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The search for new single-phase multicaloric materials, combining electrocaloric and magnetocaloric
effects, is just at its beginning. Since the highest caloric effects are obtained near ferroic phase transitions,
multiferroics with room-temperature ferroic anomalies are promising candidates for multicaloric cooling. In
this work, such materials were prepared by tailoring the temperature of the ferroic anomalies by
introducing BiFeOs, a material possessing high-temperature ferroic phase transitions, into the multicaloric
Pb(Feg sNbg 5)O3 to form a solid solution. A series of (1—x)Pb(Feq sNbg 5)03—xBiFeOz (x = 0-0.5) were pre-
pared. Among them, 0.8Pb(FepsNbgs)O3—0.2BiFeOs exhibits both dielectric permittivity and magnetic
susceptibility anomalies at room temperature and is therefore one of the first such single-phase materials.
However, at higher temperatures the material exhibits excessive Joule heating that critically degrades the
electrocaloric cooling effect, while the antiferromagnetic nature of the material results in a low magne-
tocaloric response. Because of that, the multicaloric properties of 0.8Pb(FeqsNbgs)Os—0.2BiFeOs
were further improved by doping the material with Mn and Gd ions. This results in a composition with
negligible Joule heating up to 75 °C and with room-temperature electrocaloric effect of more than 1 °C,
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DOI: 10.1039/d0tc02329a and a high magnetocaloric effect of ~3 °C at cryogenic temperatures. Furthermore, this material also

exhibits the highest room-temperature magnetocaloric effect (~8 x 107° °C) among all already known
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|. Introduction

Multiferroics are a class of materials, where in general more
than one ferroic (including relaxor), antiferroic or ferric orders
coexist."” A lot of attention is paid to the so-called single-phase
magnetoelectric multiferroics, combining ferroelectric and ferro-
magnetic properties in the same material, which are attractive
due to the different origins and opposite mechanisms of both
ferroic orders.”” Magnetoelectric multiferroics are promising
candidates for future environmental friendly solid-state cooling
based on the caloric effect,®® which refers to the reversible adiabatic
temperature changes of the material under the influence of external
stimuli, such as electric or magnetic fields.” ™

Electrocaloric (EC) and magnetocaloric (MC) materials show
drawbacks that limit their cooling capacity and consequently
prevent their commercial use.>® An interesting idea for improving
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Pb(Feq sNbg 5)O3-based multicalorics.

their cooling capacity is to prepare a material that combines
both EC and MC effects, hereafter called the multicaloric
material."’ ™ The highest caloric effects are obtained near
ferroic phase transitions, where the order parameters (ie.,
polarization and magnetization) are strongly temperature
dependent."'*'> The majority of commercially used cooling
devices operate at room temperature (RT), and therefore multi-
ferroics with broad room-temperature ferroic anomalies are
promising candidates for efficient multicalorics."*"® However,
the vast majority of them exhibit anomalies at different temperature
regions, therefore, the search for single-phase multiferroics
exhibiting both ferroic anomalies at RT is just at its beginning.**
The topic of multicaloric (EC + MC) materials is relatively
new.'*'72! In 2016, the coexistence of EC and MC effects was
experimentally confirmed in 0.8Pb(Fe, sNby 5)03-0.2Pb(Mgy s W, 5)03
relaxor ceramics.”> However, this material exhibits very low EC and
MC effects (both ~0.25 °C) with the maximum values far below RT.
Recently, in our previous work, careful control of sintering condi-
tions and doping with manganese resulted in improved EC and MC
properties of Pb(Fe,sNby5)O; (PFN) ceramics with the maximal
values of 2.47 °C (at 80 °C and 140 kV cm ) and 0.44 °C (at
—271 °C and 50 kOe), respectively.”> Despite a relatively large EC
effect at RT (1.59 °C at 140 kV cm™ "), the highest MC effect in this
material is located at temperatures far below the desired RT.

This journal is © The Royal Society of Chemistry 2020
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PFN is a well-known complex perovskite, whose multiferroic
behavior arises from ferroelectrically active Nb>" (empty d-orbitals)
and magnetically active Fe** ions (partially filled d-orbitals) that
are randomly distributed in the B-site of the perovskite lattice.
PFN exhibits paraelectric-to-ferroelectric phase transition (Curie
temperature, Tc) at ~100 °C>*** and paramagnetic-to-anti-
ferromagnetic phase transition (Néel temperature, Ty) at
~—120 °C.***® At temperatures below —250 °C, an additional
magnetic phase transition from long-range antiferromagnetic to
short-range spin-glass-like magnetic order is present.”>?°
Because PFN already exhibited the paraelectric-to-ferroelectric
phase transition together with high EC effects slightly above
desired RT, it seems a promising starting point for designing
multiferroic materials with room-temperature ferroic phase
transitions. An idea to modify the PFN in order to shift its
paramagnetic-to-antiferromagnetic phase transition (—120 °C)
closer to RT is to mix PFN with BiFeO; (BFO) and form a solid
solution. BFO is a well-known multiferroic material, which
exhibits a paramagnetic-to-antiferromagnetic phase transition
at 370 °C,*” therefore adding BFO to PFN should ideally move
the Ty of the material towards RT.

In general, BFO exhibits high specific electrical conductivity
that typically occurs in the range of 10~ "°-107> Q" m~'>"*?
while PFN is less conductive (~10~"* Q" m ").** Consequently,
the increasing BFO content in PFN-BFO solid solution will
increase the electrical conductivity of the material, leading to the
appearance of the Joule heating effect and thus lowering of the EC
cooling efficiency.”*' According to reports on PEN*** as well as
BFO-based materials,**" the excessive electrical conductivity can
be suppressed by the addition of small amounts of Mn ions. In our
previous work it was shown that adding 0.5 mol% of Mn ions
efficiently suppresses the electrical conductivity of PFN.>* Another
drawback of using PFN and BFO as multicalorics is their anti-
ferromagnetic order that leads to low magnetization, namely
<0.4 emu g~ ' at magnetic fields of 60 kOe in BFO.** According
to the literature, in BFO, breaking the antiferromagnetic ordering
and increasing the magnetic susceptibility can be achieved by the
substitution of A-site of the crystal lattice with rare earth elements,
such as Gd ions.**° Rare earth elements possess strong localized
magnetic moments that arise from the partially filled 4f inner
electron shell, making them promising candidates for enhancing
the magnetic properties of the materials.** In previous Gd-doped
BFO studies,**° it was shown that the addition of 12 mol% of Gd
ions enhances the ferromagnetic properties and at the same time
does not increase the electrical conductivity and does not lead to
the formation of a non-polar phase.”*** However, no studies on
doping of PFN-BFO have been reported, and therefore in this
work, a similar approach as reported for pure PFN and BFO,
namely doping with 0.5 mol% of Mn and 12 mol% of Gd ions, is
employed.

In this work, seven different multiferroic (1—x)Pb(Fe, sNby 5)-
03;-xBiFeO; (x = 0-0.5) solid solutions were prepared. Among
them, PFN-20BFO exhibits both dielectric permittivity and
magnetic susceptibility anomalies close to RT and is therefore
a promising candidate for multicalorics. Further doping of
PFN-20BFO with 0.5 mol% of Mn and 12 mol% of Gd ions
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suppresses the electrical conductivity and enhances the
magnetic ordering leading to the improvement of the EC and
MC properties. The results of this study show the importance of
composition—caloric-property inter-correlations in PFN-BFO-
based ceramics.

ll. Experimental

Material synthesis

PFN-100xBFO (x = 0, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5) ceramic
powders were prepared by mechanochemical-activation-assisted
synthesis using PbO (99.9%, Alfa Aesar), Fe,O; (99.9%, Alfa
Aesar), Nb,Os (99.9%, Sigma Aldrich) and Bi,O; (99.999%, Alfa
Aesar) as starting oxides. The preparation process of unmodified
PFN-100xBFO powders is described in detail in our previous
work.”>*> The same synthesis procedure was employed also for
Mn-doped PFN-20BFO, where 0.5 mol% of Mn in the form of
MnO, (99.9%, Alfa Aesar) were added to the mixture of initial
oxides as a substitution for B-site cations (Fe’* and Nb*")
according to the nominal formula 0.8Pb(Fe, 5NDy 5)o.99sMNg g05-
03-0.2BiFe; 995Mng 00503. MnO, was pre-milled in an attrition
mill (Netzsch, PE075/PR01, Selb, Germany) with absolute ethanol
at 600 min~ " for 5 h using yttria-stabilized zirconia (YSZ) milling
balls (ball diameter, 3 mm).

The composition with 0.5 mol% of Mn (substitution for
B-site cations, Fe’" and Nb>*) and 12 mol% of Gd (substitution
for Bi*") was prepared according to the nominal formula
0.8Pb(Feg.5Nbg 5)0.995MNg,.00503-0.2Big 55Gdo.12F€0.095MNg 00503.
Due to the problems with aggregation and dispersion of Gd,0Os3,
for the preparation of Gd and Mn co-doped PFN-20BFO, in all
starting oxides, surfactant ammonium polyacrylate (PAA) was
used. The PAA, used as a steric stabilizer, was formed by mixing
poly(acrylic acid) (50 wt% solution in H,O, Sigma Aldrich) and
1-butlyamine (99%, Alfa Aesar) in absolute ethanol.**** Gd,0,
(99.99%, Metall) was pre-milled in a planetary ball mill (Retsch
PM400, Retsch, Haan, Germany) at 150 min~ ' for 4 h in an
ethanol/PAA mixture using YSZ milling balls (ball diameters
3 mm). PAA was added also to all other pre-milled starting
oxides and the mixtures were homogenized by milling in a
planetary ball mill at 150 min~" for 2 h using YSZ milling balls
(ball diameter, 3 mm). A stoichiometric mixture of all starting
oxides (40 g) was homogenized in a planetary ball mill at
150 min~ " for 4 h in absolute ethanol using YSZ milling balls
(ball diameter, 3 mm). The homogenized mixture was dried and
heat-treated at 350 °C for 30 min (heating and cooling rates of
2 °C min~ %) in order to remove PAA from the powder. The powder
mixture was mechanochemically activated in the same planetary
ball mill for 14 h at 400 min™" in a tungsten carbide milling vial
(volume 80 cm?), filled with 7 tungsten carbide milling balls (ball
diameter, 15 mm). After activation, the synthesized powder, ie.,
mixtures of crystalline perovskite and amorphous phases, was
re-milled in a planetary ball mill in absolute ethanol, at 200 min™ %,
for 4 h, using YSZ milling balls (ball diameter, 3 mm).

All prepared powders were uniaxially pressed (50 MPa) into
pellets of a diameter of 8 mm followed by isostatic pressing at
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300 MPa. The powder compacts were reactively sintered in
double alumina crucibles in the presence of PFN packing
powder. Sintering temperatures for each composition were
estimated from sintering curves (details in ref. 42). To maintain
similar grain sizes, PFN-100xBFO samples with a lower content
of BFO (x < 0.1) were sintered at 950 °C for 2 h, while samples
with a higher content of BFO (x > 0.2) were sintered at 900 °C
for 2 h. Similar thermal treatment was performed also for Mn-doped
PFN-20BFO (900 °C for 2 h), while in the Mn,Gd co-doped sample,
due to the different sintering behavior, a higher sintering tempera-
ture (1000 °C for 2 h) was used (shown in ESLT A). Sintering runs
were performed under an oxygen atmosphere as suggested in
ref. 45 and used in our previous work.>*** The use of the
saturated oxygen atmosphere during the sintering prevents (or
minimizes) the reduction of Fe’" to Fe** and reduces the
amount of oxygen vacancies, which consequently resulted in a
lower electrical conductivity and dielectric losses of the material.*®
For all samples, a heating and cooling rate of 2 °C min~" was used.

Characterization

The densities of the sintered pellets were determined using a
gas-displacement density analyzer (Micromeritics, AcuuPyc II
1340 Pycnometer) at RT. For the calculation of the relative
density, the crystallographic densities were obtained from
Rietveld refinement analysis (details in the ESIL{ B). X-ray
powder diffraction (XRD) patterns of crushed ceramic pellets
were recorded on a X'Pert Pro (PANalytical B.V., Netherlands)
high-resolution powder diffractometer equipped with Cu Koy
radiation (45 kV, 40 mA), in reflection mode. Diffraction patterns
were recorded in the 10-70° 20-range with a step size of 0.017°
and an integration time of 100 s per step at RT. The phase
identification was performed with the PDF-4+ database.

The microstructure of sintered ceramics was examined
using a field-emission scanning electron microscope (FE-SEM,
JSM-7600F, Jeol Ltd, Japan) equipped with an energy dispersive
X-ray spectrometer (EDXS, Inca Oxford 350 EDS SSD, Oxford
Instruments, Abingdon, UK). Prior to microstructural analysis,
the samples were fractured for fracture-surface examination,
ground and fine-polished using a colloidal silica suspension,
followed by thermal etching at 775 °C for 15 minutes in the
presence of PFN packing powder. The average grain size and
grain-size distribution were evaluated from the digitized images of
etched surfaces, processed using the Image Tool software (UTHSCSA
Image Tool Version 3.00. 2002)*® by measuring more than 500
grains. The grain size is expressed as the Feret’s diameter.*’

For characterization of electrical properties, the ceramic
pellets were cut, thinned and polished to a thickness of ~200 pm.
In order to release the internal stresses produced during the
mechanical processing, the thinned ceramic pellets were heated
up to 600 °C for 1 h (with 5 °C min~" heating rate) and then
slowly cooled down (1 °C min ') to RT. The surfaces of the
pellets were coated with Au electrodes (diameter of 5 mm) using
a RF-magnetron sputtering machine (5Pascal, Italy).

The relative dielectric permittivity (¢) and dielectric loss
(tano) as a function of temperature were analyzed during
cooling from 200 °C to —50 °C using an Aixacct TF analyzer
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2000 (aixACCT Systems GmbH, Aachen, Germany) coupled with
a HP 4284A Precision LCR impedance meter (Hewlett-Packard,
California, USA) in the frequency range of 0.1-100 kHz. The DC
current-density-electric-field (j~E) response was measured
using a Keithley 237 (Keithley Instruments, Ohio, USA) high
voltage source measuring unit. For the j-F measurements, the
samples were exposed to step-like voltages within the range of
40.5 kv cm ™. In this range, from negative to positive polarity,
13 equal field steps were applied. Upon each of these steps, the
voltage was maintained constant for 1.5 h for the current to
stabilize, before being recorded. The specific DC electrical
conductivity (opc) was obtained from the slope assuming
Ohm’s law. AC current density-electric field (j-E) loops were
measured at RT using an Aixacct TF analyzer 2000 by applying a
single sinusoidal waveform with a frequency of 1 Hz and
electric fields up to 80 kV cm™'. Polarization—electric field
(P-E) loops were automatically obtained with software using
numerical integration of the current signal.

The EC effect was measured using the direct method. The
measurements were performed on ~ 80 um-thick ceramic samples
with sputtered Au electrodes. The direct EC measurements were
performed using a modified differential scanning calorimeter
(Netzsch DSC 204 F1, Selb, Germany), which allowed a precise
temperature stabilization. The temperature changes were
measured with a small-bead thermistor glued to the sample;
the temperature was measured using a digital multimeter. The
EC temperature change (ATgc) values presented in this work are
the measured maximum temperature changes multiplied by a
correction factor of 1.60-1.75, which accounts for the passive
part of the sample and also the thermal losses in the gold wires,
the silver paste and the thermistor. The used correction factor
agrees well with the results of the numerical simulation.*® The
details of the method can be found in ref. 49.

Field-cooled (FC) DC magnetic moment vs. temperature was
measured between —270 °C and 127 °C at different magnetic
fields (0.02-90 kOe) using a physical property measurement
system vibrating sample magnetometer (PPMS-VSM, Quantum
Design, California, USA). Furthermore, the magnetization-
magnetic field (M-H) hysteresis loops were obtained in mag-
netic fields up to 90 kOe at temperatures of —270 °C and RT.
For the measurements rod-like-shaped ceramic samples were
used. The M values were obtained by normalizing the magnetic
moment values by the mass of the samples. The MC effect was
determined by the indirect method,’® where the MC tem-
perature change (ATyc) was calculated from the magnetization
versus temperature measurements at different magnetic fields
(0.5-90 kOe).

I1l. Results and discussion
A. (1—x)Pb(Fe, 5Nb, 5)03-xBiFeO;

In the first part, multiferroic properties of PFN-100xBFO (x = 0-0.5)
solid solutions were investigated. All prepared ceramics were single-
phase, homogeneous and highly dense (>97.6% of the crystallo-
graphic density), as previously reported in ref. 42. The temperature

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Temperature dependences of ¢’ for PFN-100xBFO measured at 1 kHz (x = 0-0.5) and (inset) 100 kHz (x > 0.3). (b) Temperature and frequency

dependence of ¢’ for PEN-100xBFO (x < 0.2) measured in the frequency range of 0.1-100 kHz.

dependences of the real component of the relative permittivity ¢’ for
all compositions measured at 1 kHz are shown in Fig. 1a. The
peak-permittivity of PFN-100xBFO is shifting towards RT with
an increasing amount of BFO (x < 0.2) and it reaches the lowest
value in PFN-20BFO, ie., 33 °C (Fig. 1a). This is accompanied
with an increasing relaxor behavior, as seen in Fig. 1b
and reported in ref. 42. By further increasing the BFO content
(x = 0.3), the peak-permittivity temperature seemingly shifts to
temperatures above the one of PFN (i.e., 113 °C), as visible from
¢ measurements at 100 kHz (inset of Fig. 1a). A reason for the
progressively increased relaxor behavior by the addition of
BFO is most probably related to the increased compositional
disorder at the A-site of the perovskite structure, which arises
when different multivalence ions occupy a crystalographically
equivalent place in the crystal lattice.*>”">> Heterovalent
substitution of the differently sized Pb>* (119 pm)** and Bi**
(103 pm)*® ions appears to disturb a long-range ferroelectric
order in PFN-rich PFN-BFO solid solutions as previously suggested
for Pb-based relaxors.>

In the next step, the influence of BFO addition on the
magnetic properties of PFN-100xBFO was studied. The M(T)
curves of all compositions, measured at magnetic field of
1 kOe, are shown in Fig. 2a. In all the samples M increases
with the decreasing temperature reaching a maximum value of
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Fig. 2

~0.032 emu g~ at —270 °C in PFN. PFN exhibits the para-
magnetic-to-antiferromagnetic phase transition (7y) at —120 °C.
With an increase in the amount of BFO, Ty is almost linearly
shifted towards higher temperatures reaching RT in PFN-20BFO
(Fig. 2b). In PFN-50BFO Ty is probably shifted beyond the
measured temperature range (i.e., above 130 °C), which is in
agreement with previously reported studies.>® As demonstrated
in Fig. 2b, increasing Ty values with an increasing amount of
BFO in PFN-BFO solid solutions are directly related to the
higher amount of Fe’* on the B-site perovskite lattice. These
results agree well with the previously reported studies, where it
was shown that in pure PFN>® as well as in PFN-50BFO>”*® the
magnetic properties and thus Ty depend on the number of
Fe-O-Fe linkages in the structure. Therefore, in our case, the
substitution of similarly large Nb°" with Fe** ions (~64 pm)*
increases the Fe/Nb atomic ratio on the B-site sublattice, leading
to a higher temperature of the paramagnetic-to-antiferromagnetic
phase transition. On the other hand, a decrease in the Nb>*
concentration reduces the tendency for the formation of a short-
range spin-glass-like phase at low temperatures, which is reflected
in lower M values in BFO-rich compared to PFN-rich PFN-BFO
solid solutions (Fig. 2a).>>*° In all compositions slim antiferro-
magnetic M-H hysteresis loops with almost zero remanent
magnetization were obtained at —270 °C (ESLt C), which

(b)
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(a) Temperature dependences of M for PFN-100xBFO (x = 0—0.5) measured at 1 kOe. Inset: The enlarged view of the data between —150 °C and

120 °C where Ty is highlighted. (b) Relationship between Ty and the amount of Fe on B-site perovskite sublattice for PFN-100xBFO (x = 0-0.2).
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indicates that in the PFN-BFO system the increasing BFO
content does not significantly affect the long-range antiferro-
magnetic ordering.

Among all the compositions, PFN-20BFO exhibits the dielectric
permittivity anomaly as well as the paramagnetic-to-antiferro-
magnetic phase transition at RT, which makes this material a
promising candidate for room-temperature multicaloric cooling.
However, further evaluation of its EC and MC properties revealed
some issues, namely excessive electrical conductivity and poor
magnetic response, which limit its cooling capability (ESL,T D). At
higher temperatures and applied electric fields the increased
electrical conductivity leads to the appearance of Joule heating
(JH), which significantly reduces material’s EC response reaching
the maximum EC effective cooling (AT, defined as the difference
between ATy and ATj) of 0.50 °C at RT and 90 kV cm ™" (ESIf, D
and E). On the other hand, the antiferromagnetic nature of the
sample results in a low MC effect over the entire measured
temperature range (from —270 to 130 °C) with the maximum
value of only 0.07 °C at —270 °C and 50 kOe. Furthermore, despite
the vicinity of Ty, no increase in the MC effect at RT in comparison
to the previously published PFN*®* was observed (ESIf, D).
According to the literature, in PFN and BFO-based materials
excessive electrical conductivity and consequently JH can be
suppressed by the addition of small amounts of Mn ions,>**>7*
while the ferromagnetic response can be enhanced by the
addition of Gd ions.>*° Based on that, in the second part of
this study the influence of Mn and Gd doping on the multi-
ferroic and multicaloric properties of PFN-20BFO is discussed.

B. Mn-doped and Gd,Mn co-doped PFN-20BFO

In the second part of this study, the effect of Mn and Gd
addition on the structural, microstructural and functional
properties of PFO-20BFO was investigated. Firstly, the phase
composition, crystal symmetry and microstructure of pure,
Mn-doped and Gd,Mn co-doped PFN-20BFO were studied.
The X-ray powder diffraction patterns of crushed ceramic
pellets are shown in Fig. 3a. In all three samples only the peaks
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corresponding to the perovskite phase are present and no
additional peaks corresponding to the secondary phases are
observed. Rietveld refinement analysis (ESL{ B) revealed that
all three compositions exhibit a pseudocubic symmetry at RT
(Pm3m space group), which is consistent with the previous
studies of pure PEN-20BFQ.**>%%°"

The SEM images of the polished sample surfaces are shown
in Fig. 3b. All three samples are highly dense, i.e., equal or more
than 97.6% of the crystallographic density, exhibiting homo-
geneous and uniform microstructures. In the microstructure of
pure and Mn-doped PFN-20BFO no visible secondary phases
are present, while in the Gd,Mn co-doped sample small dark
inclusions are observed. A qualitative EDXS analysis revealed
that these dark phase regions correspond to Fe-rich and Gd,Nb-
rich secondary phases (details in ESIf, F). The average grain
sizes of pure and Mn-doped PFN-20BFO are in the range of
1 um, while the grain size of the Gd,Mn co-doped sample is larger
(~4.8 um) due to the higher sintering temperature. In all three
samples, monomodal grain size distribution, indicating the normal
grain growth during the sintering, was observed (ESIT, G).

The temperature and frequency (v) dependence of the real
component of relative permittivity ¢’ and dielectric loss tan ¢ of
all three PFN-20BFO-based compositions are shown in Fig. 4.
Pure PFN-20BFO exhibits broad and diffusive peak-permittivity
with the maximal value of ~7700 at 0.1 kHz and 27 °C
indicating relaxor-like behavior (Fig. 4a).*> The sample shows
a large frequency dependence of peak-permittivity temperature
(T:max) that is spanning from 27 °C at 0.1 kHz to 53 °C at
100 kHz (i.e., AT, max of 26 °C). The addition of 0.5 mol% Mn
resulted in slightly lower peak-permittivity values with T, ax
shifted to higher temperatures, reaching the maximum value of
~ 6200 at 0.1 kHz and 65 °C (Fig. 4b). While further addition of
12 mol% Gd shifts the T, max to slightly lower temperatures
compared to pure PFN-20BFO with the maximum value of
~5800 at 0.1 kHz and 18 °C (Fig. 4c). Both modifications
of PFN-20BFO lead to a weakening of the relaxor behavior,
which is reflected in smaller AT, yax, namely ~5 °C in both

0 =986%

p=97.6% e
10HM G5 =(1.140.6) um

GS=(1.1£0.5) um

Mn co-doped

5

| O 4
p=99.8%
GS=/(4.8+2.5)um

(a) Room-temperature XRD patterns of PFN-20BFO-based compositions. The indexed peaks of the perovskite phase are labeled according to

the cubic notation. The inset shows an enlarged 20 region from 28° to 34°, where no peaks of secondary phases are observed. (b) SEM micrographs of

polished PFN-20BFO-based compositions.
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Fig. 4 Temperature and frequency dependences of ¢’ and tand of (a) pure, (b) Mn-doped and (c) Gd,Mn co-doped PFN-20BFO.

samples. In all three samples high room-temperature ¢’ values
are observed, ranging from ~ 5200 to ~7700 at 0.1 kHz.

The tan ¢ of all three compositions are frequency-dependent
with relatively low values at RT, namely from 0.05 to 0.01 at
1 kHz (Fig. 4). Due to the enhanced electrical conductivity in
pure PEN-20BFO, above 120 °C the tan J significantly increases.
The addition of Mn ions successfully reduces the tan ¢ through-
out the entire temperature range showing very low values even
at high temperatures, ie, ~0.05 at 200 °C and 0.1 kHz
(Fig. 4b). Further modification of the material by Gd ions leads
back to an increase in tan ¢, but the values remain comparable
or even slightly lower than that in pure PFN-20BFO.

To further investigate the influence of Mn and Gd doping on
electrical conductivity, the DC j-E responses of samples were
measured at RT (Fig. 5a). As expected, the highest opc was
obtained in pure PFN-20BFO, namely ~3.0 x 107 Q"' m™".
The addition of 0.5 mol% Mn successfully reduces the electrical
conductivity of the material, leading to ~ 20 times lower room-
temperature opc value, ie, ~1.7 x 107" Q™" m™". On the
other hand, further addition of Gd does not significantly
increase the electrical conductivity at RT, which still remains
low and comparable to that of the Mn-doped one (i.e., ~2.0 X
107" Q ' m™).

The influence of Mn and Gd doping on room-temperature
P-E hysteresis loop measurements was investigated (Fig. 5b).
Pure PFN-20BFO exhibits relatively slim and tilted relaxor-like
P-E hysteresis loops with a coercive electric field (Ec) and
saturated polarization (Ps) of ~2.8 kV em™* and ~38 uC cm 2,

respectively. The results are in agreement with the previous
study.”” The addition of 0.5 mol% Mn does not significantly
affect the P-E response, where Ec remains comparable to the
one in pure PFN-20BFO, while Ps is slightly lower, i.e., ~34 pC cm ™2
Further addition of Gd resulted in even slimmer room-temperature
hysteresis loops with lower Ec and Pg values, namely ~1.5 kv ecm™*
and ~32 pC cm™>, respectively. Note that this is most probably
related to the lower peak-permittivity temperature and more
pronounced cubic symmetry in this composition at RT (ESLt B).
In addition, both modified compositions exhibit sharp P-E loop
ends, indicating low electrical conductivity of the materials even
at higher applied electric fields.

As previously demonstrated in PFN>*>°* as well as BFO-based®***
ceramics, a reason that such a small amount of Mn successfully
suppresses the enhanced electrical conductivity of the material
could be related to the nature of the Mn ions, which are known
to undergo different oxidation states (for example 4+, 3+ or 2+ in
this case) and thus easily compensate possible charge imbalances in
the system. Consequently, Mn ions most likely lead to a lower
concentration of charge point defects, leading to suppressed
electrical conductivity at high temperatures and high electric
fields. On the other hand, further addition of Gd does not
significantly affect the ferroelectric and dielectric properties of
the material, where dilution of ferroelectrically active Bi*" ions
by magnetic Gd*" ions causes only a slight shift of T, max
towards lower temperatures.

After structural, microstructural and electrical characterization,
the influence of Mn and Gd doping on the magnetic properties

(a) <1510° F i~ <497
£ PFN-20BFO PFN-20BF0  § %
<1010° F & e 2
= Mn-doped o 20+
o0t —— Gd,Mn co-doped
5, fR—— 104+ )
perokhinky Rk T arridoped 80 -60 -0 -20 E (kV.cm')
e 01 02 0.3 0.4 0.5
+.5.0100__E(KV-em?)
PFN-20BFO | opc (@ 'm) I.20
1.1.010° pure ~3.0-10"°
Mn-doped ~1.7-101 ¥-30
+-1.5-10° | Gd,Mn co-doped | ~2.0-10°"! Y40

Fig. 5
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(a) j—E curves with (inset) related opc values and (b) P—E hysteresis loops of PFN-20BFO-based compositions measured at RT.
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of PFN-20BFO was studied. The M(T) curves of all three
PFN-20BFO-based compositions, measured at a magnetic field
of 1 kOe, are shown in Fig. 6a. In all three cases an increasing
trend of M with a decreasing temperature is observed. Even the
addition of only 0.5 mol% Mn ions slightly affects the magnetic
properties of the material, where compared to pure PFN-20BFO,
~10% higher magnetization values are obtained over the entire
measuring temperature range. As already mentioned, Fe-O-Fe
linkages define the magnetic properties in this system.>®"® The
substitution of larger Fe*" ions (64.5 pm, 3d°)** with smaller
Mn*" ions (53 pm, 3d%)** changes the local structure of FeOg

(a) .1 PFN-20BFO
pure
Mn-doped
—— Gd,Mn co-doped
__0.101
>
E)
£ 26°C
2
°C
= 0.05 \\\ssh_;;\\\\\\\\\\
S0 100
0.00 T T T T :-__T___u__ T
-250 -200 -150 -100 -50 O 50 100
T(°C)
b ~o08l
(b) _cec 2038
206t
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S04+
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-80 -60 -40 -20 H (kOe)
20 40 60 80
+-0.2
+-0.4
+-0.6
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—  H(kOe)
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2

3

4

Fig. 6 (a) Temperature dependences of M for PFN-20BFO-based com-
position measured at 1 kOe. Inset: The enlarged view of the data between
—50 °C and 120 °C where Ty is highlighted. M—H hysteresis loops of PFN—
20BFO-based compositions measured at (b) RT and (c) —270 °C.
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octahedra,®>®* leading to contraction of the lattice parameters
(ESL 7 B). Consequently, a shorter Mn-O bond and thus different
angles of Fe-O-Mn linkages in comparison to the initial
Fe-O-Fe lead to a slightly different magnetic arrangement in the
structure.®>®*> According to the previous studies, it was found
that Fe-O-Mn can slightly distort the long-range antiferromagnetic
order, inducing more ferrimagnetic-like spin configuration and
thus slightly larger macroscopic magnetization.®® The same trend,
namely slightly increased magnetization in the entire temperature
range, was also observed in Mn-doped PFN ceramics.*?

Further doping with Gd ions results in a significant
enhancement of magnetic properties, especially at low tem-
peratures. Compared to pure PFN-20BFO, the Gd,Mn co-doped
sample exhibits ~30% larger room-temperature magnetization
(inset of Fig. 6a and b). While at lower temperatures more than
11 times higher maximum value of M is obtained, namely
~0.144 emu g~ at —270 °C and 1 kOe. This significantly
higher magnetic response of the Gd, Mn co-doped sample is
also reflected in M-H hysteresis loop measurements at —270 °C
(Fig. 6¢). Similarly, a large enhancement of M at low temperatures
was also reported for Gd-doped BFO,*****%%” where such an
enhanced magnetic response is described by the alignment of
Gd*" and Fe-O-Fe magnetic moments in the same direction. At
low temperatures, paramagnetic Gd** ions (partially filled seven
5f-orbitals) that possess high magnetic moments align with the
antiferromagnetic Fe-O-Fe subsystem (f-d exchange orbital inter-
action), leading to significant enhancement of magnetization.>*%”%
This contribution is less pronounced at higher temperatures, which
is reflected in lower magnetization values.

As seen above, the addition of Mn and Gd enhances the
magnetic properties of PFN-20BFO but at the same time, it
does not influence its relaxor behavior that remains comparable to
that of pure PFN-20BFO. Even more, both modified compositions
exhibit relaxor-like hysteresis loops with sharp ends indicating low
electrical conductivity even at higher applied electric fields, which
make them promising candidates for multicalorics. Therefore, in
the next step, the EC and MC effects of Mn and Gd,Mn modified
compositions were studied.

The temperature dependence of ATgc at different applied
electric fields for Mn-doped PFN-20BFO is shown in Fig. 7a.
The addition of 0.5 mol% Mn reduces the electrical conductivity,
which enables the measurements of EC effects at higher
temperatures and applied electric fields compared to pure
PFN-20BFO (see Fig. S5a (ESIt) and compare with Fig. 7a).
Mn-doped PFN-20BFO exhibits a high room-temperature ATgc
value of ~1.5 °C at 150 kV cm ™', which is comparable to that of
previously studied Mn-doped PFN.>® By increasing the temperature,
ATy increases and reaches the maximum value of ~1.8 °C at 76 °C
and 150 kV cm ™" (Fig. 7a). Additional doping with Gd resulted in a
slightly lower ATgc, namely ~1.13 °C at RT and 140 kV em ™. As
seen in Fig. 4c, the peak-permittivity temperature of the Gd,Mn
co-doped sample is below RT. As the temperature increases,
no additional anomalies are observed, resulting in a nearly
constant ATgc of 1.15 °C % 0.02 °C.

In Mn-doped PFN-20BFO at temperatures below 70 °C
almost negligible JH (<3%) is present, resulting in a good

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Multicaloric properties of (a,c and e€) Mn-doped and (b,d and f) Gd,Mn co-doped PFN-20BFO; (a and b) ATgc and (c and d) AT measured at
different temperatures and applied electric fields. Due to the constant trend, EC measurements of the Gd,Mn co-doped sample were performed only up
to 75 °C. (e and f) ATmc measured at different temperatures and applied magnetic field with the inset showing an enlarged view of the data between
—40 °C and 130 °C. Note the differences in scales of ATyc. Lines between the measured values are just a guide to the eye.

match of AT.g with the ATy values (Fig. 7c). Above 80 °C, the
JH starts to increase, causing a gradual lowering of the effective
EC cooling effect. Negligible JH (< 5%) was also observed in the
Gd,Mn co-doped sample, where AT.¢ remains more or less
identical to ATg¢ until 75 °C (Fig. 7d).

The temperature dependences of ATy (calculated from
M(T) curves shown in ESIt, C) at different applied magnetic
fields for Mn-doped and Gd,Mn co-doped PFN-20BFO are
shown in Fig. 7e and f, respectively. A slight improvement in
the magnetization of the Mn-doped sample in comparison to
pure PFN-20BFO (see Fig. 6a) is also reflected in the MC effect,
where ~20% higher room-temperature ATy is observed. How-
ever, at low temperatures ~2 times higher ATy;c of ~0.15 °C at
—270 °C and 50 kOe is obtained (insets of Fig. 7e). In agreement
with enhanced magnetic properties, further addition of Gd ions
causes a significant improvement of the MC effect over the entire
temperature range, resulting in ~65% higher ATyc at RT and
more than 30 times higher ATy,c at —270 °C (~2.2 °C at 50 kOe)
compared to pure PFN-20BFO (Fig. 7f). Furthermore, in this

This journal is © The Royal Society of Chemistry 2020

material room-temperature ATyc ~8 x 107> °C is obtained at
90 kOe, which is so far the highest value among the PFN-based
multicalorics.?***° On the other hand, the sample exhibits an
extremely high ATyc value of 3.6 °C at —270 °C and 90 kOe.
Considering that this is an indirect measurement and that tem-
perature of —273.15 °C (0 K) cannot be reached, we estimate that
the ATy value is below 3 °C.

IV. Summary and conclusions

In this work, a series of single-phase PFN-100xBFO solid
solutions (x = 0-0.5) were prepared by mechanochemical synthesis
followed by sintering. The influence of BFO addition on the
temperatures of magnetic susceptibility and dielectric permittivity
anomalies was studied. With an increase in the amount of BFO, the
paramagnetic-antiferromagnetic phase transition of PFN-BFO
shifts toward higher temperatures, while the peak-permittivity
temperature first decreases (to RT when x = 0.2) and then increases
to higher temperatures (in x > 0.2 compositions). The dielectric
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Table 1 Summary of room-temperature and maximum (a) EC and (b) MC
effect values for PFEN-20BFO-based compositions

(a) Sample T (°C) E(kVvem™) AT (°C)
EC effect Pure RT 90 0.50
Mn-doped RT 90 0.97
150 1.5
Tec,max (76 °C) 150 1.8
Gd,Mn co-doped RT 90 0.75
140 1.1
(b) Sample T (°C) H (kOe) ATy (°C)
MC effect Pure RT 50 0.0015
Thc,max (—270 °C) 50 0.07
Mn-doped RT 50 0.0018
Tyvic,max (—270 °C) 50 0.15
Gd,Mn co-doped RT 50 0.0025
Tac,max (—270 °C) 50 2.2

permittivity and magnetic susceptibility anomalies coincide at RT
in PFN-20BFO composition, making it a promising candidate for
multicaloric applications. However, due to the excessive Joule
heating and its antiferromagnetic nature, PFN-20BFO exhibits
low EC and MC effects in the entire measuring temperature range
with the maximum values of 0.50 °C (at RT and 90 kV ecm™*) and
0.07 °C (at —270 °C and 50 kOe), respectively (Table 1). Therefore,
the EC and MC properties of PFN-20BFO were further improved by
doping with Mn and Gd ions.

The addition of 0.5 mol% Mn successfully suppresses the
electrical conductivity and consequently the Joule heating effect in
the material, which resulted in a high room-temperature EC effect
of 1.5 °C, and even a higher maximum value of 1.8 °C at 76 °C
(Table 1a). At the same time, the addition of Mn also slightly
improves the MC properties of the material, resulting in ~20%
higher room-temperature and ~2 times higher maximum ATy
compared to pure PFN-20BFO (Table 1b). Further addition of
12 mol% Gd leads to a significant enhancement of the MC effect
in the entire measurement temperature range, exhibiting ~65%
higher room-temperature and more than 30 times higher maximum
ATy compared to pure PFN-20BFO (Table 1b). At the same time,
the room-temperature electrical conductivity remains comparable to
that of Mn-doped PFN-20BFO, which resulted in negligible Joule
heating and EC effects of more than one degree over a wide
temperature range.

Despite the fact that in the prepared PFN-20BFO-based materials
both ferroic anomalies are located at RT, the maximum MC and EC
effects are located in two different temperature regions. The use of
such multicaloric materials could be in applications where the
operating temperature is significantly changing, for example
in deep space and extreme measurement under liquid-helium
temperature conditions. Further research in this area is needed
to prepare better room-temperature single-phase multicalorics
that can be used as cooling elements in future solid-state
cooling devices for everyday use.
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