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Seemingly anisotropic magnetodielectric effect in isotropic EuTiO; ceramics
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In the antiferromagnetic phase of EuTiO; ceramics, a seemingly anisotropic magnetodielectric effect (up
to 2.5%) was observed via the low-frequency dielectric permittivity measured in external magnetic field below
1.9 T. We explain the effect theoretically by taking into account the demagnetizing field which effectively reduces
the internal magnetic flux density by 0.6 T when the external magnetic field is applied perpendicular to the
plane of the disk-shaped sample. This finding is also confirmed experimentally by magnetization measurements.
The refractive index between 0.2 and 0.5 THz exhibits a large anisotropy in an external magnetic field of up
to 7 T. This anisotropy is due to a shift of the ferromagnetic resonance from the microwave to the sub-THz
region with external magnetic field applied perpendicular to the magnetic component of the THz radiation. This
magnon observation is performed in the strong external magnetic field (above 2 T) and in both paramagnetic and

antiferromagnetic phases.
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I. INTRODUCTION

EuTiOs3 is an incipient ferroelectric antiferromagnet, and
since the discovery of these properties by Katsufuji and Tak-
agi [1] in 2001, there have been open questions about the
mechanisms underlying its unusual behavior. One of its spe-
cial features is the anomalously strong spin-phonon coupling
which can be detected via the real permittivity ¢; at 1 kHz.
This quantity exhibits a 5% decrease upon cooling below the
Néel temperature Ty = 5.5K and a 7% increase upon the
application of a moderate external magnetic field of 2 T at
2 K. This magnetodielectric effect appears despite the cen-
trosymmetric crystal structure of EuTiO3; which precludes the
linear magnetoelectric coupling. The magnetodielectric effect
was shown to be related to a spin pair correlation [1,2] (S; - S;)
between the nearest-neighbor sites i and j. The magnetoelec-
tric coupling was explained by a strong third-order E>H?-type
spin-lattice coupling [3] for which EuTiOj is the subject of
ongoing research [4-0].

At room temperature, EuTiOj crystallizes in the perovskite
structure with the Pm3m space group [7]. Upon cooling
below 282 K, it undergoes an antiferrodistortive structural
phase transition to the tetragonal space group 14/mcm [8—10].
Moreover, each Eu>* ion possesses a fairly large magnetic
dipole moment of seven Bohr magnetons, and below Ty,
these ions form a G-type antiferromagnetic structure, i.e., all
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directly neighboring moments are mutually antiparallel
[11,12]. At low temperatures, these moments can be eas-
ily oriented even by a weak external magnetic field, so the
magnetization achieves its saturation value in a field of ap-
proximately 1.0-1.5 T [12,13].

In this paper, we present results of an experimental study
of the magnetodielectric effect in EuTiO3 ceramics depending
on the orientation of the external magnetic field. The observed
“anisotropy” is revealed to be a consequence of a significant
demagnetizing field which arises from the large value of the
saturation magnetization and from the weak external magnetic
field necessary for the saturation. Furthermore, the complex
refractive index N = n + ik of EuTiOs in the THz region was
investigated as a function of the external magnetic field orien-
tation and strength. Its observed strong anisotropy is explained
by the magnon dynamics depending on the orientation of the
magnetic component of the THz radiation with respect to the
external magnetic field.

II. EXPERIMENTAL DETAILS

Bulk polycrystalline ceramic samples were prepared from
a powder mixture of Eu;O3 (99.995%, specific surface area
SSA = 7.55m?g~!, grain size ~100 nm, Verochem) and TiO,
(99.99% anatase, SSA = 9.75 ng’l, grain size 200 nm,
Verochem). The powder precursors were mixed in a mass ratio
calculated from the equation

Eu,05; + 2TiO, + H, <> 2EuTiO3 + H,O. (1)

©2020 American Physical Society
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The mixture was homogenized by low-energy ball milling
for 48 hours with zirconia balls as milling elements and
ethanol as a medium in a polypropylene bottle. The pow-
der was dried and then annealed to react into the EuTiO;
perovskite phase. The solid-state reaction occurred at a
temperature of 1373 K with a dwell time of three hours
(heating/cooling rates of 20 Kmin~') in a pure hydrogen
atmosphere (99.9% purity, pressure of 95 kPa, flow of
51min~"'). The agglomerated powder product was manually
homogenized in a mortar. Disk-shaped green bodies were
formed by a uniaxial pressure of 10 MPa (diameter ~10 mm;
mass X1 g) followed by cold isostatic pressure of 1000 MPa.
Sintering was performed at a temperature of 1673 K with a
dwell time of two hours (heating/cooling rates of 10 K min~")
in an inert atmosphere of pure argon (99.999% purity, pressure
of 95 kPa, flow of 11min~"'). The relative density (93.2%) of
the sintered body together with the open and closed volume
porosity (1.4% and 5.4%, respectively) were established by
the Archimedes method (EN 623-2) and using the theoreti-
cal density of EuTiO3 ceramics of 6.91 gcm™>. More details
about the sample processing are described elsewhere [14].

The purity, crystal structure and texture of the sample
were analyzed using x-ray diffraction (automated multipur-
pose x-ray diffractometer Rigaku SmartLab 3kW; X’Pert PRO
PANalytical equipped with Co tube). The sample texture was
estimated by calculating the so-called texture index whose
values fell between 0.72 and 1.28 for all analyzed x-ray re-
flections. Details about the texture index determination can
be found elsewhere [15]. Thus, the x-ray diffraction analysis
has shown single-phase EuTiO3 ceramics with no texture. An
observation of the polished sample surface using an optical
microscope revealed an average grain size of about 50 um,
with the maximum grain size reaching over 100 wm [16]. This
size of individual grains is sufficiently low, so this ceramic
sample can be considered as macroscopically isotropic.

All measurements were performed on the same EuTiOj
ceramic sample which was consequently postprocessed for
each experiment. For experiments in the external magnetic
field B, the field was oriented either parallel with or perpen-
dicular to the incident electric field vector—either that of the
low-frequency electric field E® (from 1 Hz to 100 kHz) or to
that of the THz radiation.

Low-frequency dielectric measurements were performed
using a Novocontrol Alpha-AN high performance impedance
analyzer in conjunction with a Janis ST-100 cryostat
(5-300 K). Magnetodielectric measurements were performed
in a cryomagnet (Cryogenic) at temperatures down to 0.3 K
and at magnetic fields up to 15 T. Gold electrodes were
deposited on surfaces (with a diameter of ~10mm) of the
sample with a thickness of ~500 um. Magnetization in the
steady external magnetic field of up to 9 T was measured on a
square cuboid sample (1.5 x 1.5 x 5mm) cut out of the half
disk, using a PPMS 9T (Quantum Design) instrument with the
vibrating sample magnetometer option.

Low-temperature infrared (IR) reflectivity measurements
in the frequency range 30—670cm~! (1-20 THz) were
performed using a Bruker IFS-113v Fourier-transform IR
spectrometer equipped with a liquid-He-cooled Si bolome-
ter (1.6 K) serving as a detector. Room-temperature mid-IR
spectra up to 5000 cm™! were obtained using a pyroelectric
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FIG. 1. Temperature dependence of the disk-shaped sample per-
mittivity measured for two orientations of AC (100 kHz) electric field
E® with respect to the static external magnetic field B. E® was always
applied perpendicularly to the plane of the half-disk sample whereas
B was pointing either along the sample plane, (B L E®) or along the
surface normal (B || E®); see also the inset in Fig. 2.

deuterated triglycine sulfate detector. IR measurements were
performed on the polished half-disk shaped sample (=10 mm
in diameter, about 500 pm thick) attached to a 5-mm aperture.

For the low-temperature IR and THz spectroscopies,
continuous-He-flow cryostats (Optistat, Oxford Instruments)
with polyethylene and mylar windows, respectively, were
used. Temperature-dependent THz spectra of complex
transmittance between 3 and 35cm~! were obtained us-
ing a custom-made time-domain spectrometer utilizing a
Ti:sapphire femtosecond laser. THz spectra with the external
magnetic field were measured in a He-bath cryostat with a
variable temperature insert (Spectromag, Oxford Instruments)
and a superconducting magnet capable of applying external
magnetic field up to 7 T. The spectra were recorded in both
polarizations in the Voigt geometry, i.e., the electric vector
of the THz radiation was parallel with or perpendicular to
the external magnetic field, which was applied in the sample
plane. The THz measurements were performed on a polished
quarter-disk shaped sample (broken half disk, original di-
ameter about 10 mm, thickness 97 um) attached to a 5-mm
aperture.

III. RESULTS AND DISCUSSION

A. Low-frequency magnetodielectric effect
and demagnetizing field

Figure 1 shows the temperature dependence of the real
permittivity &; measured at 100 kHz for various values and
orientations of the external magnetic field B. The magne-
todielectric effect is clearly observable mainly below ~6 K.
The data also indicates that the magnetodielectric effect is
present even well above Ty in case of a strong B. These
results are fully consistent with the findings of Katsufuji
and Takagi [1]. There is, however, an unexpected discrep-
ancy between the data measured in parallel and perpendicular
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FIG. 2. External magnetic field dependence of the disk-shaped
sample permittivity measured for electric field E“ (with frequencies
1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, and 100 kHz) applied perpen-
dicularly to the sample plane, and with the static external magnetic
field B in either of the two orientations (B || E” or B L E“, see
inset). The temperature was stabilized within 0.3-0.4 K. BL, and
B‘s'al mark the values of the saturation external magnetic field for
both orientations. Inset: Dependence of the ratio &;- to &} on external
magnetic field for electric field with frequency 100 kHz. e and 8'1‘
represent the real permittivity in configuration B L E“ and B || E®,

respectively.

orientations of electric and external magnetic fields. Surpris-
ingly, this “anisotropy” consequently diminishes in the strong
external magnetic field.

The influence of the orientation on the real permittivity &;
can be seen better from its dependencies on the external mag-
netic field shown in Fig. 2. Indeed, there is a clearly visible
difference (up to ~2.5%) between the curves belonging to
the orientations B 1. E® and B || E®. This difference vanishes
(within the measurement accuracy of a few units) above ap-
proximately 1.9 T. The noise present in all curves is caused
by weak temperature oscillations. Considering the isotropic
character of the sample, the only explanation of the weak
anisotropy can be provided by the effect of demagnetizing
field.

The demagnetizing field can be expected to be the source
of the seeming anisotropy in EuTiOs;, for two reasons. First,
according to the Hund’s rules, Eu>" ions possess a magnetic
moment of 7up (Bohr magnetons). Second, these moments
are easily orientable by the external magnetic field (the an-
tiferromagnetic interaction is weak), so the magnetization
saturates already above approximately 1 T [3,13]. Therefore,
the demagnetizing field is not negligible even at weak external
magnetic fields, and at the same time, it has a finite value (lim-
ited by the saturation magnetization), so it can be overcome by
a strong external field. This corresponds to the disappearance
of the seeming anisotropy above a moderate threshold field
strength.

The demagnetizing magnetic flux density By or, equiva-
lently, the field strength Hy, inside the sample with magneti-
zation M can be expressed as [17]
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By = uoHg = —uo N - M. 2
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FIG. 3. Magnetization of the cuboid sample measured as a func-
tion of external magnetic field for both orientations (B || zand B L z)
at T =2K. B‘S'm, BL, denote the values of the saturation external
magnetic field for the corresponding orientations. Inset: Orientations

of the sample with respect to the external magnetic field.

Here N represents the demagnetizing factor which is a
second-rank tensor determined by the shape of the magnetized
body. Considering an ellipsoid whose principal axes coincide
with the coordinate axes, only the diagonal elements N,, =
Ny, Ny, = N,, N;; = N; of the tensor N are nonzero. For an
elongated ellipsoid (prolate spheroid) with the long axis in
the z direction, it holds that N, = N, ~ % and N, =~ 0. These
demagnetizing factors can be used for the inherently isotropic
(ceramic) cuboid EuTiO3 sample (see inset of Fig. 3). Thus, if
the external magnetic field B is applied along the x or y axis,
the demagnetizing magnetic flux density is equal to

By = —1/2uoM*, By = —1/2puM". 3)

By contrast, if the external magnetic field B is applied along
the z axis, the internal magnetic flux density is not affected by
the demagnetizing field (B4 = 0).

A flattened ellipsoid (oblate spheroid) with the short axis
in the z direction is characterized by N, = N, ~ 0 and N, ~ 1
[17]. A sample in the shape of a disk or plate can be thus
approximated by an oblate spheroid. If B is applied in the
sample plane, the internal magnetic flux density is not affected
(BS = B} = 0). By contrast, if B is applied perpendicularly to
the plate (along the z axis), the demagnetizing field reduces
the internal magnetic flux density by

By = — oM~ )

B. Magnetization studies

To verify our hypothesis that the observed anisotropy is
caused by the demagnetizing field, we decided to compare
the predictions of the demagnetizing field model with the
experimental results. For a quantitative evaluation of the de-
magnetizing field, the magnetization of the cuboid sample was
measured (Fig. 3). The external field B was oriented either
parallel with or perpendicular to the long edge of the cuboid
(z axis). At first, the Néel temperature value Ty = 4.9 K was
determined from the temperature dependence of the magnetic
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susceptibility (see Fig. S2 in the Supplemental Material [16]).
This value is slightly lower than the one reported earlier
Tn=5.5 K [1], probably due to different individual charac-
teristics of each sample (e.g., single crystal versus ceramics,
oxygen vacancy concentration, porosity, grain size, etc.) im-
posed by the fabrication process.

The magnetization measurements presented below confirm
that a relatively weak external field is sufficient for saturating
the magnetization. The saturation field along the long edge
(B!, ~ 0.9T) is about 0.3 T weaker than that perpendicular to
the z axis (Fig. 3). When the value of saturated magnetization
is taken as 0.5 MA/m, then the demagnetizing field calcula-
tion gives By = 0.3 T [according to Eq. (3)], which exactly
corresponds to our experimental data. Note that in the magne-
todielectric measurement (Fig. 2), B!at — B = 0.6 T because
the demagnetizing field should be, according to Eq. (4), twice
larger in the disk-shaped sample than in the cuboid sam-
ple [Eq. (3)]. Thus, this comparison of the theory and the
experiment rules out an intrinsic anisotropic magnetodielec-
tric effect in EuTiO3 ceramics. Note also that the values of
saturation external magnetic field in the orientations without
demagnetizing field are not the same in the magnetodielectric
(Fig. 2) and magnetization (Fig. 3) data. This is, however, just
due to different temperatures in both experiments (0.35 K and
2 K, respectively).

In the end of this section, we would like to add that the
magnetodielectric effect was also investigated on several other
samples with various thicknesses. However, the seemingly
anisotropic effect was found to always be the same as the
sample thickness was in every case much smaller than the
sample plate diameter, so the demagnetizing field was always
the same.

C. Infrared reflectivity and time-domain THz
spectroscopic studies

The frequency-dependent complex refractive index
N(w) = n(w) + ik(w) is equal to the product N? = e
of dielectric permittivity e(w) = &1(®) + i&2(w) and complex
magnetic permeability pu(w) = pi(w) + iz (w) [18]. In the
IR range, there is usually no magnetic excitation (u = 1),
so N2 = ¢. In these cases, it is possible to fit IR and THz
reflectivity R(w) using the formula

Jelw) —1
Jelw)+1
where the phonon contribution to & can be expressed using the
four-parameter oscillator model [19]:

2

R(w) = , )

" wl, — o’ —iyoo
B0) = en [ [ o2~ TO% ©)
-1 @10, — @° —iyro;0
Here ¢ is the temperature-independent high-frequency per-
mittivity owing to the electron transitions, 10, and Y1O, are
the eigenfrequency and damping of the jth transverse optical
phonon, wro; and yLo, mark the eigenfrequency and damping

of the jth longitudinal optical phonon.

In the present case of EuTiO3, as we show below, there
is a weak contribution to pu(w) in the frequency range below
1 THz. Thus, Egs. (5) and (6) remain valid for fitting the
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FIG. 4. Selected IR reflectivity spectra measured at different
temperatures. The inset shows the complete room-temperature spec-
trum up to 2500 cm~'. The reflectivity calculated from the measured

THz spectra is shown by the thicker lines below 30 cm™".

IR spectra, providing a background phonon contribution for
modeling the data in the THz range. Below 30cm™!, for a
correct physical description of the optical properties, it is
necessary to also take into account a magnon which shapes
the permeability spectra.

The measured IR reflectivity spectra are depicted in Fig. 4.
This data was slightly normalized to match the more reliable
THz spectra to achieve mutual continuity. EuTiO3 is a well-
known incipient ferroelectric [1] whose dielectric permittivity
increases on cooling due to a soft phonon [20]. The phonon
softening (decrease in eigenfrequency on cooling) is clearly
observable in Fig. 4 as a downshift of the low-frequency edge
of the reflection band near 100 cm™". It is also manifested by
the increasing reflectivity below approx. 140cm™!. Spectra
fitting revealed that in the temperature interval 300-20 K,
the phonon softeIGns by about 20cm™!; a similar effect
was reported in Ref. [9]. We note also that an additional
weak reflection band is observed near 40cm~!. Since the
reflection band between 80 and 150cm~! consists of two
modes, and because this doublet was previously explained
by a tetragonal distortion of the antiferrodistortive phase [9],
the activity of the additional mode can be explained only
by a symmetry lower than tetragonal. Indications of such
lower crystal symmetries in EuTiO; were observed in low-
temperature birefringence and muon-spin-resonance studies
by Bussmann-Holder er al. [6]; direct structural evidence is
still missing, though. Considering the fact that the above-
mentioned additional mode is also present at 300 K where
the structure should be cubic, this mode is probably defect-
induced.

Since, below Ty, the low-frequency permittivity increases
with the external magnetic field, and because ¢, is determined
by the sum of phonon contributions, the increase in &; with
B should be seen also in the THz spectra. The measurements
in the external magnetic field were carried out in the Voigt
geometry. The external magnetic field was applied in the
sample plane. Then, the demagnetizing field was zero. In view
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FIG. 5. Complex spectra of the THz refractive index N = n + ik
at T = 2K for selected external magnetic field values and the two
orientations B || E® and B L E“. Inset: Orientations of vectors B and
E® with respect to the sample.

of that, the spectra measured at B || E“ and B L E® could be
expected to be the same.

This, however, was not confirmed by our observations (see
Fig. 5). In the spectra for B L E“, n(w) slightly increases
between O and 2 T, which is due to the rise in &; with B
(as also seen in Fig. 2). At higher external magnetic fields,
n(w) remains unchanged due to the saturation of ¢{(B). The
extinction coefficient k(w) almost does not change with B.
Quite a different behavior is observed in the THz refractive
index spectra for B || E® (Fig. 5). Their high-frequency part
rises between O and 2 T, and it saturates in higher fields as
in the previous case. However, in the low-frequency interval,
upon increasing B, a decrease in n(w) and an increase in k(w)
spectra are observed. This behavior is prominent mainly in
stronger external magnetic fields, above approximately 1.5 T.

Since N? = e, the observed changes must be linked to
variations in the magnetic permeability spectra. These can
be explained by the presence of a magnon which, at low
external magnetic fields, is located in the GHz frequency
region [21,22], so it can be observed as the so-called ferro-
magnetic resonance. With increasing external magnetic field,
its eigenfrequency is rising, so the magnon starts to influence
the low-frequency THz spectra. The magnetic excitation is,
however, present in the spectra only if B || E“, i.e., when
the magnetic component of the THz radiation is oriented
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FIG. 6. Selected refractive index spectra of EuTiO;, measured
at T =2K in the configuration B || E®. Symbols: Experimental
results. Lines: Fits using Eq. (7) expressing a magnetic oscillator.
Inset: External magnetic field dependencies of the magnetic excita-
tion frequency wn(B) for T = 2K and T = 15K; symbols: values
determined from the N (w) spectra fits; lines: linear fits. See text for
more details.

perpendicular to the external static field, B L B. This ob-
servation supports the idea that the magnon is observed as
the ferromagnetic resonance because its excitation in ceram-
ics (where the magnetization is parallel with the external
magnetic field B) is determined by the nonzero value of the
cross product B x B® [23]. In the case of B || B“, the cross
product is zero, therefore the ferromagnetic resonance cannot
be excited and it does not contribute to the N(w) spectra.

The magnon response can be fitted using the harmonic
oscillator formula [24],

Apw?,

(@) = oo + — @
a)m

— @? —iypw’
where (., is the temperature-independent high-frequency
permeability (in our case, equal to 1), A = w(0) — po de-
notes the magnon contribution to the static permeability, wp,
represents the magnon frequency and y,, its damping.

Fits of selected THz spectra measured at 7 = 2K in the
configuration B || E” are displayed in Fig. 6. In addition to the
magnon term described by Eq. (7), the permittivity model due
to the phonons describing the IR spectra at 20 K [Eq. (6)] was
used (for complex permittivity, complex permeability and real
conductivity spectra obtained from this fitting model, please
also see Figs. S3 and S5 in the Supplemental Material [16]).
There is a good correspondence between the measured data
and the fitting model. The inset of Fig. 6 shows the evolution
of the magnon frequency values with external magnetic field,
om (B). The magnon frequency clearly follows a linear depen-
dence on the external magnetic field. Interestingly, the shapes
of the complex N (w) spectra reveal the magnon presence also
at 15 K, as much as 10 K above Ty. The existence of the fer-
romagnetic resonance in the paramagnetic phase was reported
earlier [22]. It is a consequence of the external magnetic
field, which stabilizes the ferromagneticlike structure well
above Ty.
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We have performed linear fits of the magnon frequency
values by the formula wy,(B) = y - B+ @(0). Here y repre-
sents the gyromagnetic ratio [23] y = gug/h defined using
the Planck’s constant s, Bohr’s magneton wp, and the g
factor whose nonrelativistic value for spin magnetic system
equals 2. According to the Hund’s rules, a magnetic lattice
composed of Eu®* ions should act as such a spin system,
therefore a value of y =0.93cm™! T~! is expected. The
performed fit yields the values y = (0.99 4 0.02)cm~! T~!,
®(0) = (—0.1£0.1) cm™' for the temperature 7 = 2K and
y =(0.974+0.02)cm™' T!, w(0)=(0.3+£0.1)cm™" for
the temperature 7 = 15K. These experimentally obtained
values of y agree very well with the expected spin magnetism
of Eu®* ions. Within the fitting error, the fits for both 2 K
and 15 K exhibit the same slope y, and they differ a little in
their intercepts w(0). This can probably be attributed to the
absence of reliable data below 5 cm™! and to the absence of
magnon spectral signatures for the external magnetic fields
below 2 T. Thus, the overall uncertainties in the parameters
y and »(0) may be higher than the error values given above,
and we cannot effectively compare the obtained magnon fre-
quencies in weak external magnetic fields with those reported
previously [21,22].

Earlier, the group of Bussmann-Holder discovered a
magnetic-field-dependent specific heat anomaly near the tem-
perature of the antiferrodistortive phase transition [25]. At
the same temperature, a magnetic susceptibility anomaly was
observed [6]. These facts together with results of magnetic-
field-dependent muon spin rotation studies [26] suggest a
dynamically fluctuating short-range magnetic order in the
paramagnetic phase of EuTiO;. For that reason, Bussmann-
Holder et al. hypothesized an opticlike paramagnon branch
above Ty whose coupling with the soft optical phonon branch
was used for explanation of the soft phonon saturation ob-
served on cooling [27]. In that case, the paramagnon should
exhibit an eigenfrequency near 70 cm™', but no such para-
magnon is visible in our data. Nevertheless, there is a mode
visible near 40 cm™! (see Fig. 4) which cannot be explained
as a phonon in the tetragonal phase. However, its assignment
to the paramagnon is also unlikely because it is temperature
independent and the shape of the appropriate reflection band
does not resemble the one typical of magnetic excitations [28].
Therefore, the explanation of this mode will require further
optical studies.

Based on the fits of the THz and IR spectra, it is possible
to compare the magnetic-field-dependent phonon permittiv-
ities for B || E“ and B L E®. This is shown in Fig. 7, which
presents the quasistatic permittivity €;(0) (obtained by extrap-
olating the THz data fits to zero frequency) as a function of
the external magnetic field. Within the whole interval of B,
at 2 K, there is no difference between the curves for the two
orientations, B || E® and B L E“. Note that the demagnetiz-
ing field is zero in both configurations. The rise in ¢;(0) for
B < 2T is a consequence of the fact that the frequency of
the soft phonon near 90 ¢cm~' decreases by 2cm™! within
this interval (see the parameters listed in Table II in the
Supplemental Material [16]). Note that this decrease is quan-
titatively similar to the one observed in a EuTiOj3 film (grown
on a LSAT substrate) subjected to a compressive strain of
0.9% [29].
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FIG. 7. Quasistatic permittivity &;(0) as a function of the exter-
nal magnetic field. Symbols: Data obtained from fits of the THz
spectra collected for temperatures 2 K and 15 K at both field ori-
entations, B L E“ and B || E. The lines are guides for the eye.

The shapes of the &;(0)(B) curves shown in Fig. 7
correspond very well to the observed low-frequency magne-
todielectric effect (see Fig. 2, the data for B L E“ without
the demagnetizing field influence). This confirms the validity
of the approach used for spectra fitting. The values of low-
frequency &; are higher than those obtained from the THz
and IR fits; this can be explained by an additional weak term
located in the microwave region, leading to a small dielectric
dispersion and enhancing the low-frequency permittivity &;.
Note that the value of &1 (0) at 15 K is not influenced by the ex-
ternal magnetic field (see Fig. 7). This is more or less expected
because the material is in the paramagnetic state where the
spin-phonon coupling plays no role. At 15 K, small changes in
&1 at low frequencies upon applying external magnetic fields
were observed (see Fig. 1). However, this is probably due to
changes in the microwave and low-frequency dispersion with
external magnetic field, originating in the presence of defects
and the related small Maxwell-Wagner polarization.

IV. CONCLUSION

Experimental investigations of the complex THz refrac-
tive index of EuTiO3 ceramics revealed an anisotropy with
respect to the mutual orientation between the static external
magnetic field B and the polarization of the THz radiation
magnetic component B®. The anisotropy was attributed to a
ferromagnetic resonance which is excited only in the configu-
ration B L B“ or, equivalently, if the cross product B x B® is
nonzero. It was also shown that the ferromagnetic resonance
frequency is linearly proportional to the external static mag-
netic field, thus moving from the microwave to the sub-THz
region. This holds true also at T = 15K, nearly 10 K above
Tx. The proportionality constants (gyromagnetic ratios) y =
(0.99 £ 0.02) cm™! T~! for the temperature T = 2K and y =
(0.97 £0.02)cm~! T~! for the temperature T = 15K agree
very well with the expected value y = 0.93 cm™! T~! describ-
ing the dynamics of purely spin-based magnetic moments
attached to Eu®* ions.
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We presented observations of an “anisotropy” of permit-
tivity in the low-frequency region at an applied external static
magnetic field of up to 2 T. This effect was explained by the
presence of the demagnetizing field due to the shapes of the
samples. The experimental results were compared with simple
calculations of the demagnetizing field. These were based on
the measured value of saturation magnetization in the EuTiO3
ceramics and on an approximation of very oblate and pro-
late ellipsoidal specimens representing our disk-shaped and
cuboid samples, respectively. The comparison has yielded a
quantitative match between the theoretical and experimental
results.

The important role of the demagnetizing field in the
EuTiO; ceramics is due to the large value of saturation mag-
netization. The latter is caused by high magnetic moments
originating from spins of seven valence electrons carried by
Eu’t ions and also by the fact that these ions are bound
by a rather weak exchange interaction; consequently, the
Eu spins are easily orientable. The seeming anisotropy of
the low-frequency permittivity vanishes at external magnetic
fields stronger than ~2 T, as the demagnetizing field is over-
come by the external magnetic field; in that situation, the
sample magnetization is already saturated in all configura-
tions. Our observations and the proposed explanation of the
seeming magnetodielectric effect aim to draw attention to the
demagnetizing field issue. There are many articles about mag-
netodielectric studies on ceramics, but, as a rule, they do not
take into account the demagnetizing factors for determining
the magnetodielectric coupling at low magnetic fields [30,31].

We have demonstrated that when one uses disk-shaped or
rectangular flat samples, for observing the highest magne-
todielectric coupling effect, the external magnetic field should
be applied in the sample plane. It should also be noted that
the sample shape and related demagnetizing field can have
influence on the magnon frequency in ferrimagnetic or ferro-
magnetic single crystals even in the zero external magnetic
field. Therefore, the demagnetizing field should be taken into
account in the future studies of the magnetoelectric coupling
in various multiferroics.
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