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Multiferroic quantum criticality in a (Eu,Ba,Sr)TiO; solid solution
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Based on the earlier published theory [A. Narayan, Nat. Mater. 18, 223 (2019)], a comprehensive experimental
investigation of multiferroic quantum critical behavior of (Eu,Ba,Sr)TiO; polycrystalline and single-crystal
samples was performed. The presence of the displacive ferroelectric quantum criticality is revealed through
nonclassical (7'%) temperature scaling of inverse dielectric susceptibility up to 60 K. With increasing hydrostatic
pressure, this ferroelectric quantum criticality is gradually suppressed. Inverse magnetic susceptibility follows
classical Curie-Weiss law down to 4 K, but quantum fluctuations belonging to an antiferromagnetic phase
transition (Ty < 0.8 K) change its scaling below 3 K to T!7+%D and 7?1492 for samples containing 29% and
25% of Eu* ions, respectively. Experimental indications of the coexisting ferroelectric and antiferromagnetic,
i.e., multiferroic, quantum fluctuations and qualitative explanation of why they could be seen only in the

immediate proximity of Ty is given.
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I. INTRODUCTION

In recent years, considerable scientific effort has been de-
voted to the study of quantum phase transitions [1] (QPTs),
i.e., those which are triggered by quantum instead of thermal
fluctuations characteristic for the classical phase transitions.
It turns out that the quantum critical fluctuations may help
to form new effective electron-electron interactions and thus
support the emergence of new phases such as unconventional
superconductivity [2-5]. The quantum critical point (QCP)
of the QPT needs to be located close to the temperature
of absolute zero, where quantum fluctuations are dominant.
Under these conditions, the interplay of quantum and thermal
fluctuations has an impact on finite-temperature behavior of
the system such as a nonclassical scaling of correlation func-
tions [6].

Dielectric materials are considered to be textbook systems
for the description of ferroelectric (FE) QPTs, since in con-
ducting materials, the lattice fluctuations may be obscured by
itinerant electrons [7]. Quantum criticality theory applied to
the FE QPT [8] predicts unusual scaling of dielectric suscepti-
bility (¢ ) with respect to temperature. In a three-dimensional
system, its reciprocal value should follow a quadratic
( XJ,I o T?) trend [7]. This was indeed experimentally con-
firmed in two quantum paraelectric materials—KTaO; and
SrTiO;5. In the latter, x(;l o« T? is satisfied up to ~50 K,

which demonstrates that the quantum critical fluctuations are
relevant even tens of kelvins above the QCP and may be
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even responsible for the emergence of superconductivity in
StTiOs [9].

Since there exist different materials exhibiting FE or one of
the magnetic [ferromagnetic (FM), antiferromagnetic (AFM),
etc.] QPTs [10], it is a natural step further to try to combine
these two QPTs in one physical system and create thus a mul-
tiferroic quantum criticality (MFQC) [11-13]. In order to do
S0, we may tune one or more physical parameters (pressure,
substitution/doping, etc.) in a way that both critical points
occur at 0 K. Similarly as for KTaO3 and SrTiOs, a poten-
tial existence of MFQC should be experimentally detectable,
e.g., via the nonclassical temperature scaling of dielectric
(x¢) and magnetic (),) susceptibility of the MFQC material.
While the FE QC causes the above mentioned Xq;1 x T?
scaling, the quantum critical fluctuation of the magnetic order
would lead to x ' o T3 or Xl o T3 in the case of FM
QCP or AFM QCBP, respectively [11,14]. Moreover, when the
MFQC is present in the studied system, the QC spin and
lattice excitations may even interact with each other [15]. The
mutual interaction of those two involved QC fields may effec-
tively lead to a change of the original scaling of x(;l(T) or

X; (T). According to the type of the interaction (biquadratic
in electric and magnetic order parameters, gradient—e.g.,
inverse Dzyaloshinskii-Moriya, etc.), one would expect for
the FE4+AFM MFQC possible crossover from X(;l x T? to
Xy
_ _ L _ 5 _

to Xq)l(T) and lel(T) yielding Xq)] «x T2 or Xq)l o T* and
x;l o« T? [11].

The (Eu,Ba,Sr)TiO3 solid solution was earlier proposed
as a promising candidate for achieving the MFQC at normal

o T2 or other subdominant (higher-order) corrections

©2024 American Physical Society
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pressure using the mutual concentration of Eu*", Ba**, and
Sr?* jons as the tuning physical parameter [11]. The exact
chemical composition where the MFQC should exhibit the
strongest interaction of the FE and AFM quantum fluctuations
was predicted to be Eug 3Bag ;1 Srg ¢TiO3.

However, the MFQC has never been experimentally stud-
ied in this (or any other) system before and therefore we focus
on it in this paper. Let us first briefly describe key properties
of each component of the compound to understand the origin
of the predicted MFQC here.

II. MATERIAL DESCRIPTION

The (Eu,Ba,Sr)TiO; (EBSTO) solid solution proposed for
the MFQC [11] is largely based on SrTiOs;, which makes
about 60% of the whole compound. SrTiOj3 is a good start-
ing point for reaching the MFQC, since it already exhibits
soft-mode-driven FE QC itself [7]. Diamagnetic SrTiO; is a
well-known perovskite-like oxide [16], meaning that at room
temperature it crystallizes in cubic Pm3m structure. Then at
105 K it undergoes a structural phase transition (PT) to a
nonpolar tetragonal /4 /mcm phase due to a unit cell doubling
resulting from rotation of the oxygen octahedra [17,18]. Its
dielectric permittivity is described by a Curie-Weiss law with
a theoretical critical temperature of 35 K [19], but the quantum
fluctuations prevent the anticipated FE phase transition and
the permittivity exhibits gradual saturation on the value of
25 000 near 10 K [19,20].

EuTiOj; is closely related to SrTiOs, since it is also a
perovskite-like oxide with a very similar lattice parameter
defining its cubic Pm3m structure [16]. The antiferrodis-
tortive PT to tetragonal I4/mcm structure takes place at a
somewhat higher temperature of 282 K [21-23]. Similarly to
SrTiOs3, the ferroelectricity is not present at low temperatures
in EuTiOs. It is an incipient ferroelectric, since even the high-
temperature, Curie-Weiss behavior of dielectric susceptibility
shows a negative critical temperature (—185 K) [24] sug-
gesting that EuTiO; would not have reached the ferroelectric
phase even without quantum fluctuations at low tempera-
tures. Note that the negative Curie temperature in EuTiO3
has no connection to antiferroelectricity (as could be expected
from direct parallel to antiferromagnetism). Antiferroelectrics
usually exhibit positive Curie temperature [25], while nega-
tive critical temperature is typical for incipient ferroelectrics.
Importantly, EuTiO; brings to the resulting EBSTO system
magnetism via Eu>" ions possessing a large magnetic dipole
moment of seven Bohr magnetons. Pure EuTiO3; exhibits
G-type antiferromagnetism below the Néel temperature of
Tn = 5.3 K with competing AFM-like nearest-neighbor and
FM-like next-nearest-neighbor interactions [26-28].

BaTiOs3 is a well-known but still frequently studied text-
book ferroelectric material with a Curie temperature of almost
Tc =~ 400 K. It undergoes two more ferroelectric PTs below
Tc resulting in a trigonal polar phase below ~190 K [29].
Since the solid solution of EuTiO3 and SrTiOs; is not so close
to the FE QCP as the pure SrTiO; is, the BaTiOj; is used in
the eventual EBSTO system to bring it closer to the FE QCP.
Then it should be theoretically possible to combine SrTiO3,
EuTiOs3, and BaTiOj3 in a way that the EBSTO system will re-
tain the FE QC of the pure SrTiO3 and simultaneously exhibit

the magnetic (AFM) QC coming from the AFM critical point
of pure EuTiO3 tuned to 0 K [11].

Various EuTiOs3, SrTiO;, and BaTiOs; solid solutions
have been previously investigated in terms of a spin-phonon
coupling, magnetodielectric effect, or even multiferroic-
ity [30-33]. Nevertheless, quantum critical phenomena have
never been the subject of experimental research on this
system.

III. SAMPLE PREPARATION

As starting materials, pure powders of SrCOj3, Eu,0s,
BaCOs;, and TiO, (anatase) were used for preparation of the
desired stoichiometric mixtures. The mixtures were homoge-
nized by the low-energy planetary ball milling lasting for 48
hours. The zirconia balls as milling elements and ethanol as a
medium were used. The homogenized mixtures were dried at
50 °C for 5 days and subsequently at 80 °C for 2 days. The
dried compacted agglomerates were then cautiously crushed
to powder again. The solid state reaction of precursors was
performed via annealing in reducing conditions of hydrogen
atmosphere (99.9% H,). The powder products of annealing
were formed into disks (16 mm in diameter; weight &1 g)
by uniaxial pressure of 10 MPa followed by 1000 MPa of
cold isostatic pressure (CIP). The sintering process of the
green bodies shaped by CIP was performed in the conven-
tional furnace with tungsten heating elements at 1400 °C for 2
hours in either an argon (950 mbar) or vacuum (107> mbar)
environment. All the polycrystalline (ceramic) samples with
the same stoichiometry subsequently exhibited very similar
physical properties, regardless of the sintering environment
used. Mass densities of the ceramics after sintering as well
as the contents of open (respectively, closed) porosity were
measured by the Archimedes method (EN 623-2). Relative
density of all ceramics reached about 95%.

The Eug 29Bag 0gSr( 63 TiO3 single crystal was prepared by
the floating zone method (Fig. S1 in the Supplemental Ma-
terial [34]), which is very effective for the growth of large
high-quality single crystals of various materials [35,36]. An
advanced laser diode optical furnace with 5 lasers (model
FZ-LD-5-200W-VPO-PC-EG, Crystal Systems Corp., Japan)
was used. In the first step, a polycrystalline (ceramic) mate-
rial was synthesized as described in the previous paragraph.
Then, a precursor in the form of a 50 mm long sintered rod
with diameter of 4 mm was prepared. The quartz chamber of
the optical furnace was evacuated by a turbomolecular pump
to 10~° mbar before the crystal growth process. The whole
growing process was performed in 6N argon flow. The pulling
rate was slow, only 1 mm/h with rotation —3/30 rpm (feed
rod and single crystal rotate in opposite direction with 3 and
30 rpm, respectively). A single crystal of the cylindrical shape
with length of ~30 mm and varying diameter of 3-5 mm
was obtained (Fig. S2 in the Supplemental Material [34]). The
quality of the single crystal was confirmed by Laue diffraction
showing sharp reflections in the pattern (Fig. S3 in the Supple-
mental Material [34]). The Laue diffraction revealed a 35° tilt
of the cubic crystallographic axis from the main axis of the
cylindrical single-crystal sample.

The actual composition of our samples was in good agree-
ment with the intended chemical composition. This was
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checked using wavelength dispersive spectroscopy (WDS)
on many sites inside the EBSTO single crystal. Here, the
stoichiometry of the chemical reaction was balanced in
a way to obtain the desired Eug3Bag SrgTiOs solid so-
lution. The WDS revealed the actual composition to be
Eug29Bag 0gS10.63TiO3, which also proves the reliability of
the preparation process of ceramics, whose composition was
determined from the stoichiometry of the precursor mixture.

IV. EXPERIMENTAL DETAILS

The low-temperature x-ray diffraction was measured by the
powder -9 diffractometer Siemens D500 in Bragg-Brentano
geometry using the Cug,,, radiation. The He closed-cycle
system was used for cooling. The sample was placed in the
low-temperature cryostat (ColdEdge) on the sapphire cube.
The sample chamber was filled with He atmosphere to ensure
sufficient thermal contact with the cold finger. The temper-
ature stability was better than 0.1 K. The diffracted intensity
was measured by the linear position sensitive detector Mythen
1K, the measured data were processed using the procedures
described elsewhere [37], and finally lattice parameters were
determined using the Le Bail analysis. The temperature de-
pendence of the lattice parameters of the Eug3Bag St ¢TiO3
ceramics and comparison of the Bragg peak profile at room
and helium temperature confirmed the stability of the cu-
bic Pm3m structure at least down to 5 K (Figs. S4, S5 in
the Supplemental Material [34]). This is quite surprising,
since EuTiO3, SrTiOs, and their Eu,Sr;_,TiO3 solid solu-
tion exhibit an antiferrodistortive phase transition at relatively
high temperatures between 280 and 105 K [33]. This shows
that 10% of Ba effectively stabilizes the cubic phase in
(Eu,Ba,Sr)TiOs3.

The dielectric properties were measured by the Novocon-
trol Alpha-AN high performance impedance analyzer and
ANDEEN-HAGERLING Ultra-Precision Capacitance Bridge
AH 2550A on a PPMS device (physical properties mea-
surement system; Quantum Design) which was used for
controlling external parameters—temperature (with He in-
sert down to 0.4 K) and magnetic field (up to 9 T). For the
application of pressure, the double-layered piston cylindrical
pressure cell with a nominal pressure range of 3 GPa was
used [38]. In all cases, manganin wire as a pressure gauge
and Daphne 7373 as a pressure-transmitting medium were
used [39-41]. Electric field was always applied perpendicular
to the sample plane.

Heat capacity measurements were performed using the
heat capacity option in the PPMS with 3He insert down to
04Kandupto9T.

Magnetic properties were measured on the PPMS device as
well, using the vibrating sample magnetometer (VSM) option
down to 2 K and up to 9 T. Magnetization measurements
below 2 K were performed via PPMS with *He insert (temper-
ature down to 0.4 K) using Hall probe magnetometry (placing
the sample on the high-sensitivity Hall probe and scaling the
resulting data in an overlapping region with data observed
by other methods, in our case via VSM). A custom-made
detection coil used for measurements of ac magnetization
could not be exactly calibrated and therefore its output values
are relative. For the quantitative analysis, the ac magnetic
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FIG. 1. Temperature dependence of inverse dielectric suscepti-
bility measured at 1 kHz on the EBSTO single crystal without
external magnetic field and its power-law and Curie-Weiss fits.
Inset: The low-temperature range (displayed in quadratic temper-
ature scale), where the FE QC takes place. Parameters of both
low-temperature power-law and high-temperature C-W fits are A; =
(0.092 4+ 0.003) x 1075, A, = (155+1) x 107%, ¢ = (2.0 £0.1),
Co=(O1£1)x 10K, Tc =28 £ K, and xg’ = (25 +5). The
power-law fit was performed in the temperature range from 25 to
60 K and its extrapolation depicted down to 0 K.

susceptibility data were then normalized to the measured dc
magnetic susceptibility, whose values are absolute. Since the
aim of this work is to characterize temperature scaling of (the
inverse) magnetic susceptibility of the cubic EBSTO system
in the paramagnetic phase, i.e., in an isotropic environment,
neither the orientation of external magnetic field nor exact
compensation of the demagnetizing field were of crucial im-
portance here. However, magnetic field was always applied in
the sample plane, in order to minimize effect of the demagne-
tizing field.

V. RESULTS AND DISCUSSION

A. Ferroelectric quantum criticality

The low-frequency (kHz) dielectric susceptibility indeed
exhibits a crossover from classical Curie-Weiss (C-W) critical
behavior [x ¢, (T) = TCTd}C + ng’, where Cg, is Curie constant,
Tc Curie temperature, and x g~ possible high-temperature
shift] to the quantum critical behavior as expected. It is
best seen from the plot of inverse dielectric susceptibility
[)((?)1 (T)] of the EBSTO single crystal (Fig. 1). The classical
(high-temperature) C-W region is characterized by the lin-
ear temperature dependence x ' o T above 80 K. The C-W
fit performed from 80 K to 180 K gives hypothetical Curie
temperature Tc = 28 K, which is a value only slightly lower
than in pure SrTiO3 (35 K) [19]. The EBSTO single crystal
with composition Eug29Bag 0gSr.63TiO3 is therefore roughly
as close to the QCP as pure SrTiO;. This corresponds to the
comparable region of the QC behavior of x4 (7). In EBSTO
it is observed up to 60 K and in SrTiO; up to 50 K [7]. The
predicted ideal content [11] of 10% of Ba”t ions could indeed
result in even stronger FE quantum fluctuations and broader
temperature region of the QC behavior, since the whole
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system would be tuned closer to the FE QCP. Interestingly,
the QC behavior is in good agreement with x ' oc 72 scaling
predicted for the FE QC alone. No sign of a possible crossover
to a different QC regime due to the presence of magnetic QC
is clearly visible, although small deviations from x;' o« T?
may be hidden in the uncertainty of the fitting curve.

The necessity of describing the dielectric response at low
temperatures by a power-law trend characterizing the FE
QC behavior based on coupling between the different wave
vector modes of the transverse-optical phonon branch [7] is
illustrated by the use of the obviously inadequate Barrett
formula [42] (Fig. S6) for quantum paraelectrics. The fitting
curve does not reproduce the data in the low-temperature
region (or in the range from 20 to 40 K), where the FE QC
behavior takes place.

Confirmation of the FE QC behavior in EBSTO is
also brought by the data measured on ceramic sam-
ples with chemical compositions Eug3Bag SrgsTiO; and
Eug2sBag 1 Srg65TiO3 (see Figs. S7, S8 in the Supplemental
Material [34]). Interestingly, Eug,sBag Srg6sTiO3 ceramics
exhibit very similar hypothetical 7c = 33 K and also the FE
QC behavior up to 60 K (Fig. S7). In Eug3Bag Sro¢TiO3
ceramics, the FE quantum fluctuations are weaker as the
FE QC behavior may be observed in a narrower tempera-
ture range (Fig. S8), which corresponds to a smaller value
of hypothetical Tc = 1 K. This may be due to a slight dif-
ference between stoichiometric compositions (mainly Ba?*
content) of individual samples. Also other low-frequency dy-
namical mechanisms contributing to permittivity (see small
but frequency-dependent maximum in x ¢ (7") above 40 K in
Fig. S9 in the Supplemental Material [34]), which make the
curve-trend analysis difficult, are more distinctive in ceramics
compared to the single crystal. On the other hand, comparison
of dielectric measurements of the single crystal and ceramics
indicates that the chemical disorder (which may be expected
to be higher in ceramics due to grain boundaries) at the
(Eu,Ba,Sr) position does not prevent the existence of the FE
QC. This result is consistent with previous findings on SrTiO3
ceramics [7]. The chemical disorder is, of course, present even
in the EBSTO single crystal. No superstructure was observed
in x-ray diffraction.

Representing the measured data by x¢(7) instead of
Xc;] (T) (Figs. 2, 3) highlights two features. First, the x ¢ (T")
reaches a maximum value over 5000, which is less than 30%
of the value which is exhibited by the SrTiO3 [20] but 15 times
higher than in EuTiO; [43]. Second, a shallow maximum
appears at & 10 K, which is not a sign of the FE ordering. Also
pure SrTiO; features such maximum [7,44], but it is narrower,
occurs at even lower temperatures (=2 K), and its possible
explanation is a coupling of the soft optical phonon with the
acoustic one [7]. In some cases, the maximum in 4, (") was
observed at higher temperatures than ~22 K and then it was
attributed to an extrinsic effect resulting from heterogeneity
of the sample [45]. However, Vendik’s model [45] of effective
susceptibility of nonhomogeneous samples is not satisfactory
when applied to our data of the EBSTO system. Here, the
maximum is mainly due to a spin-phonon coupling inherited
from pure EuTiO3 [30], which effectively reduces x4 [and
thus obscures the influence of quantum fluctuations on y 4, (7)
scaling] below and to some extent even several kelvins above

6000 T T . . : : .
5900 Eu 20Ba0,085r063 1103
single crystal
5800
5700
~a
T 5600 | K_OT\
5500 -
5400
— 4T _ )
5300 - 6T f=10 kHz
5200 L 1 1 I 1 | |
0 2 4 6 8 10 12 14 16

Temperature (K)

FIG. 2. Temperature dependence of the 10 kHz dielectric sus-
ceptibility of the EBSTO single crystal measured in various static
external magnetic fields.

the Néel temperature Ty of the AFM PT [43]. This is very
well seen from the temperature dependence of x4 measured
in external magnetic field (Fig. 2). The spin-phonon coupling
causes decrease of the zero-field dielectric susceptibility at
low temperatures, while the magnetodielectric effect, which
is based on this coupling, then increases the dielectric sus-
ceptibility in the same temperature range when the magnetic
field is applied [30]. The relative change of permittivity of the
EBSTO single crystal with increasing magnetic field reaches
5% at the lowest temperature. This value is similar to that
of pure EuTiO3, where a record high 7% magnetodielectric
effect was observed [30]. However, an even shallower maxi-
mum reappears in Fig. 2 near 3 K in strong magnetic fields,
where the magnetodielectric effect is saturated. This seems
to be caused by the already known coupling of the optical and
acoustic phonon branch [7], possibly combined with the effect
of sample heterogeneity [45]. In any case, the existence of the
shallow minimum in x(;l (T') that is not directly related to the
FE QC means that it is necessary to investigate the temper-

T T T T T T .
5000 /\ |
Eu, o5Bag 1Sr; 65 TiO4 ceramics
4000 + = atm pressure |
o 0.55GPa
0.85 GPa
3000 [ ©  1.40GPa ]
N g 2.00 GPa
2.70 GPa
2000
1000 |
D)) 0 INNNNRLNMM]
0 L 1 1 1 i
0 20 40 60 80 100 120

Temperature (K)

FIG. 3. Temperature dependence of the 1 kHz dielectric sus-
ceptibility measured at various hydrostatic pressures on the
Eug»5Bag 1Srg65TiO3 ceramics.

214109-4



MULTIFERROIC QUANTUM CRITICALITY IN A ...

PHYSICAL REVIEW B 109, 214109 (2024)
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: single crystal
0.20 - dc magnetic field: |
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FIG. 4. Temperature dependence of magnetic susceptibility mea-
sured in various dc magnetic fields on the EBSTO single crystal. The
decrease of xy, with increasing magnetic field is a consequence of
gradual saturation of magnetization (see also Fig. S13 in the Supple-
mental Material [34]). At low temperatures, this effect is significant
even for weak magnetic fields.

ature dependence of x;(T) far enough from this minimum.
The low-temperature limit for the observation of the FE QC
in the EBSTO single crystal is then ~20 K. Nevertheless,
this does not necessarily mean that the FE QC behavior is
not present below this temperature limit. It may just be su-
perimposed on the other phenomena (spin-phonon coupling,
acoustic-optical phonon coupling, sample nonhomogeneity).

When hydrostatic pressure is applied on the
Eug,sBag St ¢5TiO3 ceramics, they behave in qualitatively
the same way as pure SrTiO3 [46]. The magnitude of x4, (T)
gradually decreases with increasing pressure (Fig. 3) as a
consequence of soft phonon hardening. It means that the
FE QC behavior is gradually suppressed with increasing
hydrostatic pressure. This demonstrates the proximity of
the Eug,sBagSrgesTiO3 ceramic sample to the QCP.
Analysis of the small and broad peak position in ¢ (7)
is complicated because of the aforementioned spin-phonon
coupling influencing its exact shape. Therefore, no simple
dependence of the peak position is observed in contrast to
SrTiO3 [47].

B. (Antiferro)magnetic quantum criticality

Analysis of the magnetic QC behavior relies on
measurement of temperature-dependent magnetization (M)
and its consequent conversion to magnetic susceptibility
(Xy = M/H). The temperature dependence of xy, measured
on the EBSTO single crystal in a weak static magnetic field of
15 mT (Fig. 4) reveals a peak at 0.6 K. Based on the evidences
given below, we attribute it to the AFM PT (due to Eu* ions
of EuTiOs3). The first indication is a shift of the peak toward
the low-temperature limit when the strength of the external
magnetic field is increased. It is also confirmed from the data
of the ac magnetic response (Fig. S10 in the Supplemental
Material [34]), where, strictly speaking, differential magnetic
susceptibility is measured. The peak is located already on
the low-temperature edge of our measuring range in a weak

T T T T T T T T
140 T .

Zy=CT-0)"+ "

1207 Eug ,5Bag 1Sr; 6510, ceramics
100+ €=(0.3+£0.3)K

EBSTO single crystal

5 801 4= (0.79+0.07) K

035}

0.30 |

0.25

5020 - ceramics, VSM 7
R ceramics, Hall ]
0.15 | single cr., VSM | A
single cr., Hall
0.10 | 4 6 8 10 7
Temperature (K)
0.05 - ceramics, Hall -
HoH=15mT single cr., Hall
0-00 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9
Temperature (K)

FIG. 5. Temperature dependence of magnetic susceptibility
(main graph) and its inverse (inset) measured in weak dc magnetic
field of 15 mT on the EBSTO single crystal and Eug >sBag | St 65 TiO3
ceramics. The data of Xx? follow the C-W dependence (for sake
of clarity, fit not shown here) in temperature range 4-200 K with
antiferromagnetic Curie temperature of 6§ = (0.79 & 0.07) K for the
single crystal and 8 = (0.3 £ 0.3) K for the ceramics [49]. Re-
maining fitting parameters converged to values Cy, = (657 £5) x
107 K, Xy =0=£1)x 1076 and Cy, = (610 £ 10) x 107* K,
Xy = Bx5)x 1079, respectively.

magnetic field of 50 mT and then disappears below it in a
stronger field. This is consistent with a suppression of the
AFM ordering. The second piece of evidence speaking in fa-
vor of magnetic PT is a shift of the peak to lower temperatures
with decreasing content of Eu®* ions (see the comparison
of magnetic susceptibility of the EBSTO single crystal with
29% of Eu®" ions and ceramics with 25% of Eu*" ions in
Fig. 5). These results are also consistent with data of the
magnetic moment measured on ceramics with 30% of Eu*"
ions (Fig. S11 in the Supplemental Material [34]), where the
peak is located at 0.7 K in magnetic field of 15 mT. The
stable position of the peak in ac magnetic susceptibility of the
single crystal (Fig. S12 in the Supplemental Material [34])
at 0.7 K (in zero dc magnetic field) for various frequencies
of the ac magnetic field then implies that this PT is not of a
magnetic-glass type.

In order to bring another piece of information and check
Tn, the measurement of heat capacity was performed on both
ceramics (Fig. 6 and Figs. S14, S15 in the Supplemental
Material [34]) and the single crystal (Fig. S16). The pure
magnetic contribution to heat capacity (Cpag in Fig. 6), which
is further divided by temperature in Fig. S14, was obtained by
subtracting a phonon background y 73 4 8T from the total
measured heat capacity [48]. Indeed, the zero-magnetic-field
data reveal a peak at low temperatures in all cases (except for
the single crystal, where we do not have reliable data below
0.8 K). The position of the peak (0.7-0.8 K) for ceramics
with 30% of Eu*" ions (Fig. 6) coincides with the peak in
magnetic moment measured in weak dc magnetic field of 15
mT (Fig. S11 in the Supplemental Material [34]) and may
be thus attributed to the AFM PT. The same result applies
to the ceramics with 25% of Eu®>" ions, where the peak in
heat capacity lies at 0.5-0.6 K (Fig. S15 in the Supplemental

214109-5



DALIBOR REPCEK et al.

PHYSICAL REVIEW B 109, 214109 (2024)

20 T T T T T T T T
18l dc magnetic field: Eu, 4Bay 1Sry¢TiO4
—=—0T 3T ceramics
16 - —e—01T ——5T 1
05T 9T
o 4r —~—1T ]
X 12t -
2 g e
= K -F v"V\,v ‘/</‘ \‘\‘\4 ]
o | / -1
g 83 "\ <>\‘v\ T
(@) 6+ Yy N / A \
oF RSN, _
Y/ A N
VAR N
2+ J N \V\ 7
0 od : ) T —vy v—

0 2 4 6 8 10 12 14 16 18
Temperature (K)

FIG. 6. Temperature dependence of the magnetic contribution
to heat capacity measured in various dc magnetic fields on the
Eug3Bag ;Sr ¢TiO3 ceramics.

Material [34]), i.e., lower than in the compound with higher
concentration of Eu*" ions. The peak position for the single
crystal and related AFM transition lies below 0.8 K, a techni-
cal limit of the experiment for this sample.

Application of the external dc magnetic field causes broad-
ening and shift of the peak in heat capacity toward higher
temperatures. We ascribe this to a change of magnetic entropy
(saturated paramagnetism), when the mutually aligned mag-
netic dipoles of Eu?* ions are thermally disordered. Stronger
magnetic field implies higher thermal energy required for the
disruption of the induced magnetic ordering. A qualitatively
similar effect has been observed in pure EuTiOsz [48,50].
The data of Cyag/T published in Ref. [50] follow the same
magnetic-field dependence as our data presented in Fig. S14.
The data of Cyyyg in Ref. [48] are consistent with our Fig. 6 for
stronger magnetic field. Nevertheless, the peak in Fig. 6 is not
that prominent compared to Ref. [48] in the zero and weak ap-
plied magnetic field and also the peak position shifts to higher
temperatures with increasing magnetic field monotonously
unlike in Ref. [48] and in the data of magnetic susceptibility
(Fig. 4 and Figs. S10, S11 in the Supplemental Material [34]).
We attribute this behavior to the lower concentration of Eu>*
ions and very weak spin-flop critical field <0.1 T. However,
more detailed investigation of the weak-field Gy, Would be
necessary for an accurate comparison with Ref. [48] and the
ac and dc magnetic susceptibility data. Overall, the zero-field
heat capacity peak indeed marks 7y but the following shift of
the peak to higher temperatures is not related to a change of
N.

Taking into account both the data of heat capacity and the
data of dc and ac magnetic susceptibility, we conclude that
our EBSTO samples (which should in theory exhibit the AFM
QC [11]) undergo the AFM PT at finite but very low temper-
atures below 0.8 K. Therefore the AFM quantum fluctuations
still may play a crucial role in the proximity of Tx.

Finally, we turn our attention to the temperature depen-
dence of magnetic susceptibility xy, (7)), which is the main
indicator of the possible magnetic QC. It is immediately
seen from XILI (T) measured in dc magnetic field (Fig. 5 and

Fig. S11 in the Supplemental Material [34]) that both the
EBSTO single crystal and ceramics exhibit the classical C-W
behavior [xy,(T) = % + Xfl’f, where Cy, is the Curie con-
stant, 6 antiferromagnetic Curie temperature, and Xff,o possible
high-temperature shift] at least down to 4 K, i.e., very close to
Tx. The C-W fits (performed in 4-200 K temperature range)
give positive antiferromagnetic Curie temperature 6 = 0.8 K
for the single crystal and the Eug3Bag Sry¢TiO3 ceramics,
while the Eug,sBag Srge;TiO; ceramics show 6 = 0.3 K
(which is consistent with positive 8 = 3.17 K of the pure
EuTiO3 [30] and decreasing concentration of Eu”* ions).
These values of 6 are very similar and for the single crystal
and the Eug3Bag Srg¢TiO3 ceramics possibly even slightly
higher than the corresponding Néel temperature 7y of the
AFM PT. For the Eug 5Bag ;Srg ¢5TiO3, Ty is not known from
dc magnetization exactly, since it lies on the verge of our
measuring temperature range (Fig. 5). The heat capacity data
give Ty =~ 0.5 K. However, for the EBSTO single crystal and
the Eug3Bag SroTiO3 ceramics, the maximum of yy (7)
measured at 15 mT (Fig. 5 and Fig. S11 in the Supplemental
Material [34]) is located at 0.6 K and 0.7 K, respectively.
Moreover, the maximum of ac magnetic susceptibility (where
the applied ac magnetic field is only 0.01 mT) for the single
crystal is at Ty = 0.7 K (Figs. S10, S12 in the Supplemental
Material [34]), i.e., 0.1 K below 6 = 0.8 K. This could in-
dicate the presence of the AFM QC, since xy,(T) does not
diverge at 8 and magnetic quantum fluctuations may thus par-
tially suppress the AFM PT. Similarly, SrTiOj3 is characterized
by a positive Curie temperature of the high-temperature C-W
fit [19], while it is a critical quantum paraelectric with no
FE PT [no divergence of x4 (7') at this Curie temperature].
Nevertheless, the difference 6 — Ty ~ 0.1 K is marginal and
could be only a consequence of measurement error of the
temperature sweep.

However, another trace of the AFM QC appears. Closer
examination of the dc XILI(T) data below 3 K (Fig. 7)

reveals that X;(T) indeed follows the power-law depen-
dence, with exponent ¢ = (1.7 = 0.2) for the single crystal
and g = (2.1 £0.2) for the Eug,sBag SrgesTiO5 ceram-
ics. The obtained parameters are reliable in the temperature
range 1.0-2.6 K for the single crystal and 0.8-2.1 K for
the ceramics, respectively. The rather significant standard
deviations already include inaccuracies emerging from vari-
ations of the low-temperature limit and length of the fitted
temperature range.

The dc X;l (T') measured in dc magnetic field on the EB-
STO single crystal containing 29% of Eu follows power-law
dependence with ¢ = (1.7 £ 0.2). This exponent is similar
or somewhat higher than the exponent 3/2 expected for the
AFM QC (and also exponent 4/3 expected for the even-
tual weak FM QC) alone [11]. This could be a trace of the
predicted interaction between the FE and AFM quantum fluc-
tuations in the MFQC system. The data of ac X;I (T) (Fig. 8)
are also promising, as its power-law dependence possesses
g = (1.7 £0.1), the same exponent as dc X‘I’)I(T), but de-
termined more accurately and observable in the even slightly
broader temperature interval 1-3 K. Moreover, the dc x 1;1 (T)
of the ceramic sample with 25% of Eu, which should be
tuned closer the AFM QC, exhibits a power-law dependence
with the exponent ¢ = (2.1 = 0.2), a value clearly deviating
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FIG. 7. Temperature dependence of inverse dc magnetic
susceptibility measured in weak dc magnetic field of 15 mT on
the EBSTO single crystal and Eug,sBag;SrgesTiO; ceramics.
The data of xl;] follow the power-law dependence with parameters
A =48£03)K A4, =(0.5£0.3),g = (1.7 £0.2) in the tem-
perature range 1.0-2.6 K (single crystal) and A; = (3.9 £0.7) K™,
Ay =(15%£09), ¢g=(2.1£0.2) in the temperature range
0.8-2.1 K (ceramics).

from the standard AFM QC defined by ¢ = 3/2 and thus
supporting the idea of MFQC behavior. On the other hand,
no clear crossover in dielectric susceptibility from Xd_J] x T?
to different powers was observed, since the temperature range
of the possible MFQC (up to 3 K) coincides with the upturn
in x; ! caused predominantly by the spin-phonon coupling.
Therefore, the type, strength, and even actual presence of the
interaction is not conclusively confirmed as the FE QC cannot
be reliably analyzed below ~20 K.

30 Eug 29Bag 55631103
single crystal

25r 2 =ATIHA, 1
g=(1.7+0.1)

20 + E

| ac magnetic field:
10 kHz, 0.01 mT
10 | dc magnetic field:
0mT
= data
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FIG. 8. Temperature dependence of inverse ac magnetic suscep-
tibility XL;' measured in zero dc magnetic field on the EBSTO single
crystal. The data of X;‘(T) [obtained by normalizing the data of
ac xy (T) from Fig. S10 in the Supplemental Material [34] to the
dc x4 (T')] follow the power-law dependence with parameters A; =
(4.8+02)K™, A, =(0.2+£0.2), g = (1.7 £0.1) in the tempera-
ture range 1-3 K.

At first glance it seems strange that the AFM QC region
appears to be so narrow (only up to 3 K) compared to the FE
QC region (up to 60 K); nonetheless the magnetic quantum
fluctuations are often based on magnetic dipolar interaction,
which may be similar or dominant over the exchange in-
teraction in quantum critical magnets [51,52]. Such weak
interaction (a few orders of magnitude weaker than the electric
dipolar one [14]) then might lead to the quantum critical
behavior only at very low temperatures and close proximity
of the QCP [51,53]. Moreover, quantum fluctuations may
be significantly reduced, because of the imperfect tuning of
the AFM QCP (finite Ty). Several other effects (combined
together) could also partially suppress the AFM QC behavior:
(1) rather large magnetic moments of Eu>* ions behave in a
more classical way than expected in calculations [11], (2) non-
homogeneous distribution of Eu>* ions in samples (below the
spatial resolution of WDS) weakens their effective interaction,
(3) crystal field splitting of Eu?* electronic levels changes
character of the exchange interaction, and (4) FE quantum
fluctuations interact with the spins in an unexpected way and
effectively suppress magnetic quantum fluctuations.

VI. CONCLUSION

An extensive investigation of magnetic and dielectric prop-
erties of the expected multiferroic quantum critical system
(Eu,Ba,Sr)TiO; revealed several noteworthy results.

The temperature dependence of low-frequency dielectric
susceptibility showed ferroelectric quantum criticality in a
broad temperature range, similarly to pure SrTiO; [7]. The
ferroelectric quantum critical behavior was clearly observed
in the temperature range ~20-60 K in the single-crystal
Eup29Bag 0sSr0.63TiOs sample, which (unlike the ceramic
samples) does not contain any significant amount of structural
defects. The presence of defects causes additional dielectric
relaxations to appear, thus making the temperature-scaling
analysis difficult. Upon cooling below =20 K, the ferroelec-
tric quantum criticality is initially influenced and then below
10 K completely hidden by the predominating spin-phonon
coupling.

The measurement of ¢, at various hydrostatic pressures
revealed suppression of the ferroelectric quantum critical be-
havior on pressure increase. This result is consistent with
those earlier reported for SrTiO3.

The heat capacity data together with the temperature de-
pendence of both dc and ac magnetic susceptibility [y, (7)]
confirmed the presence of the AFM PT at finite temperatures
from 0.4 K to 0.8 K for all studied (Eu,Ba,Sr)TiO3 samples.
The antiferromagnetic critical point in Eug3Bag ;Sro¢TiO3
is thus not perfectly tuned to the quantum regime (0 K) as
was calculated earlier [11]. However, the antiferromagnetic
quantum fluctuations are arguably strong enough to produce
a quantum critical response below 3 K, where temperature
scaling of inverse magnetic susceptibility is changed from
the classical Curie-Weiss trend to power-law dependence with
exponents g = (1.7 £ 0.1) (ac susceptibility, single crystal,
temperature range 1-3 K), ¢ = (1.7£0.2) (dc suscepti-
bility, single crystal, temperature range 1.0-2.6 K), and
g = (2.1 £0.2) (dc susceptibility, Eug,sBag Srpe5TiO3 ce-
ramics, temperature range 0.8-2.1 K), i.e., values deviating
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from the antiferromagnetic quantum critical exponent
q = 3/2. Therefore we find the multiferroic quantum critical
behavior to be present in the (Eu,Ba,Sr)TiO; system (assum-
ing that the ferroelectric quantum criticality is not suppressed
by the spin-phonon coupling below 10 K) as expected from
calculations. Nevertheless, in comparison with the ferroelec-

tric quantum critical behavior ( Xq_)l o T?), which is present
up to 60 K, the antiferromagnetic quantum fluctuations affect
the Xu’)l(T) scaling only below 3 K—only slightly above the
Néel temperature located (in the single crystal) at Ty = 0.7 K.
This is probably due to both weakness of the exchange and
magnetic dipolar interaction compared to the electric dipolar
one and imperfect tuning of the antiferromagnetic quantum
critical point, even though several other effects may also be at
play.

Comparison of exponents in power-law dependencies
of the inverse magnetic susceptibility g = (1.7 £0.1)
[¢ =(1.7£0.2)] and g = (2.1 £ 0.2) for the single crystal
and the Eugy5Bag 1 Srg65TiO3 ceramics, respectively, gives a
trace of stronger interaction between ferroelectric and antifer-
romagnetic quantum fluctuations in the Eug,s5Bag 1 Srg ¢5TiO3
ceramic sample, which is tuned closer to the antiferromag-
netic quantum criticality. However, we did not observe any
serious indications of crossover from X(;l o T? to different

temperature scalings of Xq_)l (as theory predicts for mutually
interacting quantum fluctuations in multiferroic quantum crit-
ical systems [11]) below 3 K, because of the spin-phonon
coupling, which predominates below 10 K. Therefore, it is
not possible to analyze the strength and type of the prevailing
interaction between the ferroelectric and antiferromagnetic
quantum fluctuations in (Eu,Ba,Sr)TiO3 solid solution and
more work on other (Eu,Ba,Sr)TiO3 compositions is required
to confirm the MFQC unambiguously.
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