28].

Conclusion— The localized f-orbitals in Ce,O3 result in
an energetic overlap between the CEF and phonon ex-
citations, which is favorable for strong electron-phonon
(vibronic) coupling. We provide evidence that magne-
tostructural changes below Tx (& 6.2 K) in CezO3 lead to
a rapid enhancement in CEF-phonon coupling, which is
manifest in the emergence of two coupled vibronic modes.
Our results suggest that the strong interactions between
the CEF electronic and phononic subsystems lead to in-
creased fluctuations of the dielectric response below Ty,
which we argue result from increased fluctuations of the
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CEF levels. The field-tunable energies and intensities of
the vibronic modes suggest that the coupling between the
CEF and phonon states—and consequently the degree to
which the dielectric response is modulated by phonons—
is reduced with increasing field. These results suggest a
distinct mechanism for magnetodielectricity in rare-earth
materials like Ce3 O3, which is not expected in TM oxides
because of the significantly higher CEF energies associ-
ated with d-orbital materials.
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