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Effect of phonon anharmonicity on ferroelectricity in EuxBa1-xTiO3
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Investigating the competition between ferroelectric ordering and quantum fluctuations is essential for tailoring
the desired functionalities of mixed ferroelectric and incipient ferroelectric systems, like, (Ba, Sr)TiO3 and
(Eu, Ba)TiO3 . Recently, it has been shown that suppression of quantum fluctuations increases ferroelectric
ordering in (Eu, Ba)TiO3 and since these phenomena are coupled to crystallographic phase transitions it is
essential to understand the role of phonons. Here, we observe that the unusual temperature dependence of
phonons in BaTiO3 gets suppressed when Ba2+ is replaced by Eu2+. This manifests in a decrease in the cubic-
to-tetragonal (i.e., para-to-ferroelectric) phase transition temperature (by 150 K) and a complete suppression of
tetragonality of the lattice (at room temperature by 40% replacement of Ba2+ by Eu2+). We have quantified
the anharmonicity of the phonons and observed that the replacement of Ba2+ by Eu2+ suppresses it (by 93%)
with a resultant lowering of the ferroelectric ordering temperature in the EuxBa1-xTiO3. This suggests that tuning
phonon anharmonicity can be an important route to ferroelectric materials.
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I. INTRODUCTION

Ferroelectric materials are characterized by features like
spontaneous polarization, nonlinear dielectric behavior, large
electro-optic coefficient, high permittivity, as well as pyro-
electric and piezoelectric properties, making it possible to
design various functional devices out of these materials [1].
One of the most studied ferroelectric materials with perovskite
structure is BaTiO3, which also exhibits a rich variety of
structural phases. BaTiO3 undergoes a series of structural
transitions with increasing temperature [2], showing a low
temperature rhombohedral to orthorhombic phase transition
at around 193 K. This is followed by an orthorhombic to
tetragonal phase change at around 280 K and then a tetragonal
to cubic transition at around 395 K. BaTiO3 is paraelectric
in the high temperature cubic phase. However, in the low
temperature phases it becomes a ferroelectric as the macro-
scopic electric polarization aligns in parallel to [001], [011],
and [111] axes (denoted in terms of cubic notation) of the
thermally induced crystallographic phases characterized by
tetragonal, orthorhombic, and rhombohedral unit cell, respec-
tively [2]. On the contrary, EuTiO3 (also a perovskite) is an in-
cipient ferroelectric where there exists a competition between
the ferroelectric order parameter and quantum fluctuations
[3,4]. Though EuTiO3 has a soft polar phonon mode, the
polarization does not freeze down to the lowest temperature
due to quantum fluctuations [4]. Further, unlike the other sim-
ilar incipient ferroelectrics, e.g., SrTiO3 and KTaO3, EuTiO3

undergoes a paramagnetic to G-type antiferromagnetic
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transition below about 5 K due to its localized 4 f elec-
trons (S = 7/2) [5] and exhibits a giant magnetodielectric
effect [3,4].

Inducing ferroelectric ordering in incipient ferroelectrics
has been of great importance not only being fundamentally
interesting but also because it is important for realizing their
technological potentials. Introduction of Ba2+ in SrTiO3 and
Nb5+ in KTaO3 have been known to induce ferroelectric
ordering [6–8]. Recently, it was demonstrated that by dop-
ing Ba2+ in EuTiO3 one could suppress the quantum fluc-
tuations in EuTiO3, thereby inducing ferroelectric ordering
[9]. Besides the suppression of quantum fluctuations, mag-
netoelectric effects have also been observed in Ba2+ doped
EuTiO3 [3,10,11]. Moreover, (Eu, Ba)TiO3 has been pro-
posed as a model system to search for electron electric dipole
moment, which is of vital importance to study charge-parity
violation [12].

Phonons have an intimate relationship with ferroelectric
ordering in BaTiO3 and so should be the case in the incipient
ferroelectric EuTiO3 upon doping Ba2+. However, the exact
mechanism by which phonons play a role in this competition
between ferroelectric ordering and quantum fluctuations re-
mains unclear. Notably, in such incipient ferroelectrics (like
EuTiO3, SrTiO3, etc.) the phase transitions are coupled to
lattice, causing these materials to exhibit quantum criticality
over a wide range of temperatures [13]. At such finite temper-
atures phonon anharmonicity (i.e., phonon-phonon scattering)
becomes crucial for understanding the ground state of the
incipient ferroelectrics [3,14]. In this article, we investigate
the phonons anharmonicities in BaTiO3 as a function of
Eu2+ doping in order to establish the correlation between
anharmonicity and ferroelectric ordering in the EuxBa1-xTiO3

systems.
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FIG. 1. X-ray diffraction patterns of BaTiO3 (a), (b) and Eu0.2Ba0.8TiO3 (d), (e) at various temperatures with corresponding (hkl) values.
The middle column (b), (e) shows the specific reflection peaks that correspond to the structural phase transitions. The right column shows
the lattice parameters of (c) BaTiO3 and (f) Eu0.2Ba0.8TiO3 as a function of temperature as it undergoes the structural phase transitions (from
R = Rhombohedral to O = Orthorhombic to T = Tetragonal to C = Cubic phases shown by the shaded regions). The solid lines in (c) and (f)
are guides to the eye. The additional peaks marked with asterisk (*) symbols in the regions between 40 and 55˚ and near 75˚ in (a) and (d) are
due to the low temperature sample stage (LTStage) that have been partly removed from the data for clarity. The room temperature (300 K) data
do not have these additional peaks and hence the (210) sample peak is clearly visible.

II. RESULTS AND DISCUSSION

Structure and phase purity of EuxBa1-xTiO3.
Polycrystalline BaTiO3 and EuxBa1-xTiO3(x = 0.1, 0.2,

0.3, 0.4, and 1) powder samples were synthesized using a
solid state reaction route (see Sec. III) and are found to be
in a highly pure phase (see Sec. S1 and Figs. S1–S3 in the
Supplemental Material for details [15]). The rich variety
of structural phases exhibited by these samples have been
captured in the temperature-dependent x-ray diffraction
patterns, shown in Fig. 1. Figure 1(c) shows the changes
in the lattice parameters as a function of temperature in the
four different structural phases [16]. A partial replacement
of Ba2+ by Eu2+ (such as in Eu0.2Ba0.8TiO3) reduces
the lattice parameters as shown in Fig. 1(f) (and Fig.
S2 in the Supplemental Material [15]) and lowers the
cubic-to-tetragonal phase transition temperature. However,
no significant change in the transition temperatures of
the low temperature phases could be detected with Eu2+

doping. The reason is not clear at present. However, as the
para-to-ferroelectric phase transition is specifically associated
with the cubic-to-tetragonal structural change, our emphasis
in this article will be on this crystallographic phase transition.

�-point Raman phonons of EuxBa1-xTiO3. The ferroelec-
tric transition in BaTiO3 is ferrodistortive in nature. Therefore,

in both the ferro- and paraelectric phases it has one formula
unit (5 atoms) per unit cell that gives rise to 12 optical phonon
modes at the � point of the Brillouin zone. In the paraelectric-
cubic phase none of the phonons (3F1u + F2u) are Raman
active whereas in the ferroelectric-tetragonal phase there are
3A1, B1, and 4E Raman modes. A detailed description of the
origin of these Raman modes at the � point are provided in the
Supplemental Material (Sec. S2) [15]. Figures 2(a) and 2(b)
show the typical Raman spectra presenting the prominent
phonon modes of BaTiO3 and Eu0.2Ba0.8TiO3 at 78 K (ob-
tained via Lorentz spectral fitting). The observed mode fre-
quencies and their assignments based on previous reports
[17–22] are listed in Table I. As can be seen in Table I,
the prominent modes near 265 cm−1 (P5) and 520 cm−1

(P8) undergo a redshift upon Eu2+ incorporation that can
be attributed to an increase in the atomic mass while the
P6 mode at 308 cm−1 does not respond to the change in
atomic mass because Ba/Eu atoms are not involved in this
vibration [22]. Figure S4 (Supplemental Material [15]) shows
the dependence of the Raman spectrum at 300 K as a function
of Eu2+ incorporation by replacing Ba2+ in BaTiO3. The
absence of the 308 cm−1 (P6) mode for 40% doping of Eu2+
in BaTiO3 (i.e., Eu0.4Ba0.6TiO3) and above suggests that its
crystal structure is not tetragonal at 300 K [17,19,21–24] and,
therefore, it is no longer a room temperature ferroelectric.
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FIG. 2. Raman spectra of BaTiO3 and Eu0.2Ba0.8TiO3 at a few
typical temperatures showing the evolution of the phonon modes
with temperature. The shading indicates the region affected by the
optical band-pass filter as discussed in the text. The spectra have
been analyzed using Lorentz functions to identify the phonon modes
P1 to P10 (shown in green) in (a) and (b). The mode P9 [shown in
green in (c) and (d)] is present above ∼190 K in the orthorhombic
and tetragonal phases.

Notably, the other modes show a small or almost no shift in
phonon frequency at room temperature upon Eu incorporation
implying that there is indirect or no involvement of Ba/Eu
atoms in these vibrations. However, as shown by Freire and
Katiyar [22] in their lattice dynamical calculations (LDC),
all the vibrations at the � point involve all three atoms (Ba,
Ti, O) except the B1 mode at 308 cm−1. Our data at room
temperature, therefore, corroborate with the LDC for the
prominent modes at 265 (A1), 308 (B1), and 520 (A1) cm−1.
However, the corresponding redshift for the other modes
due to Eu incorporation is not observed, which is highly

unusual. In order to understand this phenomenon, we have
performed a temperature-dependent study which is discussed
below. The shaded region of the spectra below 100 cm−1 is
influenced by the cutoff of the band-pass filter used during the
measurements and, hence, will not be used for drawing any
conclusion.

Figures 2(c) and 2(d) show the temperature-dependent
Raman spectra of BaTiO3 and Eu0.2Ba0.8TiO3 to emphasize
the effect of structural changes on the Raman spectrum (tem-
perature dependence of the Raman spectra of EuxBa1-xTiO3

for x = 0.1, 0.3, 0.4, and 1 are shown in Figs. S5 and S6 in the
Supplemental Material [15]). For BaTiO3, it may be noted that
as the temperature increases there is a clear and systematic rise
in the background spectral line shape below 200 cm−1. Such
a line shape at lower frequencies has been reported previously
[17,20–22,25–28] and may be attributed to the contribution
from the soft E (T O1) mode at 35 cm−1 (not captured in our
data due to the cutoff of the band-pass filter) [17,29]. A similar
temperature-dependent change in the line shape at lower
frequencies can also be seen in Eu0.2Ba0.8TiO3 but occurs at
even lower temperatures [Fig. 2(d)], which may be associated
with the phonon anharmonicity and a lower unit cell volume
of Eu0.2Ba0.8TiO3. Further, mode P6 at 308 cm−1 is repre-
sentative of the ferroelectric phase of BaTiO3 [17,21–24,26]
that can be seen at temperatures below ∼400 K [Fig. 2(c)],
whereas this mode in Eu0.2Ba0.8TiO3 is absent above ∼
360 K [Fig. 2(d)] thus suggesting a lowering of the para-
to-ferroelectric transition temperature in Eu0.2Ba0.8TiO3. The
most noticeable changes in the spectra (of both BaTiO3

and Eu0.2Ba0.8TiO3) with varying temperature occur as a
(dis)appearance of phonon modes and unusual / anomalous
shift of the modes. In order to quantify these temperature-
dependent changes, the spectra at various temperatures have
been fitted with Lorentzian functions identifying the various
phonons [peaks P1–P10 shown in Figs. 2(a) and 2(b)] [18,22].
It must be noted that during the spectral fitting we have not
considered the coupling of modes with A1 symmetry as was
proposed earlier [25,26] because (a) our samples are polycrys-
talline powders where disorders are endemic and hence it is
difficult to materialize such polariton couplings, and (b) we
have not observed a very clear presence of the well-known

TABLE I. Assignment of the Raman active phonon modes (and their frequencies in cm−1 unit) of BaTiO3 and Eu0.2Ba0.8TiO3 at 78 K
(rhombohedral), 230 K (orthorhombic), and 300 K (tetragonal) obtained by fitting the experimental data.

BaTiO3 Eu0.2Ba0.8TiO3

Mode name Mode symmetry At 78 K At 230 K At 300 K At 78 K At 230 K At 300 K

P1 A1(TO1) 168 155 Absent 161 154 Absent
P2 A1(LO1) 188 195 Absent 186 192 Absent
P3 Disorder induced Raman modesa 222 218 218 220 209 208
P4 240 Absent Absent 240 Absent Absent
P5 A1(TO2) 259 258 264 255 258 253
P6 B1 311 309 308 310 307 306
P7 A1(LO2)/E (LO3) 489 Absent Absent 490 Absent Absent
P8 E (TO4) 531 524 520 528 516 514
P9 A1(TO3) Absent 551 556 Absent 555 558
P10 A1(LO3)/E (LO4) 716 717 719 716 718 720

aThe modes P3 and P4 are assigned to disorder induced Raman active modes [18].
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FIG. 3. Frequency of all the phonon modes (P1 to P10) as a func-
tion of temperature. All the modes respond to the structural phase
transitions as the temperature varies. Effect of Ba2+ replacement
by Eu2+ is also evident in all the modes manifested as the change
in phonon anharmonicity, discussed in the text. The color-shaded
regions indicate the various structural phases as indicated by the
letters R: Rhombohedral, O: Orthorhombic, and T: Tetragonal. The
cross-shaded region indicates the Cubic phase for Eu0.2Ba0.8TiO3.
The solid lines are guides to the eye.

depolarization dip near 180 cm−1 in the tetragonal phase,
thus signifying the absence of phonon coupling [26–34]. The
temperature dependence of the phonon mode frequency (ω)
for both BaTiO3 and Eu0.2Ba0.8TiO3 shows characteristic sig-
natures of the structural phase transitions (see Fig. 3). Notably,
peaks P4 and P7 near 240 and 489 cm−1, respectively, in
BaTiO3 disappear and a new peak (P9) appears at 552 cm−1

above 190 K owing to the rhombohedral to orthorhombic
phase transition. A jump [18] in the phonon frequency for the
peaks P3 and P5 as well as a change in slope (ω vs T) for peaks
P1 and P8 can be observed across the structural transition.
As the temperature increases beyond 280 K, peaks P1 and
P2 become weak, finally merging with the broad background
[that arises from the low frequency E (TO1) mode]. Peaks
P3 and P5 show another jump in frequency while a change
in slope (ω vs T) for P6 and P9 can be seen at the same
temperature, which can be attributed to the orthorhombic to
tetragonal phase transition at ∼280 K. It should be noted that
though for most of the peaks the ω shows a decreasing trend

with increasing temperature, which is a signature of normal
lattice expansion due to quasiharmonic behavior, the peaks
P2, P9, and P10 show an anomalous trend (an increase in
frequency) with temperature. Such an anomaly may arise
from strong phonon-phonon anharmonic interactions [35–38],
which will be discussed later. The behavior of the respec-
tive phonon modes in Eu0.2Ba0.8TiO3, with regard to their
appearance/disappearance at crystallographic phase transition
temperatures is similar to that in BaTiO3 [see Fig. 2(d)].

Notably, Eu doping also gives rise to two stark differences
in the temperature-dependent evolution of the phonon modes
in BaTiO3. First, the temperature-dependent shift of most
phonon modes in BaTiO3 are suppressed upon Eu doping
(the largest being for the P5 mode ∼25 cm−1). Moreover, the
phonon modes in the tetragonal crystal structure disappear
at a 40-K lower temperature in Eu0.2Ba0.8TiO3 as compared
to BaTiO3. In addition, the jump in frequency across the
structural transitions is not observed in P3 and P5.

The difference in the temperature dependence (in all the
phases) of the modes (Fig. 3) upon incorporating Eu2+ (by
replacing Ba2+) in BaTiO3 could be due to the effect of
(i) change in mass and (ii) change in lattice (local symme-
tries), both of which would lead to the changes in phonon
anharmonicities. Replacement of lighter Ba2+ ions by heavier
Eu2+ ions in BaTiO3 would redshift the mode frequency
(because ω ∝ m1/2) if the Ba atom is involved in a vibration
(all the modes involve Ba atoms except the P6 mode at
308 cm−1). On the other hand, the ionic radius of Eu2+ is
lower than that of Ba2+ that shrinks the unit cell (at 300 K -
BaTiO3: a = b = 3.9853 Å, c = 4.0069 Å; Eu0.2Ba0.8TiO3 :
a = b = 3.9789 Å, c = 3.9982 Å as shown in Figs. 1 and S2
[15]), which is expected to blueshift the mode frequencies. In
other words, these two effects (change in mass and lattice) will
compete and show a resultant effect on the mode frequencies
and phonon anharmonicities. As can be seen in Fig. 3, all the
modes show a clear redshift of frequency in Eu0.2Ba0.8TiO3

as compared to that in BaTiO3 except for P4, P7, P9, and
P10 wherein a noticeable blueshift can be observed. The
temperature dependence of frequency of a phonon (i) may be
expressed as [37–39]:

ωi(T ) = ωi(0) + �ωi
qh(T ) + �ωi

anh(T )

+ �ωi
el−ph + �ωi

sp−ph, (1)

where ωi(0) is the phonon frequency at 0 K. The term
�ωi

qh(T ) is the change in frequency due to the quasiharmonic
contribution arising from the change in lattice volume (i.e.,
force constant) without changing the phonon population. The
term �ωi

anh(T ) is the change in frequency due to the intrinsic
anharmonic contribution arising from the real part of the self-
energy of a phonon decaying into two (cubic anharmonicity)
or three (quartic anharmonicity) phonons. On the other hand,
the terms �ωi

el−ph and �ωi
sp−ph are the changes in phonon

frequency arising due to a coupling of the phonon with the
charge carriers and spins, respectively, both of which are
absent in these insulating and nonmagnetic materials (BaTiO3

and Eu0.2Ba0.8TiO3). Therefore, we can attribute the observed
changes in phonon frequencies to the phonon anharmonicities.

Temperature-dependent changes in phonon anharmonicity
are not only related to lattice volume but also to the phonon
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FIG. 4. (a) Dependence of the coefficient of phonon anharmonicity [as described in Eq. (2)] on the doping concentration of Eu2+ by
replacing Ba2+ for the modes at 265 cm−1 (P5) and 308 cm−1 (P6). A decrease in phonon anharmonicity is evident with increasing Eu2+.
Similarly, the para-to-ferroelectric phase transition temperature (TC ) also decreases with increasing Eu2+, as discussed in the main text.
(b) Schematic of the atomic vibrations for the phonon modes at 265 cm−1 (P5) and 308 cm−1 (P6). (c) Reduction in tetragonality (ratio of c to
a lattice parameters) of EuxBa1-xTiO3 at room temperature with increasing Eu2+.The solid symbols in (a) and (c) represent the experimental
data, while the dashed lines are guides to eye.

population (phonon density). In fact, phonon anharmonicities
become significant when the temperature increases causing a
phonon to decay into two or three phonons owing to cubic or
quartic anharmonic interactions (or higher order interactions
at much higher temperatures). Considering the three-phonon
process (cubic anharmonicity), the temperature dependence of
a phonon frequency (i) can be expressed as [39]

ωi(T ) = ωi(0) + A

[
1 + 2

ex − 1

]
, (2)

where x = h̄ωi(0)/2kBT , h̄ is the reduced Planck’s constant,
kB is the Boltzmann constant, T is the temperature, and A is
the coefficient of anharmonicity. A comparison of Eqs. (1)
and (2) indicates that the coefficient of anharmonicity A
weighs the contributions of the quasiharmonic effect thus
implicitly associating with the mode Grüneisen parameter and
intrinsic anharmonic effects (see Sec. S5 in the Supplemental
Material [15]). As mentioned earlier, the most surprising
behavior is observed for the mode P5 in BaTiO3 (A1 mode
at 265cm−1) that undergoes an unusually large change in
frequency ∼20 cm−1 over the temperature range of 300 to
400 K (see Fig. 3), indicating a strong phonon anharmonicity.
Interestingly, upon replacing Ba2+ by Eu2+ the mode becomes
nearly temperature independent, as shown in Fig 3. To un-
derstand this behavior of P5, we have quantified its phonon
anharmonicity by fitting the frequency vs temperature using
Eq. (2) (see Fig. S7 in the Supplemental Material [15]). As
shown in Fig. 4(a), the mode P5 has a very high coefficient
of anharmonicity in pure BaTiO3 which decreases with in-
creasing doping of Eu2+, clearly indicating a suppression of
phonon anharmonicity (by ∼ 93%) with increasing Eu2+. The
P6 mode (B1 at 308 cm−1), which is present only in the ferro-
electric phase also exhibits a similar decrease in anharmonic-
ity (by ∼73%) with increasing substitution of Ba2+ by Eu2+
[as shown in Fig. 4(a)]. It is important to note that the atomic

displacements have an important role in phonon anharmonic-
ity and the participating atoms in modes P5 and P6 displace
along the crystallographic c axis, shown in Fig. 4(b), which
decides the tetragonality of the lattice structure. The increase
in atomic mass (due to the replacement of Ba2+ by Eu2+)
along with a decrease in the lattice constants (and unit cell vol-
ume as shown in Fig. S2 in the Supplemental Material [15])
with increasing Eu2+ should result in a reduced atomic dis-
placement thus causing a decrease in the phonon anharmonic-
ities. A detailed analysis of the quasiharmonic and intrinsic
anharmonic contributions for all the phonon modes can be
found in the Supplemental Material (Fig. S8) [15,40], which
further elucidates that modes involving vibrations along the
c axis are more anharmonic in nature. The temperature (TC )
above which the mode P6 disappears is the crystallographic
(tetragonal to cubic) transition temperature of BaTiO3, also
associated with the ferroelectric to paraelectric phase tran-
sition. A comparison of the temperature-dependent Raman
spectra of EuxBa1-xTiO3 (x = 0, 0.1, 0.2, 0.3, 0.4, and1) from
Fig. 2, and Figs. S5 and S6 in Supplemental Material [15]
can help determine this TC . As shown in Fig. 4(a), the TC

decreases with increasing Eu2+ in BaTiO3 [41], a behavior
that is strikingly similar to the change in tetragonality (ratio
of c to a lattice parameters) of the unit cell of BaTiO3

with increasing Eu2+ as shown in Fig. 4(c). In fact, this
similarity suggests that the reduction of ferroelectric order
is clearly related to the suppression of phonon anharmonic-
ity. Furthermore, the dielectric constant of EuxBa1-xTiO3

as a function of temperature, as shown in Fig. S9
in the Supplemental Material [15], also reveals a decrease
in the TC with increasing Eu2+ thus corroborating our re-
sults shown in Fig. 4. The decrease in phonon anharmonic-
ity and the ferroelectric transition temperature (TC ) with
Eu2+-doping indicate that these parameters are coupled thus
opening a route to tailor the functionalities of ferroelectric
materials [3,4].
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III. METHODS

Polycrystalline BaTiO3 and EuxBa1-xTiO3 (x = 0.1, 0.2,
0.3, 0.4, and 1) powder samples were synthesized using a
solid state reaction route where BaCO3, TiO2, and Eu2O3 at
stoichiometric ratio were used as precursors [42]. The well
mixed and ground powder for BaTiO3 was calcined at 1200 ˚C
for 24 h in air. However, the powder for EuxBa1-xTiO3 was
calcined in reduced atmosphere (95%Ar-5%H2) in order
to reduce Eu3+ to Eu2+. Two more cycles of grinding and
heating at 1200 ˚C were done followed by which the powders
were pelletized and sintered at 1300 ˚C for 24 h in the same
atmosphere. The polycrystalline samples were characterized
by x-ray diffraction at room temperature and found to be
phase pure. Further, the x-ray diffraction patterns were
measured using PANalytical Empyrean x-ray diffractometer
(CuKαline) as a function of temperature (Anton Paar TTK
450) from 90 to 450 K in order to probe the various structural
phases and the corresponding lattice constants in BaTiO3 and
Eu0.2Ba0.8TiO3. We would like to emphasize that based on
our temperature-dependent x-ray diffraction measurements
we have not been able to detect the presence of any impurity
phase (of Eu3+) within our experimental limit (see Sec. 1 in
the Supplemental Material) [15,43–45]. However, it is to be
noted that the low temperature sample stage (referred to as the
LTStage) gives rise to additional reflection peaks in the range
of 40˚–55˚ and near 75˚, which partially affects some of the
EuxBa1-xTiO3 reflection peaks. The room temperature (300 K)
data have been recorded on a different sample stage (referred
to as the RTStage), which is free from those additional peaks
and thus a comparison with the 300 K data allows us to
identify the stage-related artefacts. The additional peaks from
the LTStage have been partly removed for clarity. A detailed
comparison of the LTStage x-ray diffraction patterns with
those of EuxBa1-xTiO3 are given in the Supplemental Material
(Sec. S1, Fig. S1) [15]. Further, magnetic measurements
[42,46] of the powder samples of EuxBa1-xTiO3 suggest an
almost pure Eu2+ state without any discernible impurity
phase containing Eu3+ (see Fig. S3 and the discussion in the
Supplemental Material [15]) thus confirming that the samples
under study are in a highly pure phase.

The Raman spectra of BaTiO3 and EuxBa1-xTiO3 were
recorded in the backscattering geometry using a LabRAM

HR Evolution Raman spectrometer equipped with a Peltier
cooled charge coupled device detector. The samples were
mounted on a liquid nitrogen cooled Linkam heating stage
and excited with the 514.5-nm line of an Ar+-ion laser with
a typical power of ∼5mW on the sample. Further tests were
also carried out using the 532-nm laser line of a frequency
doubles Nd-YAG laser and the results were found to be
similar.

IV. CONCLUSION

We have shown that phonon anharmonicities have an im-
portant association with ferroelectric ordering and the ferro-
electric transition temperature in Eu2+-doped BaTiO3. Our
experiments suggest that the competition between quantum
fluctuations and ferroelectric ordering in EuxBa1-xTiO3 sys-
tems maintains a delicate balance with phonon anharmonici-
ties, the suppression of which causes reduction of ferroelectric
ordering. Tuning the phonon anharmonicity can therefore
emerge as an additional route to tailor material functionalities
that are coupled with the crystal structure.
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Z. Shen, E. Šantavá, K. Maca, M. Sadowski, and J. Petzelt,
Europhys. Lett. 80, 27002 (2007).

[5] T. R. McGuire, M. W. Shafer, R. J. Joenk, H. A. Alperin, and
S. J. Pickart, J. Appl. Phys. 37, 981 (1966).

[6] U. T. Höchli, K. Knorr, and A. Loidl, Adv. Phys. 39, 405 (1990).
[7] V. V. Lemanov, E. P. Smirnova, P. P. Syrnikov, and E. A.

Tarakanov, Phys. Rev. B 54, 3151 (1996).

[8] M. E. Guzhva, V. V. Lemanov, P. A. Markovin, and W.
Kleemann, Phys. Solid State 39, 618 (1997).

[9] T. Wei, Q. J. Zhou, X. Yang, Q. G. Song, Z. P. Li,
X. L. Qi, and J.-M. Liu, Appl. Surf. Sci. 258, 4601
(2012).

[10] H. Wu, Q. Jiang, and W. Z. Shen, Phys. Rev. B 69, 014104
(2004).

[11] V. Goian, S. Kamba, D. Nuzhnyy, P. Vaněk, M. Kempa,
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