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A B S T R A C T   

La and Nb codoping of ferroelectric five-layer Aurivillius phase Sr2Bi4Ti5O18 (TC ~ 560 K), induces composi
tional disorder and diffuse relaxor transitions at much lower temperatures than the parent compound, while 
preserving the orthorhombic structure. For moderate La and Nb concentrations, the ferroelectric properties are 
enhanced in the vicinity of room temperature, and so is the electrocaloric effect as measured directly with a 
homemade quasi-adiabatic calorimeter. The adiabatic temperature change reaches, e.g., in Sr2Bi3.44La0.5

Ti4.8Nb0.2O18, ΔT ⁓ 0.3 K at 355 K with a temperature span ⁓ 15 K, under ΔE = 37 kV/cm. Besides, a large field 
dispersion of the electrocaloric effect is found, ascribed to field-induced transitions from short-range-ordered 
relaxor to long-range-ordered ferroelectric states. Indirect estimations of the electrocaloric effect from electric 
polarization data are not able to quantitatively predict the direct results and emphasize the need of applying 
direct measurement methods, especially for relaxor ferroelectrics.   

1. Introduction 

Solid-state caloric effects are among the most promising alternatives 
to vapor-compression technology for refrigeration and heat pump ap
plications near room temperature [1,2]. Besides the avoidance of 
harmful gases, the main gain of solid-state cooling and heating is the 
higher energy efficiency, which translates into a significant reduction in 
electricity consumption [3]. The electrocaloric effect (ECE) is defined as 
the reversible adiabatic temperature (ΔT) and isothermal entropy (ΔS) 
variations exhibited by dielectrics when an electric (E) field is cyclically 
applied and removed [4–7]. It maximizes at temperatures near the Curie 
temperature (TC) of paraelectric to ferroelectric phase transitions, where 
ΔS is enhanced [8]. The ECE is advantageous over the magnetocaloric 
and barocaloric effects because E fields are much easier to apply than 
high magnetic fields or pressures, respectively [9,10]. It should be 
mentioned that there is no standardized ECE measurement system nor 
method. The existing approaches fall into two categories, direct and 
indirect methods [11]. The former directly measure either ΔT or the 
released heat in the material, while the latter rely on the measurement of 
the change in the electric polarization as a function of temperature and E 
field, to which thermodynamics formulations based on Maxwell re
lations are applied. Only a few groups have developed setups dedicated 

to direct measurements, being the indirect methods the most commonly 
used, as they are faster and simpler, however they involve several lim
itations and might be unreliable [10,11]. 

Aurivillius phases are ferroelectrics recognized as promising elec
trocaloric (EC) candidates [10]. They are composed by a number n of 
perovskite-like layers (An-1BnO3n+1)2- sandwiched between bismuth 
oxide layers (Bi2O2)2+ along the crystallographic c-axis (Fig. 1). The 
high-temperature crystal structure in the paraelectric phase is tetragonal 
(space group I4/mmm) and complex polar structures (either ortho
rhombic or monoclinic) involving not only the B-cation like in simple 
perovskites, but also the A-cation and oxygens, originate below TC [10]. 
They feature a large compositional and structural flexibility to accom
modate a wide range of A and B cations. A number of compositions, such 
as Bi3.25La0.75Ti12O3 [12] and Bi2An-1BnO3(n+1) with A = Sr/Bi, B =
Ta/Nb and n = 2, 4 [13], were found to have high dielectric strength, 
low leakage current and strong resistance to electrical fatigue, charac
teristics associated to the presence of the bismuth oxide layers that make 
them highly potential EC materials. Nevertheless, a drawback for 
widespread EC refrigeration applications near room temperature is that 
these compounds generally show too high TC values, e.g., large ΔT found 
at TC ⁓ 560 K for SrBi2Ta2O9 thin films [14]. Hence, the challenge with 
Aurivillius phases is lowering TC towards room temperature while 
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maintaining the excellent dielectric properties. Doping strategies have 
been reported to decrease TC, namely, A-site substitution with divalent 
cations (Ba2+, Sr2+) and/or lanthanides [15–20], and B-site substitution 
with an appropriate choice of pentavalent cations (Ta5+, Nb5+) [18,21, 
22]. At the same time, the introduction of structural disorder through 
chemical substitutions in ferroelectrics induces diffuse phase transitions 
which can be useful to expand the working temperature range of these 
materials as refrigerants [10,23,24]. Besides, above critical concentra
tions, chemical substitutions can lead to relaxor behavior, where instead 
of long-range ferroelectric domains, the strong compositional and 
structural disorder yields the formation of polar nanoregions with 
randomly distributed directions of dipole moments [25,26]. The EC 
properties of a few Aurivillius phases with different chemical sub
stitutions bringing TC closer to room temperature and exhibiting relaxor 
behavior were surveyed [17–20]. Direct ECE measurements in either 
Pr3+ or Ba2+ doped SrBi2(Nb0.2Ta0.8)2O9 showed ΔT values ⁓ 0.5 K and 
⁓ 0.8 K respectively, although no clear ECE peak was obtained in the 
temperature range around their TC [17–19]. Besides, in Pr3+ doped 
SrBi2(Nb0.2Ta0.8)2O9, a strong disagreement between the direct and in
direct ECE measurements was reported [18]. Much smaller ΔT values 
were reported from indirect ECE estimations in SrBi1.98

La0.02Nb2–xTaxO9 [20]. 
Despite the expectations placed on Aurivillius phases as EC mate

rials, the scarce dedicated studies performed so far are limited to com
pounds with Nb and/or Ta at the B-site. A potentially interesting lead- 
free Aurivillius family where B = Ti is Srn-3Bi4TinO3n+3, whose TC de
creases as n increases, being 950, 790 and 560 K for n = 3, 4 and 5, 
respectively [28]. We focus on five-layer Sr2Bi4Ti5O18 (n = 5), with the 
lowest TC and a very abrupt ferroelectric transition [28,29]. La3+ sub
stitution for Bi3+ at the A-site in Sr2Bi4-xLaxTi5O18 was reported to 
promote a relaxor ferroelectric behavior for x ≥ 0.5 and yielded TC 

values near room temperature but with very diffuse character and thus 
low electric permittivity and polarization values [29]. Inspired by re
sults on the ferroelectric properties of Bi4Ti3O12 (n = 3) [30,31], we 
follow a strategy that combines A-site doping (Bi3+ replacement by 
La3+) with additional B-site doping substituting Ti4+ by Nb5+. Herein, 
we report the effects of such La/Nb codoping on the crystal structure, 
electrical and EC properties of lead-free Aurivillius phase Sr2Bi4Ti5O18. 
To preserve the charge balance, given the heterovalent B-site substitu
tion (Ti4+ replaced by Nb5+), Bi vacancies are formed in the composi
tions with general chemical formula Sr2Bi4-x-1/3yLaxTi5-yNbyO18 
(SBLTN-x/y). The ECE is determined in the optimum compositions from 
direct measurements using a homemade quasi-adiabatic calorimeter and 
complemented further by indirect estimations from the electric polari
zation data at several temperatures. The codoped composition 
Sr2Bi3.44La0.5Ti4.8Nb0.2O18 (SBLTN-0.5/0.2), which features a modest 
relaxor ferroelectric behavior, shows the best EC performance with a 
maximum ΔT ⁓ 0.3 K at 355 K and temperature span ⁓ 15 K, under ΔE 
= 37 kV/cm. The best composition in terms of the closest proximity of 
the ECE to room temperature is Sr2Bi3.41La0.5Ti4.7Nb0.3O18 
(SBLTN-0.5/0.3), with a maximum ΔT ⁓ 0.2 K at 325 K and tempera
ture span ⁓ 16 K, under the same ΔE. Moreover, the comparison be
tween the direct and indirect ECE results evidences that the indirect 
method must be used with caution since it fails to reproduce the ECE 
peak magnitude as a function of the E field increase and also its tem
perature span. These results reinforce the importance of using direct ECE 
measurements for a truly reliable EC characterization and successful 
discrimination of future potential refrigerant materials. 

2. Experimental details 

The studied polycrystalline samples of five-layer Aurivillius com
pounds Sr2Bi4-x-1/3yLaxTi5-yNbyO18 (SBLTN-x/y) can be divided into two 
series: A-site La doped SBLTN-x/0 with x = 0, 0.25, 0.5, 0.6; and A-site 
La doped (x = 0.5) together with B-site Nb doped (i.e., La/Nb codoped) 
SBLTN-0.5/y with y = 0.1, 0.2, 0.3, 0.4. The SBLTN-x/y samples were 
prepared by the standard solid-state reaction method and their crystal 
structures were characterized by powder X-ray diffraction (XRD) at 
room temperature in a Rigaku D-Max system using Cu Kα1,2 wave
lengths. Precursor powders of Bi2O3, La2O3, SrCO3, TiO2 and Nb2O5 with 
purities not less than 99.9% were used. An excess of Bi2O3 (3–5 wt%) 
was applied to compensate for the bismuth losses during sintering due to 
its strong volatility. The stoichiometric mixture (with the mentioned 
Bi2O3 excess) was mixed and ground in a ball mill for 2 h. The powders 
were then calcined at 850 ºC for 4 h. The resulting products were 
reground, pressed into pellets and sintered at 1190 ºC for 4 h. After this 
step, SBLTN-x/0 samples are single phase but La/Nb codoped SBLTN- 
0.5/y samples show additional intermediate phases (SrTiO3 perovskite 
and SrBi2Ti4O15 phases). In this case, the last step is repeated until the 
XRD patterns no longer show progress in the chemical reaction. In the 
end, all the samples are single phase except SBLTN-0.5/y with y = 0.3 
and 0.4 that have tiny impurities of a pyrochlore phase (≈ 1 wt%). 
Rietveld analysis of the X-ray patterns was performed using the Fullprof 
package program [32]. 

Electrical and EC properties measurements were conducted on sin
tered disc-shaped samples, with typical dimensions of 8 mm diameter 
and thickness between 0.5 and 1 mm. Electrodes were made with silver 
paste in sandwich geometry. The relative electric permittivity was 
derived from measurements with an impedance analyzer (Wayne Kerr 
Electronics 6500B), applying sinusoidal excitations of 1 V amplitude at 
several frequencies between 100 Hz and 4 MHz. Temperature depen
dent measurements were carried out in a homemade sample insert 
placed inside a tubular furnace. Both heating and cooling ramps with a 
typical velocity value of 1 K/minute were applied. The polarization 
versus electric field P(E) curves were recorded using a commercial po
larization analyzer (aixACCT Easy Check 300) jointly with a high 
voltage amplifier (Trek 610E), applying sinusoidal excitations with 

Fig. 1. Orthorhombic crystal structure (B2cb space group) of five-layer Auri
villius phase Sr2Bi4Ti5O18 at room temperature. The structure is nearly 
tetragonal with a ⁓ b. Figure prepared with VESTA [27]. 
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typical frequency of 10 Hz and E field amplitudes up to 60− 70 kV/cm. 
P(E,T) curves as a function of temperature were measured in a home
made sample holder with a heater, being the samples immersed in sili
con oil to prevent electric discharges at high voltages. For the evaluation 
of the ECE, both direct and indirect methods have been used. Direct 
measurements were performed using a dedicated in-house-developed 
quasi-adiabatic calorimeter. The adiabatic temperature change ΔT was 
measured as a function of temperature every 1 K and at different applied 
E field variations ΔE. Samples were measured in the “contactless” mode 
to minimize heat losses, held only by the high voltage coaxial cable and a 
K-type thermocouple for the direct measurement of ΔT. Voltages up to 
either 2 kV or 5 kV were applied using two different homemade high- 
voltage converters. Further description of the quasi-adiabatic calorim
eter measurements can be found elsewhere [33]. For the indirect esti
mation, well-known thermodynamic formulations based on Maxwell 
relations have been applied to the P(E,T) data to derive ΔS as a function 
of temperature. To further deduce ΔT from ΔS, we performed heat ca
pacity (cp) measurements using a Quantum Design PPMS on thin pressed 
pellets (ca. 4 mg) of polycrystalline samples, thermalized by ca. 0.2 mg 
of Apiezon H grease, whose contribution was subtracted by using a 
phenomenological expression. Finally, density (ρ) measurements were 
conducted by the conventional Archimedes’ method. 

3. Results and discussion 

3.1. Structural characterization 

Fig. 2 compares the XRD patterns of selected Sr2Bi4-x-1/3yLaxTi5- 

yNbyO18 (SBLTN-x/y) samples. Although all the compositions show a 
pseudotetragonal symmetry because of the very similar a and b lattice 
parameters, the best refinements of the X-ray patterns are obtained using 
an orthorhombic structure with B2cb space group [34], which is the 
structure of the parent compound (Fig. 1). Table 1 summarizes the 
refined lattice parameters and Figures S1-S4 show the Rietveld re
finements for representative compositions. 

In La doped SBLTN-x/0 series, substitution of Bi for La gives rise to a 
unit cell shrinkage that is especially observed on the c-axis. This result 
must be ascribed to the smaller size of La3+ with respect to Bi3+ as 
tabulated in [35] (note that in this ref. only 8-fold coordinated cations 
can be directly compared). Competitive effects in the unit cell seem to 

exist in the La/Nb codoped SBLTN-0.50/y series. In this case, Ti4+ is 
replaced by Nb5+, which has a larger ionic radius (0.605 and 0.64 Å, 
respectively) [35] and, simultaneously, vacancies are formed at the Bi 
sublattice, while keeping constant a moderate amount of La (x = 0.5). 
Overall, the unit cell volume seems to expand upon Nb doping but the 
behaviour is non-isotropic. The lattice parameters of the ab-plane 
continuously increase, which is likely related to the increase in Nb 
content (y). Besides, the c-axis first decreases for y ≤ 0.2, then it expands 
for higher substitution values (0.3 ≤ y ≤ 0.4). 

3.2. Electrical properties 

Fig. 3 shows the relative electric permittivity εr collected at 50 kHz as 
a function of temperature for various samples of La doped SBLTN-x/ 
0 and La/Nb codoped SBLTN-0.5/y series, while the characteristic pa
rameters of each sample are summarized in Table 2. This comparison 
allows for a sample screening in terms of the transition temperature and 
sharpness. The abrupt peak in the ferroelectric parent compound 
SBLTN-0/0, increasingly shifts to lower temperatures and becomes 
smoother in the La doped compositions when x rises (Fig. 3(a)), in 
agreement with previous reports [15,29]. Although transition temper
atures at or near room temperature are obtained upon La doping, this is 
achieved at the expense of making the transition extremely diffuse with 
very low permittivity values. Interestingly, adding Nb doping to the x =
0.5 La doped compound (SBLTN-0.5/0) allows lowering further the 
transition temperature, while regaining some sharpness as illustrated by 
the results for the SBLTN-0.5/y series (Fig. 3(b)). We note that with 
respect to SBLTN-0.5/0, the maximum value of the electric permittivity 
εm increases to approximately double in the y = 0.1 compound, still 
grows a bit in y = 0.2 and then seems to saturate as the value is similar 
for y = 0.3. 

The permittivity measurements for the La/Nb codoped samples 
reveal additional features of the transition. Fig. 4 shows the relative 
electric permittivity of SBLTN-0.5/0.2, collected at 50 kHz on heating 
and cooling, as well as at several other frequencies between 100 and 
4 MHz on heating. The temperature of the maximum of the relative 
electric permittivity Tm shows a difference of about 10 K between the 
heating and cooling curves (Fig. 4(a)), a significant thermal hysteresis 
suggestive of a first-order transition. Besides, upon increasing the fre
quency, Tm shifts to higher temperatures together with a decrease in εm 
(Fig. 4(b)), as typically found in relaxor ferroelectrics [25]. The tem
perature dispersion between Tm values determined by frequencies 
differing by four orders of magnitude (100 Hz – 100 kHz) is indicated as 
ΔTm in Table 2 for each sample. In La doped SBLTN-x/0, ΔTm increases 
with x, reaching a maximum value ΔTm = 8 K for x = 0.6. Then, the 
value ΔTm = 4 K for the x = 0.5 sample, in good agreement with pre
vious measurements [29], slightly decreases upon Nb doping in the 
SBLTN-0.5/y series. We find that ΔTm is considerably lower in our 
SBLTN-x/y compositions than in related Aurivillius relaxor ferroelec
trics, e.g., ΔTm (500 Hz – 500 kHz) ⁓ 30–70 K for two-layer 
Sr1− xBaxBi2Nb2O9 [36], ΔTm (1 kHz – 1 MHz) ⁓ 20 K for four-layer 
BaBi4Ti4O15 and ΔTm (1 kHz – 1 MHz) ⁓ 30–40 K for five-layer 
Ba2Bi4Ti5O18 [25]. This indicates a relatively modest relaxor character 
of SBLTN-x/0, which is further weakened by the addition of Nb in 
SBLTN-x/y. 

Both La doped SBLTN-x/0 and La/Nb codoped SBLTN-0.5/y com
positions show a typical ferroelectric-like hysteresis in the P(E) curve at 
room temperature (Fig. S5), being the evolution of the ferroelectric 
polarization values upon doping in consistency with the electric 
permittivity results as described next for representative compositions. 
The polarization (both the value at maximum E field Pmax and the 
remanent polarization Pr) of the parent compound SBLTN-0/0 strongly 
decreases in La doped SBLTN-0.5/0, and then it is substantially restored 
in La/Nb codoped SBLTN-0.5/0.2 (Fig. 5 and Table 3). Besides, the 
polarization switching coercive field EC decreases only slightly upon La 
doping while a further reduction is gained by adding Nb. The 

Fig. 2. X-ray diffraction patterns of SBLTN-0/0, SBLTN-0.5/0, SBLTN-0.5/0.2 
and SBLTN-0.5/0.3 at room temperature with the indexation of the main 
diffraction peaks of the orthorhombic structure with B2cb space group. The 
asterisk (*) marks the main peak of the pyrochlore phase tiny impurity (≈ 1 wt 
%) in SBLTN-0.5/0.3. 
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ferroelectric properties are thus enhanced with the introduction of Nb in 
La doped SBLTN-0.5/0, which can be explained as follows. The decrease 
in the polarization of SBLTN-0/0 upon La doping must be related to the 
substitution of Bi3+ (6s2) for an ion without lone pair such as La3+ and 
the concomitant lesser structural distortion because of its smaller size. 
Then, the significant recovery of polarization upon replacement of Ti4+

by Nb5+ can be primarily ascribed to the reduction of oxygen vacancies 
mediated by the excess electrons, as previously proposed for the related 
Aurivillius systems Bi3.25La0.75Ti3− xNbxO12 [30] and SrBi4Ti4-xNbxO15 
[21]. Oxygen vacancies are well-known to be the most mobile charges in 
perovskite ferroelectrics and act as space charge that causes strong 
domain pinning, yielding low intrinsic permittivity and polarization 
values [22,30]. 

In the following, we focus on the five-layer Aurivillius SBLTN-x/y 

compositions with optimum properties as EC materials for refrigeration 
applications near room temperature. Specifically, on the La/Nb codoped 
compounds SBLTN-0.5/y with y = 0.2 (Tm ⁓ 342 K) and y = 0.3 (Tm ⁓ 
313 K), and their P(E,T) curves at temperatures above and below Tm. 
Measurements are taken on heating from room temperature up to 
around 420 K, every 5–10 K, under E field amplitudes of about 40 kV/ 
cm. Apart from the generally lower polarization values upon increasing 
Nb concentration from y = 0.2 to y = 0.3, the temperature dependence 
of the P(E) curves is very similar. As illustrated in Figs. 6(a) and 6(b) for 
y = 0.2 and y = 0.3 compounds, respectively, the P(E) loops become 
progressively slimmer upon warming, up to the typical paraelectric-like 
curve which does not fully close due to significant dielectric losses at 
high temperatures. Besides, Pr shows a rather sharp drop at Tm (Figs. 6 
(c) and 6(d)), also illustrated by the relatively narrow downward peak in 
the derivative, with a span of ⁓ 25 K as deduced from the full width at 
half maximum for both y = 0.2 and y = 0.3 compositions. This behavior 
suggests diffuse rather than canonical relaxor behavior since the latter 
would not show a step-like drop [26]. Looking into the P(E,T) curves in 
more detail, one can identify a sort of double or pinched hysteresis loop 
at temperatures well above Tm, for both compounds. The P(E) curves at 
390 K for y = 0.2 (Fig. 6(a)) and at 350 K for y = 0.3 (Fig. 6(b)) are 
representative of this behavior. Because the pinching is somewhat weak 
in our compounds, it is better appreciated in the current versus E field 
curves (Figs. S6 and S7), where the upward and downward peaks split 
from two to four and gradually faint upon warming. Pinched or double 
loops have been previously reported in perovskite-related systems and 
attributed to extrinsic (e.g., aging, defect-dipole pairs induced by 
non-stoichiometry) but also intrinsic mechanisms. An interesting theo
retical study [37] proved the possibility of pinched loops in defect-free 
ferroelectrics with inhomogeneous dipolar pattern and recent 

Table 1 
Refined lattice parameters for Sr2Bi4-x-1/3yLaxTi5-yNbyO18 (SBLTN-x/y) using an orthorhombic structure with B2cb space group.  

SBLTN-x/y Composition a (Å) b (Å) c (Å) Vol. (Å3) 

0/0 Sr2Bi4Ti5O18  5.4625(9)  5.4632(9)  48.8804(16)  1458.7(3) 
0.25/0 Sr2Bi3.75La0.25Ti5O18  5.4628(9)  5.4627(9)  48.8264(25)  1457.1(4) 
0.5/0 Sr2Bi3.5La0.5Ti5O18  5.4629(9)  5.4617(9)  48.8178(18)  1456.6(3) 
0.6/0 Sr2Bi3.4La0.6Ti5O18  5.4576(10)  5.4586(10)  48.8137(30)  1454.2(4) 
0.5/0.1 Sr2Bi3.47La0.5Ti4.9Nb0.1O18  5.4618(8)  5.4612(9)  48.7881(20)  1455.2(3) 
0.5/0.2 Sr2Bi3.44La0.5Ti4.8Nb0.2O18  5.4643(7)  5.4646(7)  48.7660(14)  1456.1(3) 
0.5/0.3 Sr2Bi3.41La0.5Ti4.7Nb0.3O18  5.4675(12)  5.4664(12)  48.7723(20)  1457.6(4) 
0.5/0.4 Sr2Bi3.38La0.5Ti4.6Nb0.4O18  5.4676(9)  5.4664 (9)  48.8056(24)  1458.7(4)  

Fig. 3. Temperature dependence of the relative electric permittivity (εr) measured at 50 kHz frequency in heating runs for (a) SBLTN-x/0 (x = 0, 0.25, 0.5, 0.6) and 
(b) SBLTN-0.5/y (y = 0, 0.1, 0.2, 0.3, 0.4). 

Table 2 
Dielectric characteristic parameters for Sr2Bi4-x-1/3yLaxTi5-yNbyO18 (SBLTN-x/y) 
samples as derived from the relative electric permittivity εr measurements as a 
function of temperature. εm is the maximum value and Tm is the temperature at 
which εr = εm derived from the heating runs at a frequency of 50 kHz. ΔTm is the 
difference between the Tm values at 100 Hz and 100 kHz.  

SBLTN-x/y Composition εm Tm (K) ΔTm (K) 

0/0 Sr2Bi4Ti5O18  1091  558  1 
0.25/0 Sr2Bi3.75La0.25Ti5O18  373  482  1 
0.5/0 Sr2Bi3.5La0.5Ti5O18  217  391  4 
0.6/0 Sr2Bi3.4La0.6Ti5O18  174  350  8 
0.5/0.1 Sr2Bi3.47La0.5Ti4.9Nb0.1O18  419  361  4 
0.5/0.2 Sr2Bi3.44La0.5Ti4.8Nb0.2O18  447  342  3 
0.5/0.3 Sr2Bi3.41La0.5Ti4.7Nb0.3O18  451  313  2  
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experimental works are more and more discarding the extrinsic mech
anisms. Very similar pinched loops were also reported for the relaxor 
Aurivillius phase SrNaBi2Nb3O12 well above Tm and were attributed to 
the phase coexistence between non-polar and polar regions [38]. 
Another possibility for the origin of the pinched loop is an E-field-in
duced transition above Tm from short-range-ordered polar nanoregions 
(PNRs) to long-range ordered ferroelectric macrodomains, as reported 
for relaxor ceramics like (Na0.5Bi0.5)TiO3-based solid solutions [39] and 
Pb0.91La0.06Zr0.8Ti0.2O3 [40]. Either way, the compositional disorder in 
our La/Nb codoped SBLTN-0.5/y compounds, including non-isovalent 
cations (Ti4+, Nb5+), yields a disordered matrix within which different 
ordered chemical nanoregions (i.e., the PNRs) are formed, which is also 
supported by the frequency dispersion of the electric permittivity, and 
would likely be at origin of the pinched P(E) loops. 

3.3. Electrocaloric properties 

The ECE is determined as a function of temperature and at different E 
field variations, through both direct and indirect methods, for the La/Nb 
codoped compounds SBLTN-0.5/y (y = 0.2 and 0.3). We use a dedicated 
quasi-adiabatic calorimeter for the direct measurements, in which the 
temperature gradient between sample and cryostat (i.e., thermal bath) is 
collected continuously [33]. In a typical experiment, once stabilized the 
cryostat temperature, several voltage V values (given E = V/d, where d 
is the sample thickness) are applied in a multiple-pulse sequence. The E 
field is applied, the sample polarizes and increases its temperature 
because of the ECE (polarization, ΔT > 0), then the field is fully removed 
(depolarization, ΔT < 0), over a period of 100 seconds at each step. This 
E on/off sequence is repeated twice, therefore the whole evolution 
through time results in four temperature relaxations per each field 
variation ΔE = E − 0 (Fig. S8). The adiabatic temperature change ΔT can 
be adequately extracted from the raw relaxation data by fitting them to 
an exponential decay, as previously described [33]. We find an excellent 
reproducibility (see Fig. S8), so that the average ΔT is given as the result. 
The ΔT values obtained for SBLTN-0.5/0.2 and SBLTN-0.5/0.3 show 
nicely defined peaks in the vicinity of Tm (Figs. 7(a) and 7(b)). We find 
that SBLTN-0.5/0.2 shows the maximum ΔT ⁓ 0.27 K under ΔE =
37 kV/cm, which occurs at a temperature of maximum ECE Tm,ECE =

355 K. Under this same field variation, ΔT reaches a more modest ⁓ 
0.18 K in SBLTN-0.5/0.3, although the maximum moves closer to room 
temperature, being centered at Tm,ECE = 325 K. Besides, under this field 

Fig. 4. Relative electric permittivity (εr) data for SBLTN-0.5/0.2. (a) Comparison between heating and cooling runs at 50 kHz. (b) Data measured while heating at 
several frequencies. 

Fig. 5. Polarization versus electric field P(E) curves at room temperature and 
10 Hz frequency for SBLTN-0/0, SBLTN-0.5/0 and SBLTN-0.5/0.2. 

Table 3 
Ferroelectric hysteresis loop characteristic parameters for selected Sr2Bi4-x-1/ 

3yLaxTi5-yNbyO18 (SBLTN-x/y) samples derived from the P(E) curves measured at 
room temperature and 10 Hz frequency.  

SBLTN-x/ 
y 

Composition Pmax (μC/ 
cm2) 

Pr (μC/ 
cm2) 

Ec (kV/ 
cm) 

0/0 Sr2Bi4Ti5O18  6.7  4.9  38.2 
0.5/0 Sr2Bi3.5La0.5Ti5O18  3.0  1.9  30.9 
0.5/0.2 Sr2Bi3.44La0.5Ti4.8Nb0.2O18  6.1  3.6  17.4  
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variation, the temperature span of the ECE ΔTspan,ECE, i.e., the span 
corresponding to ΔT ≥ 80%, is ⁓ 15 K for both y = 0.2 and y = 0.3 
compositions. Direct ECE measurements were also performed for the y =
0.4 compound (Fig. S9), however this composition was not studied 
further as its ECE is significantly weaker and the maximum well below 
room temperature. In comparison with direct ECE measurements re
ported for other relaxor Aurivillius phases in bulk form, e.g., Pr-doped 
(Tm ⁓ 350 K) [18] and Ba-doped (Tm ⁓ 380 K) [19] SrBi2(Nb0.2

Ta0.8)2O9, larger ΔT responses of ca. 0.4–0.8 K were obtained, although 
no well-defined ECE peaks were observed. We also note that, for 
SBLTN-0.5/y (y = 0.2 and 0.3), the temperature of maximum ECE Tm,ECE 

shows a systematic shift towards higher values with increasing ΔE, i.e., 
it disperses with the E field. For the largest differences in ΔE variation, i. 
e., ΔTm,ECE (4 kV/cm – 37 kV/cm) for y = 0.2 and ΔTm,ECE (6 kV/cm – 
37 kV/cm) for y = 0.3, we obtain considerable displacements ⁓ 13 K of 
the ECE maximum. A shift of the ECE peak upon increasing ΔE was 
reported before for conventional ferroelectric BaTiO3 (although detec
ted only for ΔT > 0 data, i.e., E on, and not for ΔT < 0, i.e., E off) [41] 
and also for relaxor bulk ceramics like (Na0.5Bi0.5)TiO3-based solid so
lutions [39], Pb0.91La0.06Zr0.8Ti0.2O3 [40] and Ba1-yCayTi1-xHfxO3 [33], 
with different magnitudes in each case. Similarly, an inverse shift of the 
ECE peak was recently found in a thin film of four-layered perovskite 
Bi5Ti3AlO15 with giant negative ECE [42]. Theoretical studies predict 
this behavior to occur in relaxor ferroelectrics showing field-induced 

first-order transitions [43]. Therefore, the large shifts in the ECE 
maximum exhibited by SBLTN-0.5/y (y = 0.2 and 0.3), suggest that the 
dominant contribution are E-field-induced transitions well above Tm 
from the diffuse relaxor ferroelectric state with short-range-ordered 
PNRs to a ferroelectric state with long-range order. 

Next, we also estimate ΔT indirectly by applying thermodynamic 
formulations to the P(E,T) curves measured at several temperatures 
above and below Tm. Only the upper branch with E > 0 is used for the 
indirect calculation as recommended in previous works [11,41]. An 
eighth-order polynomial is fitted to the isothermal P(E,T) curves so that 
all their data points occur at the same E field values and then transpose 
P(E) at the set of measured T values to give P(T) at the new set of E 
values. Then, the derivative of P with respect to temperature is calcu
lated from the small experimental incremental values of polarization 
versus temperature (5–10 K steps) at a given E value, and finally the 
analysis is completed through stepwise integration to derive the entropy 
variation of the ECE, namely, 

ΔS = −

∫ E

0

(
∂P
∂T

)

E′
dE′, (1)  

for any field change ΔE = E − 0 as it is our case. The adiabatic temper
ature variation ΔT can be calculated as well, namely, 

Fig. 6. Representative P(E) curves measured on heating for (a) SBLTN-0.5/0.2 and (b) SBLTN-0.5/0.3 at 10 Hz. Evolution of the remanent polarization Pr as a 
function of temperature and its derivative (dotted line) for (c) SBLTN-0.5/0.2 and (d) SBLTN-0.5/0.3. The dashed (black) line indicates the position of Tm. 
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ΔT = −
1
ρ

∫ E

0

T(E)
cp(E)

(
∂P
∂T

)

E′
dE′, (2)  

where ρ is the density and cp the heat capacity of the material [11]. As 
generally applied for practical indirect ΔT calculations, both T and cp are 
assumed E independent. Thus, Eq. (2) can be simplified as 

ΔT ≈ −
T

ρcp
ΔS. (3) 

Regarding the density, we determined ρ = 6.32 g cm− 3 (SBLTN-0.5/ 
0.2) and ρ = 6.24 g cm− 3 (SBLTN-0.5/0.3) using the Archimedes’ 
method, while the theoretical values as deduced using the refined lattice 
parameters from the XRD data, are ρXRD = 6.84 g cm− 3 (SBLTN-0.5/0.2) 
and ρXRD = 6.82 g cm− 3 (SBLTN-0.5/0.3). This means that our ceramic 
samples reached relative densities > 91% and were thus well sintered. 
Heat capacity measurements (Fig. S10) revealed no marked differences 
between the SBLTN-0.5/0.2 and SBLTN-0.5/0.3 compositions, being cp 

weakly temperature dependent between 300 and 400 K, that is, no 
anomalies attributable to conventional ferroelectric transitions were 
detected, consistently with the diffuse relaxor ferroelectric character 
[26]. Considering cp = 0.42 J g− 1 K− 1 for both SBLTN-0.5/0.2 and 

SBLTN-0.5/0.3 compositions, in addition to the corresponding experi
mental density values, we have calculated ΔT from Eq. (3) for ΔE var
iations matching the direct measurements. As shown in Figs. 7(c) and 7 
(d), a qualitative agreement between direct and indirect methods is 
obtained for the surveyed SBLTN-x/y compositions. A well-defined peak 
is also observed in the indirectly estimated ΔT(T) curves that gradually 
grows in intensity when increasing the E field. For the largest E field 
value, the indirect results correctly predict ΔT values greater in y = 0.2 
than in y = 0.3, while the magnitudes do not perfectly coincide with the 
direct values. Besides, the rate of the ECE enhancement with the field is 
not well captured in the indirect estimations and the peaks are sub
stantially much broader than in the direct ECE measurements. Similar 
disagreements were also found in other works dealing with relaxor 
ferroelectrics [33,39,40]. The problem is that Maxwell relations assume 
thermal equilibrium which does not hold for relaxor ferroelectrics with 
PNRs having different relaxation times [11]. Hence, the application of 
indirect methods based on Maxwell relations is limited to a qualitative 
prediction of the ECE in relaxors and must be used with caution, ideally 
contrasted with direct measurements. 

Fig. 7. Direct measurements of the ECE adiabatic temperature change ΔT for (a) SBLTN-0.5/0.2 and (b) SBLTN-0.5/0.3, together with its indirect derivation in (c) 
and (d) respectively, as a function of temperature at different electric field variations ΔE. 
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4. Conclusions 

We have investigated the EC potential of five-layer Aurivillius phase 
Sr2Bi4Ti5O18 upon La and Nb codoping through a comprehensive char
acterization of the structural and electrical properties, and direct jointly 
with indirect measurements of the ECE. The new, lead-free, five-layer 
Aurivillius compounds Sr2Bi4-x-1/3yLaxTi5-yNbyO18 (SBLTN-x/y), that 
further sub-divide into La-doped SBLTN-x/0 (0 ≤ x ≤ 0.6) and La/Nb 
codoped SBLTN-0.5/y (0.1 ≤ y ≤ 0.4) series; are successfully prepared 
by the standard solid-state reaction method and they all adopt the 
orthorhombic crystal structure of the parent compound. Electric 
permittivity and polarization measurements confirm the suitability of 
the strategy based on La/Nb codoping in Sr2Bi4Ti5O18 (TC ⁓ 560 K) 
for decreasing the transition temperature while maintaining reasonable 
ferroelectric properties. Adding Nb doping to the moderate La-doped 
composition compound SBLTN-0.5/0 (Tm ⁓ 391 K), allows decreasing 
further Tm in the SBLTN-0.5/y series (Tm ⁓ 342 K for y = 0.2 and Tm ⁓ 
313 K for y = 0.3) while enhancing the electric permittivity and polar
ization, besides reducing the coercive field. In addition, La/Nb codoped 
SBLTN-0.5/y compounds exhibit some peculiarities in the temperature 
dependence of the electric permittivity and polarization. The permit
tivity results show a significant thermal hysteresis and a frequency 
dispersion in agreement with a modest relaxor behaviour. In the P(E,T)
curves, the remanent polarization shows a rather sharp drop at Tm and, 
well above this temperature, pinched polarization loops are detected 
with a clearly defined double peak in the current versus field data that 
can be attributed to field-induced transitions from short-range-ordered 
PNRs to long-range ordered ferroelectric macrodomains typical of 
diffuse relaxor systems. 

Regarding the ECE measurements, our direct results in a dedicated 
quasi-adiabatic calorimeter have provided very well-defined peaks of 
the adiabatic temperature change as a function of temperature ΔT(T) in 
the proximity of Tm that strongly shift upon increasing the E field vari
ation, a behavior previously reported for relaxor ferroelectrics in both 
experimental [33,39,40,42] and theoretical [43] works. SBLTN-0.5/0.2 
composition shows the best EC performance with a maximum ΔT ⁓ 
0.3 K at 355 K and temperature span ⁓ 15 K, under ΔE = 37 kV/cm, 
while the optimum composition in terms the closest proximity of the 
ECE to room temperature is SBLTN-0.5/0.3, with a maximum ΔT ⁓ 

0.2 K at 325 K and temperature span ⁓ 16 K, under the same ΔE. We 
have also evaluated the indirect estimations of the ECE by standard and 
commonly applied thermodynamic analysis of the P(E,T) data based on 
Maxwell relations. While a maximum is clearly discerned in the indirect 
estimations of ΔT(T), neither the intensity variation upon increasing ΔE 
nor the temperature span, are well reproduced with respect to the direct 
measurements. Because relaxor ferroelectrics are an important class of 
potential EC materials with interesting characteristics like broad tem
perature spans and large E field dispersion of the ECE, direct measure
ments are thus the only reliable technique for evaluating their 
performance. Following the promising results of a tunable ECE in bulk 
La/Nb codoped Sr2Bi4Ti5O18 in the vicinity of room temperature, a 
future direction for improving further the EC performance in these 
materials would be the preparation of the best compositions in the form 
of thin films. 
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