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Magnetoelectric materials have generated wide technological and scientific interest because of
the rich phenomena these materials exhibit, including the coexistence of magnetic and ferroelectric
orders, magnetodielectric behavior, and exotic hybrid excitations such as electromagnons. The
multiferroic spinel material, CoCr2Q4 is a particularly interesting example of a multiferroic material,
because evidence for magnetoelectric behavior in the ferrimagnetic phase seems to conflict with
traditional noncollinear-spin-driven mechanisms for inducing a macroscopic polarization. With the
overall goal of clarifying the magnetodielectric behavior previously reported below T¢ in CoCraOy,
in this paper, we report an inelastic light scattering study of the magnon and phonon spectrum
of CoCr204 as simultaneous functions of temperature, pressure, and magnetic field. Below the
Curie temperature (Tc = 94K) of CoCr04 we observe a w ~ 16 cm™! g = 0 magnon having T+ 4-
symmetry, which has the transformation properties of an axial vector. The anomalously large
Raman intensity of the T14-symmetry magnon is characteristic of materials with a large magneto-
optical response and likely arises from large magnetic fluctuations that strongly modulate the
dielectric response in CoCr2O4. The Raman susceptibility of the T14-symmetry magnon exhibits
a strong magnetic-field dependence that is consistent with the magnetodielectric response observed
in CoCrz04, suggesting that magnetodielectric behavior in CoCrOy4 primarily arises from the
field-dependent suppression of magnetic fluctuations that are strongly coupled to long-wavelength
phonons. Increasing the magnetic anisotropy in CoCr2O4 with applied pressure decreases the
magnetic-field dependence of the T 4-symmetry magnon Raman susceptibility, suggesting that strain
can be used to control the magnetodielectric response in CoCr2QO4.

PACS numbers: 78.30.-j, 75.85.4+t, 75.30.Ds, 75.47.Lx

I. INTRODUCTION

phenomena.? Magnetoelectric effects are indeed realized

Multiferroics—materials exhibiting a coexistence of
both magnetic and ferroelectric orders'2>—have attracted
substantial technological and scientific interest recently.
The technological interest stems from the multifunctional
properties exhibited by multiferroics, which make
them potentially useful in device applications such as
magnetoelectric memories and switches. Multiferroics
are scientifically interesting, in part, because they
exhibit a variety of microscopic mechanisms that can
result in an interesting interplay between ferroelectric
and magnetic orders;? among other consequences, this
interplay can spawn interesting dynamical properties
in multiferroic materials, including electromagnons,
i.e., hybrid excitations involving a coupling between
optical phonons and spin waves via the magnetoelectric
interaction,? '* and magnetodielectric effects.!> 17

Materials in which geometric frustration leads to non-
collinear spin order and strong spin-lattice coupling
are particularly rich material environments to find
novel magnetoelectric behavior.''® Transition-metal-
oxide spinel materials (AB204), for example, exhibit
both non-collinear spin orders and strong spin-lattice
coupling that can lead to magnetoelectric coupling,
because the presence of magnetic ions on the B-
site pyrochlore lattice of the spinel structure often
leads to strong geometric frustration and consequent
non-collinear orders that can generate multiferroic

in some ACryO, spinels (e.g., A = Co?** and Fe?*),
in which the competition among the various exchange
interactions, Ja.a, Ja.cr, and Jcrcr, involving the
A%t ions and the Cr3t S = 3/2 spins lead to complex
magnetic orders.%:20

CoCry0y4, in particular, exhibits a succession
of magnetic orders, including ferrimagnetic order
below T = 94K, incommensurate conical spiral order
below Tg =26K and commensurate order below
Tp, =14K,21?2 as well as spin-driven multiferroic
behavior and dielectric anomalies below Tg.2372% Yet,
the nature and origin of magnetoelectric behavior
in CoCryO4remains uncertain. Multiferroicity in
CoCry04 has been associated with the spin-current
mechanism?® involving cycloidal spin order,?® in which
the induced electric polarization is generated by the non-
collinear spins?” via the inverse Dzyaloshinskii-Moriya
interaction, P o e;; x (8; x ;).

Evidence for multiferroicity, structural
distortion,'” and magnetodielectric behavior!” have
also been reported above Ts in the ferrimagnetic state
of CoCra04. Yang et al., for example, have suggested
that the observation of magnetodielectric behavior in
CoCry04 well into the ferrimagnetic phase above Tg
results from the presence of multiferroic domains that
are reoriented in the presence of a magnetic field.!” But
magnetodielectric behavior in magnetic materials can
also arise from magnetic fluctuations that induce shifts
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in optical phonon frequencies via strong spin-lattice
coupling.t®

The focus of this study is on the origin of the
magnetodielectric behavior in the ferrimagnetic phase
above Tg in CoCrp0y4. Unfortunately, a lack of
microscopic information regarding spin-lattice coupling
has prevented a clear identification of the mechanism
for magnetodielectric behavior in CoCrsOy. The
intersublattice exchange magnon has been observed in
CoCr30,4 using infrared and terahertz spectroscopies?8:2
and optical phonons in CoCrzO4have been identified
using Raman scattering®3? and optical absorption®®
measurements. However, these studies did not address
the microscopic origin of the magnetodielectric behavior
in the ferrimagnetic phase (T' < T¢) of CoCrzQy.
The application of pressure®®> 3> would be a useful
means of studying spin-lattice coupling and its role in
magnetodielectric behavior in spinels such as CoCryOy.
Some ab initio calculations have been conducted that
predict the effect of pressure on the magnetic exchange
constants in CoCry04.32 However, the effects of pressure
on the magnetodielectric behavior and spin-lattice
coupling in CoCry04 have not yet been experimentally

investigated.

In this paper, we present independent Raman
scattering evidence for dielectric anomalies and
magnetodielectric  behavior driven by magnetic

fluctuations and strong spin-phonon coupling in
the ferrimagnetic phase of CoCry04. Raman scattering
is a powerful tool for studying magnons,%37 strong
spin-lattice coupling®®3® and electromagnons3?2? in
complex oxide materials. When used in conjunction with
pressure and magnetic-field tuning, Raman scattering
can provide pressure- and magnetic-field-dependent
information about the energy and lifetime of phonons,
magnons, and spin-phonon coupling effects.  Most
significantly, magnon Raman scattering intensities
are associated with the modulation of the dielectric
response by spin fluctuations,?>®4?® and consequently,
magnetic-field-dependent studies of magnon Raman
intensities provide a unique means of studying magnon
contributions to the magnetodielectric response.®?

In this paper, we report an inelastic light (Raman)
scattering study of magnon and phonon excitations
in CoCry04 as simultaneous functions of temperature,
pressure, and magnetic field. Below To = 94K, we
report the development in CoCroO4of a w~ 16cm™!
(2 meV) g =0 magnon excitation with T, symmetry.
The anomalously large Raman scattering susceptibility
associated with the T, symmetry magnon in CoCryOy is
indicative of a large magneto-optical response arising
from large magnetic fluctuations that couple strongly
to the dielectric response. This result is consistent
with the presence of dielectric anomalies associated
with strong spin-phonon coupling in the ferrimagnetic
phase of CoCro0O4. In support of this interpretation,
we show that the Raman intensity of the Ti4-
symmetry magnon in CoCroQ4exhibits a strong

suppression with increasing magnetic field, suggesting
that the dramatic magneto-dielectric behavior!™43
observed in CoCryQOy4results from the magnetic-field-
induced suppression of magnetic fluctuations that are
strongly coupled to phonons.!® Using applied pressure
to increase the magnetic anisotropy in CoCryQO4 results
in a decreased magnetic field-dependence of the
T1g-symmetry magnon Raman intensity in CoCraOy,
suggesting that pressure or epitaxial strain can be used
to control magnetodielectric behavior and the magneto-
optical response in CoCrO4by suppressing magnetic
fluctuations and the degree to which they modulate the
dielectric response.

II. EXPERIMENTAL METHODS
A. Crystal Growth and Characterization

CoCry04 crystals were grown by chemical wvapor
transport (CVT) following a procedure described by
Ohgushi et al.#* Polycrystalline powder samples of
CoCry0O4 were first synthesized using cobalt nitrate
hexahydrate (Strem Chemicals 99%) and chromium
nitrate nonahydrate (Acros 99%). The nitrates were
combined in stoichiometric amounts and dissolved in
water. The solution was heated to 350° C and stirred
using a magnetic stir bar at 300 rpm until all of the
liquid evaporated. The remaining powder was heated
in an alumina crucible at 900° C for 16 hours and
then air quenched. Crystal samples of CoCryO4 were
grown by CVT using CrCls as a transport agent. 2.0
g of polycrystalline samples and 0.04 g of CrCls were
sealed in an evacuated quartz ampoule, which was placed
inside a three-zone furnace having 950°C at the center
with a temperature gradient of 10°C/cm for one month.
Crystals with typical dimensions of 2 x 2 x 2mm? were
obtained.

The CoCry0y4 crystals were characterised using x-ray
diffraction and magnetization measurements. Crystals
of CoCry0O4were ground to a powder to obtain
the x-ray diffraction pattern using a Siemens-Bruker
D5000 diffractometer using Cu-Ka radiation shown in
Fig. 1. Rietveld refinement of the CoCrpOy4cell to
the XRD data was performed using XND Rietveld,*>
and indicates a pure sample with Fd3m symmetry
and a lattice constant of 8.334(1)A, which agrees with
the established structure.?® The (110) reflections from
a single crystal of CoCreO4 were measured, and no
evidence of twinning imperfections was found. The field-
cooled dc magnetization data on the CoCryO4 powder
from which our crystal sample was obtained was collected
using a Quantum Design MPMS-3 and is shown as a
function of temperature in Fig. 2. Our results are similar
to existing data.?* In particular, the sudden increase
in the molar susceptibility, xm, at T'= 94 K marks the
onset of ferrimagnetic ordering. The change in slope of
the graph at T'= 26 K and an additional small anomaly
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FIG. 1. X-ray diffraction pattern and Rietveld fit of

CoCrz04at T =298 K. The Miller indices for a cubic unit
cell with cell parameter a = 8.334(1)A are also shown.
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FIG. 2. Molar susceptibility of CoCrsO4 powder as a function
of temperature measured in an applied field of 100 Oe.

at T = 14K correspond to the incommensurate and
commensurate spiral ordering, respectively, in CoCrsQ4.

B. Raman Scattering Measurements

Raman scattering measurements were performed using
the 647.1nm excitation line from a Kr* laser. The
incident laser power was limited to 5 — 10 mW, and
was focused to a ~50 pm-diameter spot to minimize laser
heating of the sample. Sample heating by the laser
was estimated to be in the range 5 — 7K, and this
estimated laser heating is included in the temperatures

given in the results section. The scattered light from
the samples was collected in a backscattering geometry,
dispersed through a triple stage spectrometer, and then
detected with a liquid-nitrogen-cooled CCD detector.
The samples were inserted into a continuous He-flow
cryostat, which was horizontally mounted in the open
bore of a superconducting magnet.*® This experimental
arrangement allows Raman scattering measurements
under the simultaneous conditions of low temperature
(3 — 300K), high magnetic field (0 — 9T), and high
pressures (0 —100kbar). To determine the symmetries of
the measured Raman excitations in zero magnetic field,
linearly polarized incident and scattered light were used
for various crystallographic orientations of the sample.
In the magnetic field measurements, circularly polarized
light was used to avoid Faraday rotation of the light
polarization.

Magnetic field measurements were performed in
both Faraday (k| M || H) and Voigt (kL M || H)
geometries as illustrated in Fig. 3(d), where k is the
wavevector of the incident light; M = M + M is the
total magnetization composed of the Co?* and Cr3*
sublattice magnetizations, M and M, respectively;
E is the electric field polarization direction of the
incident light; H is the applied magnetic field;*6
and L =M, — M, is the antiferromagnetic ordering
vector. Because of the very small anisotropy field in
CoCra04 (Ha < 0.1 T),?° the net magnetization M was
assumed to follow the applied field H in all experiments
performed. To verify this, we confirmed that the field-
dependence of the Raman spectrum was independent
of the crystallographic orientation of the applied field.
The field measurements in the Faraday geometry were
performed by mounting the sample at the end of the
insert, as illustrated in Fig. 3(a), so that the wavevector
of the incident light is parallel to the applied field. The
Voigt geometry was achieved by mounting the sample
on an octagon plate, which was mounted sideways on
the sample rod, as illustrated in Fig. 3(b). The incident
light was guided to the sample surface with a 45° mirror
mounted on the sample rod. This sample mounting
arrangement allows the magnetic field to be applied
perpendicular to the wavevector of the incident light,
k1l M]|H.

High pressure measurements were performed using a
minjature cryogenic diamond anvil cell (MCDAC) to
exert pressure on the sample via an argon liquid medium.
The high-pressure cell was inserted into the cryostat
as illustrated in Fig. 3(c), allowing the pressure to be
changed in situ at low temperatures without any extra
warming/cooling procedure. This arrangement allows
simultaneous high-pressure and high-magnetic field
measurements in the Faraday (k || M || H) geometry, as
illustrated in Fig. 3(c).*® The pressure was determined
from the shift in the fluorescence line of a ruby chip
loaded in the cell along with the sample piece.

The T 4-symmetry magnon energy of CoCraOy4 varied
slightly (< 1.5cm™!) in some samples. Consequently,
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FIG. 3. Tllustrations showing the experimental arrangements
used for different high-magnetic-field and high temperature
Raman scattering experiments at low temperatures in
this study.’® (a) Configuration for high-magnetic field
measurements in the Faraday (k| H) geometry, where
k is the wavevector of the incident light and H is the
applied magnetic field direction. (b) Configuration for high-
magnetic-field measurements in the Voigt (k L H) geometry.
(c) Configuration for high pressure measurements using a
diamond anvil cell. (d) Schematic representation of the
magnetization vectors and applied field in the Voigt (left) and
Faraday (right) geometries.

to avoid sample dependence effects, all field-dependent
measurements in the Faraday geometry, as well as all
the pressure-dependent measurements, were performed
on the same sample with the laser focused to a specific
spot on that sample.  The temperature-dependent
data in Fig. 4 and the Voigt-geometry field-dependent
data plotted in Fig. 6(c) were measured on different
samples. For the field measurements, it was found
that the intensity of the w =199cm™' Ts, phonon
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FIG. 4. Temperature-dependence of the Raman scattering
intensity, S(w), for CoCr2Osat T'=10K and T = 130K,
showing the phonon modes above w = 150cm™! and the
T1, symmetry magnon near w = 16cm™" that evolves for
T < 90K. Inset shows the polarization dependence of the
magnon in CoCrz0y4; the presence of this mode only in the
depolarized geometry for all crystallographic orientations is
indicative of the T4 symmetry, which transforms like an axial
vector.

was independent of field (see Section IV). Consequently,
to account for small day-to-day variations in the
experimental conditions, for field sweep measurements
at a particular temperature and pressure, the field-
dependent Raman spectra shown in the paper have been
normalized to the Raman susceptibility of the 199 cm™1!
Tyy phonon. Additionally, there were no significant
systematic changes in the Raman susceptibility of the
199cm ™! T2y phonon in the pressure range 0 — 25 kbar,
and consequently, to minimize the effects of day-to-day
variations in the experimental conditions, the pressure-
dependent Raman spectra shown at zero magnetic field
were also normalized to the Raman susceptibility of the
199cm~! Ty, phonon (see Section V). The integrated
Raman scattering intensities shown in this paper were
determined by calculating the area (using Simpson’s rule)
under the Raman scattering susceptibility versus energy
curves.

III. TEMPERATURE DEPENDENCE OF THE
MAGNETIC EXCITATION AT P=0 AND B=0

A. Results
Figure 4 shows the T =10K and T =130K
Raman spectra of CoCryO4in the energy range

scattering geometry with
light and unanalyzed

in a
incident

0 <w< 700 cm™?
circularly polarized



scattered light. The T' = 10 K spectrum exhibits the five
Raman-active phonon modes expected and previously
observed3? 32 for CoCr,Q4, including phonon modes
at w = 199,454,518,609, and 692cm~! (at T = 10K).
In addition to the phonon modes, the T =10K
spectrum in Fig. 4 has an additional mode that
develops near w ~ 16cm™! (~2 meV) below T = 90 K.
The inset of Fig. 4 shows that the w ~ 16cm™!
mode intensity is present only in the “depolarized”
scattering geometry, i.e., only when the incident
and scattered light polarizations are perpendicular
to one another, independent of the crystallographic
orientation.  This polarization dependence indicates
that the w~16cm~! mode symmetry transforms
like the fully antisymmetric representation, Tig,
which has the symmetry properties of an axial
vector, characteristic of a magnetic excitation.*4®
Consequently, we identify the w ~ 16cm™! excitation
as a ¢ =0 Tigsymmetry magnon in CoCraO4. This
interpretation is supported by the temperature-
dependence of the w ~ 16cm™' Ty ,-symmetry mode
Raman scattering susceptibility, Im x(w) (see Fig. 5(a)),
where Imy(w) = S(g =0,w)/[1 +n(w,T)], S(g=0,w)
is the measured Raman scattering response, and
n(w,T) = [e"/F8T) —1]=1 is the Bose thermal
factor.  Figure 5(b) shows that the w ~ 16cm™!
T4 symmetry mode energy (filled circles) decreases in
energy (“softens”) with increasing temperature toward
To——consistent with the temperature-dependence of
the Co?T sublattice magnetization?’—indicative of a
single-magnon excitation.*”

Notably, the w ~ 16cm™! T4 symmetry magnon we
observe in CoCrsO4 has a similar energy and temperature
dependence to that of the exchange magnon observed
previously in terahertz?® and infrared spectroscopy?’
measurements of CoCrz04. In the collinear ferrimagnetic
phase of CoCryQy4, the structure is presumed to be
centrosymmetric, and thus infrared measurements should
not be able to observe Raman-active modes and vice-
versa. Consequently, we believe that the T;,-magnon
we observe in CoCryO4 is unlikely to be the same
mode observed in infrared and terahertz measurements,
because a T1, symmetry mode is not an infrared-active
mode. Note in this regard that the spinel structure
of CoCry0,4 is expected to exhibit six q=0 magnon
modes with five closely spaced optical branches.2%49-51
Consequently, we are likely observing a different optical
magnon that is close in energy to that observed in
infrared measurements. An alternative possibility is
that the appearance of the same magnon mode in
both infrared and Raman measurements reflects a
local breaking of symmetry into a non-centrosymmetric
structure, even in the collinear ferrimagnetic phase.
However, this alternative is unlikely, as we do not observe
any additional (e.g., infrared-active) phonon modes that
would indicate broken centrosymmetric structure in the
ferrimagnetic phase of CoCry0y.

Importantly, the Ti;,symmetry of the magnon we
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FIG. 5. (a) Raman scattering susceptibility, Im x(w)
(Imx(w) = S(g =0,w)/[1 + n(w, T)], S(g=0,w)

is the measured Raman scattering response, and
n(w,T) = [e"/k8T _1]7' is the Bose thermal factor)
of the Tig-symmetry magnon of CoCrsO4as a function
of temperature. (b) Summary of the temperature
dependence of the Ti,symmetry magnon energy (filled
circles). Also shown in filled squares is a summary
of the temperature dependence of the Ti4symmetry
magnon Raman susceptibility amplitude normalized to the
susceptibility amplitude of the w =199cm™! T2y optical
phonon, Im Xmag(w)/Im xpn (w).

observe in CoCreQ4is not predicted by the spin-wave
calculation presented in Torgashev et al.?® Our data
suggests that the T1, magnon mode in the ferrimagnetic
phase is dominated by the precession of the Co?*
spins with negligible contributions from the Cr3*
sublattice, in agreement with previous findings.?®2 This
suggests that revised spin-wave calculations with weak
coupling between the Co?T and Cr3*t sublattices in the
ferrimagnetic phase of CoCryO4 are needed to account for
our observation of a T4 symmetry magnon in CoCra04.

B. Discussion and Analysis

The finite q =0 energy of the w~16cm™! (2
meV) Tis,-magnon in CoCrpOy4 primarily reflects the
finite exchange, Hpg, and anisotropy, Ha, fields in
CoCry0y4, according to w = v(2HsHp + HA?)Y/?, where
v is the gyromagnetic ratio gup/h.*® Figure 5 also
shows that the w ~ 16cm™! T1y symmetry magnon
in CoCry0,4is apparent to temperatures as high as
T ~ 60K, indicating that the T, symmetry magnon in
CoCry04is dominated by the Co?* sublattice spins,
which order at a significantly higher temperature (94 K)
than the Cr** sublattice (49 K).?"

Importantly, the Raman susceptibility of the
w~16cm™! Tiy symmetry magnon at T =10K
(for H=0T and P =0kbar) (see Fig. 5) reflects
the degree to which this magnon modulates the
dielectric response, € =4nxg (where xg is the
electric susceptibility).??%3 Consequently, while Raman
scattering from magnons is generally much weaker than
Raman scattering from phonons,*” Figs. 4 and 5(b) show
that Raman susceptibility of the T 4-symmetry magnon



is anomalously large, and in particular, is comparable to
that of the w = 199 cm™! Ty, phonon in CoCraOy.

The large Raman susceptibility of the T 4-symmetry
magnon in the ferrimagnetic phase is consistent with
a large magneto-optical response in CoCroQ4, and
is likely associated with strong magnetic fluctuations
that modulate the dielectric reponse via strong spin-
lattice coupling. Magnetic fluctuations are known to
contribute to fluctuations in the dielectric response —
and the associated magnon Raman intensity — in several
ways:52,54,55

Se(dm, 5l) =i fom + g(d1)* + a(dm)? (1)

where de is the fluctuation of the dielectric response,
om = M — M represents longitudinal fluctuations in
the magnetization M from the static magnetization
M, 6l=L— Ly represents fluctuations  of
the antiferromagnetic vector L from the static
antiferromagnetic vector Ly, and a, f, and ¢ are
constants. The first term in Eq. (1) is associated with
the linear magneto-optical Faraday effect, the second
term is associated with linear magnetic birefringence,
and the final term is an isotropic “exchange” mechanism
for magnon scattering that is present in non-collinear
antiferromagnets.”>°% In non-collinear antiferromagnetic
and ferrimagnetic materials with weak anisotropy and
strong spin-phonon coupling —such as CoCrsO4—strong
single-magnon scattering is expected to result from large
fluctuations of both M and L.

IV. MAGNETIC-FIELD-DEPENDENCE OF THE
T1,-SYMMETRY MAGNON IN CoCr204

A. Results

As discussed above, the strong T;,-symmetry
magnon Raman intensity of CoCraOy4 reflects the strong
modulation of the dielectric response by this magnon.
Consequently, magnetic-field-dependent studies of the
magnon Raman intensity offer a unique means of
directly studying the magnon contribution to the
magneto-dielectric response in CoCroO4. Figures 6(a)
and 6(b) show the magnetic-field-dependence of the
Raman susceptibility for the Ti,-symmetry magnon
of CoCryO4at P =0kbar and T =10K with an
applied magnetic field in both the (Fig. 6(a)) Faraday
(k|| M || H) and (Fig. 6(b)) Voigt (kL M || H)
geometries. Figure 6(c) summarizes the field-
dependences of the T;,-symmetry magnon energy at
both T'=10K and T = 55K, showing that the Ti4-
symmetry magnon energy exhibits a linear increase with
increasing field. The shift in the T;4-symmetry magnon
energy with field, dw/dH ~ 1.1cm ™! /T corresponds to a
dimensionless ratio hw/upH = 2.4. This ratio is close
to the T'= 4K value of iw/upH = 2.5 measured for the
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FIG. 6. Magnetic-field-dependence of the Raman
scattering susceptibility, Imy(w), of the Tig-symmetry
magnon in CoCra04at T'= 10K in the (a) Faraday geometry
(k|| M || H) and the (b) Voigt geometry (kL M | H).
(¢) Summary of the field dependences of the T1g4-symmetry
magnon energy of CoCr20y4 at (filled squares) T'= 10K and
(filled circles) T' = 55 K in the Faraday geometry and at (filled
triangles) T'= 10K in the Voigt geometry. (d) Summary of
the field dependences of the integrated intensity of the T1g4-
symmetry magnon normalized to the integrated intensity of
the w =199cm™"' Ty, phonon at (filled squares) T = 10K
and (filled circles) T'= 55K in the Faraday geometry and at
(filled triangles) "= 10K in the Voigt geometry.

and is consistent with
24 28,57

exchange magnon in CoCrpOy4 ?°
the gyromagnetic ratio of 2.2 for Co

The main result of the magnetic field dependence
of the modulation of dielectric response by spins is
summarized in Fig. 6(d), which compares the field-
dependence of the integrated intensity of the Ti,-
symmetry magnon normalized to the integrated intensity
of the w = 199 cm ™! Ty, phonon in both the (filled circle
and square) Faraday (k| M || H) and (filled triangle)
Voigt (kL M || H) geometries. Figure 6(d) shows
that there is a substantial decrease in the normalized
integrated intensity of the Tj,-symmetry magnon of
CoCry04 with increasing field in both the Faraday
(k|| M || H) and Voigt (k L M || H) geometries at
T =10K and T = 55 K. Figures 6(a) and 6(b) show that
the linewidth broadening of the T;, magnon peak with
increasing magnetic field is not significant in CoCryOy.
Hence, the decrease in the integrated intensity of the
magnon mode with increasing magnetic field indicates a
field-dependent suppression of the magnon susceptibility.



Note that the field-dependent decrease we observe
in the T;g,-symmetry magnon Raman susceptibility
—which is particularly dramatic in the Faraday geometry
(k|| M || H) —cannot be attributed to field-dependent
changes in polarization or crystallographic orientation:
the T4 symmetry of the magnon and the use of circularly
polarized incident light in these experiments preclude
the effect of any field induced rotations on the Raman
intensity of the T;4-magnon.

B. Discussion and Analysis

The large decrease in the w ~ 16cm™! T;,-magnon
Raman intensity with increasing field in the Faraday
geometry (k|| M || H) of CoCrz04(see Fig. 6(a))
is quite different than the field-independent magnon
Raman intensities observed in other spinel materials,
such as Mn3z04 and MnV,04.36 To understand the large
T1g-symmetry magnon Raman scattering intensity at
H = 0 and its decrease in a magnetic field, note that in
the Faraday geometry (Fig. 3(d)(right)), the polarization
of incident light couples primarily to dielectric
fluctuations associated with the antiferromagnetic
vector. The magnon Raman intensity in the Faraday
geometry is therefore expected to be dominated by the
linear magnetic birefringence contribution to dielectric
fluctuations, de = g(61)? (see Eq. (1)).52:55°¢ The size
of antiferromagnetic vector fluctuations at H =0 is
inversely related to the anisotropy field,>> H,, which
is very small in CoCry04 (H4 < 0.1T)?%. Consequently,
the associated magnon Raman response is expected to be
large in this scattering geometry. Further, the large field-
dependent decrease in the T, magnon Raman intensity
likely reflects a decrease in magnetic fluctuations — and
a concomitant reduction in dielectric fluctuations (see
Eq. (1)) — with applied magnetic field. A similar field-
dependent decrease in the single-magnon inelastic light
scattering response associated with fluctuations of the
antiferromagnetic vector was also observed in the canted
antiferromagnet EuTe.%?

Fig. 6(b) shows that there is a similar, albeit less
dramatic, field-dependent decrease in the T;4-symmetry
magnon Raman intensity measured in the Voigt
(k L M || H) geometry. Figure 3(d)(left) shows that in
this geometry, the incident polarization couples primarily
to the longitudinal fluctuations in the magnetization,
dm. This geometry is primarily sensitive to the Faraday
(de =i fém) contribution to dielectric fluctuations (see
Eq. (1)).5255:56 Altogether, the suppression of the Ty~
symmetry magnon Raman scattering intensities in both
Faraday and Voigt geometries is consistent with a field-
induced suppression of dielectric fluctuations associated
with transverse and longitudinal magnetic fluctuations in
COCI"204.

The field-dependent suppression of the T 4-symmetry
Raman intensity in CoCroO4 — which reflects a
suppression of the magnetic fluctuations (see Eq. (1))

— points to a specific microscopic contribution to the
magnetodielectric response observed in the ferrimagnetic
phase of CoCry0y. Lawes et al. have pointed
out that the field-induced suppression of magnetic
fluctuations can contribute to the magnetodielectric
response of a material via the coupling of magnetic
fluctuations to optical phonons.'® This spin-phonon
coupling contributes to the magnetodielectric
response of a material through field-induced changes
to the net magnetization.'®!7%® Smolenski and
Chupis®® and others'®>!” have employed a simple
phenomenological description for how the magnetization
in a magnetodielectric material influences the material’s
dielectric response. In particular, these authors consider
the free energy, F', in a magnetoelectric material with a

coupling between the magnetization M and polarization
P:15,17,58

F(M,P) = Fy+aP?+bP* — PE + cM? +
dM* — MH + eM?*P?%, (2)

where Fy, a, b, ¢, d, and e are temperature-dependent
constants, and M, P, E, and H are the magnitudes
of the magnetization, polarization, applied electric
field, and applied magnetic field, respectively. The
resulting dielectric response in a magnetodielectric
material has been shown to depend inversely on the
magnetization; consequently the dielectric response
decreases with increasing magnetization.'®'7*8 This
result is qualitatively consistent with our observation
of the field-dependent suppression of the T;,magnon
Raman susceptibility in CoCrsO4, which indicates that
the magnetic fluctuations that modulate the dielectric
response are suppressed with an applied field.
Summarizing, the field-dependent decrease in the T -
symmetry Raman magnon intensity is likely related to
the observed magnetodielectric response in CoCreQy, as
both reflect magnetic-field-induced changes to magnetic
fluctuations that are strongly coupled to phonons'® via
the biquadratic contribution to the free energy, M?P?

(see Eq. (2)).

V. PRESSURE DEPENDENCE OF THE
T1,-SYMMETRY MAGNON IN CoCr204

A. Results

As discussed above, the strong T';4-symmetry magnon
Raman intensity of CoCryOylikely reflects strong
magnetic fluctuations and the strong coupling of
the spins to long-wavelength phonons. This strong
Tiymagnon Raman response is also expected to be
associated with significant linear Faraday and magnetic
birefringence magneto-optical responses in CoCryOy.
Our results show that the application of a magnetic
field suppresses magnetic fluctuations, contributing to
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the magnetodielectric response observed in CoCrsQy.
An alternative approach to suppressing magnetic
fluctuations and tuning spin-lattice coupling is to use
applied pressure or strain to increase the crystalline
anisotropy of CoCry04. To study the effects of pressure
on the T4-symmetry magnon Raman intensity, pressure
measurements at H = 0 and magnetic-field-dependent
measurements at various pressures of the T -symmetry
magnon in CoCry04 were performed.

Figure 7(a) shows the pressure-dependence of the
Raman susceptibility of the T;,-magnon in CoCrO4 at
T=10K and H =0 at various applied pressures,
including P =0,4.5,15 and 21 kbar. Figure 7(b)
summarizes the pressure dependence of the amplitude
of the Tig,-symmetry magnon Raman susceptibility
normalized to the amplitude of the w =199cm™!
Ty phonon Raman susceptibility at 7'= 10K and

H =0 for different applied pressures, including
P =0,4.5,15 and 21 kbar. We measured the pressure-
dependence of the T 4-symmetry magnon energy on two
different samples of CoCra04 at H =0 and T = 10K
and our results are summarized in the inset of Fig. 7(b).
Figures 7(c)-7(e) show the field-dependence of the T+,4-
symmetry magnon spectrum of CoCry0y4 in the Faraday
(k|| M || H) geometry at T' = 10K for different applied
pressures, including P = 0,15 and 21 kbar.

Figure 8(a) shows the integrated intensity of the T1g4-
symmetry magnon normalized to the integrated intensity
of the w = 199 cm ™! Ty, phonon at 7' = 10K for different
applied pressures including P = 0,4.5,15 and 21 kbar.
Figure 8(b) summarizes the field dependence of the
T14-symmetry magnon energy at T'= 10K at various
pressures specified in Fig. 8(a).

B. Discussion and Analysis

Figure 7(a) shows that the Raman susceptibility
of the Ty, symmetry magnon in CoCryO4 decreases
with increasing pressure. In addition, Fig. 7(b) shows
the systematic decrease in the T;g4-symmetry magnon
Raman intensity relative to the Ty, phonon intensity
at H=0. This decrease can be attributed to a
decrease in magnetic fluctuations and the degree to
which these fluctuations modulate the dielectric response
in CoCry0y4. Applied pressure is expected to increase
both the anisotropy and exchange fields in CoCrsQy.
While the available pressure-dependent data shown in the
inset of Fig. 7(b) is sparse, the T;,-symmetry magnon
energy exhibits a roughly linear pressure dependence
of dw/dP ~ 0.6cm™! /kbar over the range of pressures
studied. This increase likely reflects a roughly linear
increase in both the anisotropy and exchange fields,
H, and Hpg, respectively, with increasing pressure,
according to the relationship w oc (2HsHg)'/?. These
results illustrate that increasing pressure suppresses the
magnetic fluctuations and the magneto-optical response
in CoCre04 by increasing the anisotropy field. Chen
et al. have shown experimentally that with increasing
pressure, the magnetization of CoCroQy increases.®® This
pressure dependence is consistent with the expectation
that increasing crystalline anisotropy reduces the
magnetic fluctuations and the associated dielectric
fluctuations responsible for the T;,-Raman magnon
response (see Eq. (1)).

Figures 7 and 8 also show that increasing pressure
reduces the strong suppression of the Ti,-symmetry
magnon intensity with increasing magnetic field in
the Faraday geometry (k| M | H), indicating that
the magnetodielectric response in the ferrimagnetic
phase of CoCryO4should be suppressed with increasing
pressure. Future magnetodielectric measurements in
strained CoCryQO4 are needed to confirm this prediction.
Additionally, the magnetic field dependence of the
Tig-magnon energy in CoCroO4at different fixed
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the integrated intensity of the Ti4,-symmetry magnon
normalized to the integrated intensity of the w = 199 cm™?
T2y phonon at 7T'= 10K and various pressures, including
(filled squares) P = Okbar, (filled circles) P = 4.5 kbar, (filled
triangles) P = 15kbar, and (filled diamonds) P = 21 kbar.
(b) Summary of the field dependences in the Faraday
(k|| M || H) geometry of the T14-symmetry magnon energy
of CoCrz04at T'= 10K and at various pressures, including
(filled squares) P = Okbar, (filled circles) P = 4.5 kbar, (filled
triangles) P = 15 kbar, and (filled diamonds) P = 21 kbar.

pressures summarized in Fig. 8(b) shows that the
field-dependent slope associated with the T ,-symmetry
magnon frequency, dw/dH, is insensitive to applied
pressure at least up to roughly 21 kbar, which is the
highest pressure in our experiments, indicating that the
gyromagnetic ratio associated with Co? is not strongly
affected by these pressures in CoCryOy.

Altogether, our Raman scattering results show that,
by tuning magnetic anisotropy and reducing magnetic
fluctuations of the Co?* spins, pressure and epitaxial
strain can be used as effective tuning parameters for
controlling the magnetodielectric response of CoCry0y.

VI. SUMMARY AND CONCLUSIONS

In this paper, we showed that the q=0 Ty,
symmetry magnon in CoCreQOy4 exhibits an anomalously
large Raman scattering intensity, which reflects a
large magneto-optical response that likely results from
large magnetic fluctuations that couple strongly to the
dielectric response.  The strong suppression of the
T14-symmetry magnon Raman intensity in an applied
field is consistent with the magnetodielectric response
observed in the ferrimagnetic phase of CoCryO4 ™43 and
suggests that the strong magnetodielectric response is
associated with the magnetic-field-induced suppression
of magnetic fluctuations that are strongly coupled to
phonons.'® Using pressure to increase the magnetic
anisotropy in CoCryQ0y4, we found that we can suppress
the magnetic field-dependence of the T;,-symmetry
magnon Raman intensity, demonstrating that pressure
or epitaxial strain should be an effective means of
controlling magnetodielectric behavior and the magneto-
optical response in CoCryO4.  This Raman study
also reveals conditions that are conducive for the
substantial magneto-optical responses and magneto-
dielectric behaviors in materials, including the presence
of strong spin-orbit coupling and weak magnetic
anisotropy, both of which create favorable conditions for
large magnetic fluctuations that strongly modulate the
dielectric response.
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