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A B S T R A C T

We here report the structural, magnetic and electrical properties of Sr2.9La0.1Sn1.9M0.1O7 (M= Cr, Mn or Fe) 
compounds. This La/M codoping of the hybrid improper ferroelectric Sr3Sn2O7, allows introducing magnetic 
cations into the perovskite layers of this Ruddlesden-Popper phase. The doping induces minor structural changes, 
preserving the polar structure with space group A21am of the undoped compound. The perovskite tolerance 
factor of all doped samples is slightly lower than in Sr3Sn2O7, which preserves the tilts and rotations of SnO6 
octahedra. Doped samples exhibit a paramagnetic behavior down to 5 K and obey the Curie-Weiss law above 
200 K. The effective paramagnetic moments agree with the expected spin-only values of the respective magnetic 
M3+ cations. All samples show a ferroelectric hysteresis loop at room temperature, but the doped samples show 
larger coercive fields. Additionally, the doping with magnetic cations has important effects on the dielectric 
properties: a strong decrease of the temperature of the ferroelectric transition together with a smoothing of the 
anomaly in the dielectric permittivity. These results suggest that the disorder produced by the two aliovalent 
substitutions is detrimental for the ferroelectric properties due to point charge defects but, at the same time, the 
prevalence of the structural distortion (tilts and rotations) preserves the ferroelectricity in the investigated 
doping regime.

1. Introduction

Over the past decades, magnetoelectric multiferroics have attracted 
a large interest due to promising technological applications in data 
storage, spintronics or wireless energy transfer [1–3]. Despite this 
motivation, it remains a great challenge to find functional multiferroic 
materials which operate at room temperature. The reason is that, in most 
cases, the conditions for ferroelectricity and magnetic ordering hamper 
each other [4]. On one side, the most common ferroelectric compounds 
adopt an ABO3 perovskite (or related) type structure and the distortion 
leading to the spatial inversion symmetry breaking is favored by atoms 
with an empty d shell. Meanwhile, long-range magnetic ordering re
quires transition metals with partially filled d orbitals. In order to 
overcome this contraindication, many alternatives have been sought, 
including mechanisms where ferroelectricity is induced by incommen
surate magnetism, charge ordering or geometric mechanisms [1,2,5–7]. 
Concerning the latter, the hybrid improper ferroelectric (HIF) mecha
nism is recently drawing attention [8,9] since it gives rise to ferroelectric 

behavior at room temperature. This mechanism is fully operational in 
layered perovskite structures such as Ruddlesden-Popper (RP), 
Dion-Jacobson or Aurivillius phases. It consists of the coupling between 
two main non-polar distortions (associated with tilts and rotations of the 
BO6 octahedra) that favor the condensation of a secondary ferroelectric 
distortion [8–10]. The striking aspect of this trilinear coupling is that it 
is not induced by conventional d0 cation displacements, being a priori 
compatible with the presence of dn magnetic cations at the B site of the 
perovskite layers.

Recently, it has been shown that Sr3Sn2O7 is a HIF system with 
switchable electric polarization at room temperature, and a large coer
cive field in polycrystalline samples [11,12]. This compound (see Fig. 1) 
belongs to the family of RP phases with two perovskite layers (SrSnO3) 
separated by a rock salt layer (SrO) along the c axis. Also, it has been 
successfully grown as single crystals exhibiting a smaller coercive field 
with respect to the ceramic specimens [13]. The replacement of stron
tium with other alkaline earth metals (A= Ba, Ca) increases the Curie 
temperature (Tc) as the size of the A atom decreases [14,15]. Similar 
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results have been reported in related HIF compounds [16,17], suggest
ing a linear relationship between TC and the tolerance factor (t-factor) of 
the perovskite layers defined as t=(rA+rO)/√2(rB-rO), where rA, rB and 
rO represent the ionic radii of A-site cation, B-site cation, and oxygen 
anion, respectively. Consequently, a decrease of t-factor favors the tilts 
and rotations of the SnO6 octahedra, that lead to the appearance of HIF 
behavior. We note that, however, the large ferroelectric polarization 
observed in Ba-doped compounds is ascribed to the combined effect of a 
tilt increase and a rotation decrease that cannot be directly inferred from 
the evolution of t-factor [14].

The identification of HIF behavior in Sr3Sn2O7 makes it very 
attractive for developing new multiferroics by replacing Sn with mag
netic cations. To our knowledge, this type of substitution has not been 
explored so far. Therefore, the initial step is to determine if it is possible 
to incorporate magnetic cations in the Sn sublattice while preserving the 
ferroelectric properties of the parent compound. Previous studies on the 
related RP phase Ca3Ti2O7 have reported that the partial replacement of 
Ti by Co as an acceptor dopant results in the appearance of oxygen va
cancies. This leads to leakage effects on the dielectric properties of the 
ceramic specimens [18], which are detrimental for ferroelectricity. 
Meanwhile, the use of small amounts of Nd3+ as donor dopant in 
Ca3Ti2O7 was reported to be an effective way to decrease oxygen va
cancies, leading to improved ferroelectric properties [19]. Conse
quently, simultaneous substitution at both A and B crystallographic sites 
may be a suitable strategy to incorporate magnetic cations in HIF 

compounds without weakening their ferroelectric properties. In this 
context, we have thoroughly investigated the effects of doping the Sn 
sublattice in Sr3Sn2O7 with three different types of magnetic atoms 
(M=Cr, Fe and Mn). Since these magnetic cations are formally trivalent 
and they are replacing Sn4+ (acceptor dopants), a simultaneous substi
tution of Sr2+ with La3+ (donor dopant) is incorporated to preserve the 
charge balance. Therefore, this work focuses on the synthesis of 
Sr2.9La0.1Sn1.9M0.1O7 compounds with M= Cr, Fe or Mn and the resul
tant structural, magnetic and electrical properties, relative to the 
non-magnetic HIF counterpart Sr3Sn2O7.

2. Experimental details

Polycrystalline samples of Sr3Sn2O7 and Sr2.9La0.1Sn1.9M0.1O7 
(M=Cr, Fe or Mn) were synthesized by solid state reaction in three steps. 
Stoichiometric amounts of SnO2, SrCO3 and M2O3 were mixed, ground 
and heated at 1000º C for 15 h in air. The resulting powder was 
reground, pressed into pellets and sintered at 1300º C for 24 h. The 
pellets were reground, repressed and sintered at 1400º C for another 
24 h. The heating and cooling ramps were 5ºC/min in all steps. Density 
measurements on the resulting pellets were performed using the 
Archimedes’ method, obtaining relative densities between 91 % and 
93 %. The samples were characterized by X-ray powder diffraction 
(XRD) using a Rigaku D/MAX 2500-system and Cu Kα1,2 wavelengths. 
Rietveld analysis of the XRD patterns were performed with the Fullprof 
program [20]. The Rigaku accessory for temperature-dependent 
diffraction measurements from –180◦C to 300◦C in vacuum was 
installed to collect diffraction patterns between 40º and 225º C. The 
chemical composition of the samples was analyzed by wavelength 
dispersive X-ray fluorescence spectrometry (advant’XP+ model manu
factured by ARL). The Sr:Sn:M ratio agreed with the nominal one for all 
samples. The schematic illustrations of the crystal structures were per
formed with the VESTA program [21].

Room temperature X-ray absorption spectroscopy (XAS) measure
ments at the Mn K edge were performed at beamline BM23 of the ESRF 
(The European Synchrotron) [22] for Sr2.9La0.1Sn1.9Mn0.1O7 and the 
reference compounds CaMnO3, LaMnO3 and Ca3Mn2O7. Pellets of the 
reference compounds were prepared by dilution with cellulose to get a 
jump of about 1 at the absorption edge and they were measured in 
transmission mode. Due to the low Mn content, XAS measurements on 
Sr2.9La0.1Sn1.9Mn0.1O7 were conducted in fluorescence mode instead, 
using a Hitachi Vortex Si drift detector. The spectra were normalized and 
compared using the program Athena from the Demeter package [23].

Magnetic measurements were carried out between 5 and 320 K by 
using a commercial Superconducting Quantum Interference Device 
(SQUID, Quantum Design). Electrical properties measurements were 
conducted on sintered disc-shaped samples, with typical dimensions of 
8 mm diameter and thicknesses from 0.2 to 0.7 mm. Electrodes were 
made with silver paste in sandwich geometry. The relative dielectric 
permittivity was derived from measurements with an impedance 
analyzer (Wayne Kerr Electronics 6500B), applying sinusoidal excita
tions of 1 V amplitude at 900 kHz. Temperature dependent measure
ments were conducted 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) hysteresis loops were collected at room temperature in silicon oil, 
using a 500 V-built-in ferroelectric tester (Precision Premier II, Radiant 
Technologies) jointly with a high voltage amplifier (610E, Trek). We 
used two different measurement protocols, the standard bipolar trian
gular voltage pulse and the remanent hysteresis measurement to identify 
the intrinsic ferroelectric polarization [24,25]. Excitation signals with 
frequency of 250 Hz and maximum electric (E) field amplitude between 
100 and 225 kV/cm, depending on the sample, were applied.

Fig. 1. Orthorhombic crystal structure (A21am space group) of Sr3Sn2O7 at 
room temperature.
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3. Results and discussion

3.1. Structural characterization

The XRD patterns of the Sr3-xLaxSn2-xMxO7 (x=0 and 0.1; M=Cr, Fe 
or Mn) compounds confirm that they are single phase and agree with a 
bilayered RP phase adopting an orthorhombic unit cell (see Fig. S1 in the 
supplementary information). Accurate Rietveld refinements can be ob
tained for all compounds as can be seen in Fig. 2 for 
Sr2.9La0.1Sn1.9Mn0.1O7 and for the rest of the samples in the supple
mentary information (Fig. S2-S4). The refined structural parameters are 
summarized in Table 1. The values for Sr3Sn2O7 are in accordance with 
previous reports [12] and agree with the polar orthorhombic A21am 
space group. The other three samples are isostructural to Sr3Sn2O7 and 
exhibit smaller unit cells, which can be attributed to the smaller sizes of 
the incorporated atoms. The radius of La3+ (rLa

3+) is smaller than that of 
Sr2+ (rSr

2+) and, according to tabulated data, rSn
4+ > rFe

3+ = rMn
3+ > rCr

3+ [26]. 
In this way, the smallest unit cell corresponds to the Cr-doped compound 
as anticipated by the tabulated radii. At the same time, we find that the 
Mn-doped compound has an unexpectedly smaller unit cell volume than 
the Fe-doped. A detailed inspection to the lattice parameters reveals that 
the most significant anomaly is a larger contraction of the c axis for the 
Mn-doped compound. A possible explanation for this deviation would be 
a partial oxidation of Mn. To investigate this, we have carried out XAS 
measurements at the Mn K-edge. A linear chemical shift of 4.3 eV at this 
edge between Mn3+ (LaMnO3) and Mn4+ (CaMnO3) is observed in the 
La1-xCaxMnO3 series [27] and has been used to evaluate the chemical 
valence of Mn in different manganites [28]. The XAS spectrum of 
Sr2.9La0.1Sn1.9Mn0.1O7 shows an energy position of the absorption edge 
much closer to the Mn3+ reference than to the Mn4+ compounds 
(CaMnO3 or Ca3Mn2O7) as can be seen in the Fig. S5 (supplementary 
information). Therefore, the chemical valence of Mn in 
Sr2.9La0.1Sn1.9Mn0.1O7 is close to +3. In addition, the XAS spectrum for 
Sr2.9La0.1Sn1.9Mn0.1O7 exhibits pre-edge features very similar to those 
shown in the LaMnO3 spectrum indicating similar 1 s→3d transitions in 
both compounds and similar Mn 3d holes for both samples. Furthermore, 

Fig. 2. Observed (points), calculated (full line) and difference (bottom) x-ray diffraction profiles for Sr2.9La0.1Sn1.9Mn0.1O7. The bars indicate the allowed reflections. 
Inset: Detail of the same refinement at high angles.

Table 1 
Refined lattice parameters, tolerance factor, fractional atomic coordinates, 
isotropic temperature factors and reliability factors for Sr3Sn2O7 and 
Sr2.9La0.1Sn2.9M0.1O7 (M=Cr, Mn or Fe).

Sr3Sn2O7 M¼Cr M¼Mn M¼Fe

a (Å) 5.7066(1) 5.6985(1) 5.7019(1) 5.7016(1)
b (Å) 5.7352(1) 5.7269(1) 5.7308(1) 5.7296(1)
c (Å) 20.6649(1) 20.6320(2) 20.6127(2) 20.6365(1)
Vol. (Å3) 676.33(1) 673.32(1) 20.6127(2) 674.15(1)
t-factor 0.953(4) 0.945(5) 0.938(5) 0.949(4)
Sr1(La): x 0.0240(7) − 0.0232(8) − 0.0178(9) − 0.0244(8)
y 0.2477(9) 0.2466(9) 0.2477(9) 0.2436(9)
B (Å2) 0.13(6) 0.42(6) 0.69(5) 0.27(7)
Sr2: x 0.0025(6) − 0.0000(7) 0.0030(7) 0.0002(7)
y 0.7399(5) 0.7394(6) 0.7400(5) 0.7403(6)
z 0.31223(5) 0.31258(6) 0.31254(5) 0.31180(6)
B (Å2) 0.30(4) 0.33(4) 0.52(4) 0.12(5)
Sn(M): x 0.0 0.0 0.0 0.0
y 0.7498(5) 0.7500(5) 0.7492(4) 0.7502(5)
z 0.09830(6) 0.09855(7) 0.09847(6) 0.09853(8)
B (Å2) 0.31(3) 0.43(3) 0.37(2) 0.54(3)
O1: x − 0.003(6) 0.010(8) 0.005(8) − 0.010(7)
y 0.707(4) 0.708(5) 0.699(3) 0.717(6)
B (Å2) 0.89(19) 0.83(19) 0.64(16) 1.0(2)
O2: x − 0.016(4) − 0.008(6) − 0.009(5) − 0.016(5)
y 0.784(3) 0.788(3) 0.785(3) 0.789(3)
z 0.1979(4) 0.1993(5) 0.1965(3) 0.2040(6)
B (Å2) 0.89(19) 0.83(19) 0.64(16) 1.0(2)
O3a: x 0.272(3) 0.239(4) 0.240(4) 0.239(4)
y − 0.034(3) 0.016(4) − 0.006(4) 0.016(4)
z 0.0857(5) 0.0880(5) 0.0881(4) 0.0880(5)
B (Å2) 0.18(19) 0.54(19) 0.68(17) 0.12(19)
O3b: x 0.732(3) 0.781(4) 0.777(4) 0.236(4)
y 0.513(3) 0.460(4) 0.460(4) 0.035(4)
z 0.1102(5) 0.1100(5) 0.1094(4) 0.0862(6)
B (Å2) 0.18(19) 0.54(19) 0.68(17) 0.12(19)
Rexp (%) 5.3 5.4 5.2 5.4
RBragg(%) 3.7 4.4 2.2 4.35
χ2 2.35 2.2 1.7 2.5
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the small chemical shift (0.5 eV) between the edges of these two formal 
Mn3+ compounds can be ascribed to the difference between the 
Jahn-Teller (JT) Mn3+ in LaMnO3 and the non-JT Mn3+ in 
Sr2.9La0.1Sn1.9Mn0.1O7, as previously observed in related systems [29]. 
The non-JT Mn3+ is forced by its dilution in a rigid matrix (d10 cations as 
Ga3+ or Sn4+) that prevents this type of distortions. Accordingly, a 
possible explanation for slight discrepancy of structural data in the 
Mn-doped sample (see Table 1) may be ascribed to the occurrence of 
non-JT Mn3+ in this compound, whose ionic radius might deviate from 
the tabulated one, usually calculated from JT Mn3+.

We have also calculated the t-factor from the refined structural data 
and we have found similar values for all samples (within experimental 
errors) although the Mn-doped sample deviates slightly from this trend. 
In any case, all doped compounds seem to exhibit similar (within error 
bars) or even smaller t-factor than the undoped sample, which should 
preserve the rotations and tilts of the Sn(M)O6 octahedra observed in the 
parent compound.

Fig. 3 shows the temperature dependence of the lattice parameters 
for the four samples. The ferroelectric transition gives rise to clear 
anomalies in the evolution of the three crystallographic axes of 
Sr3Sn2O7, which follow an anisotropic behavior in agreement with 
previous results [12]. That is, while the a and b axes undergo a sudden 
contraction at TC≈ 130º C upon heating (see Fig. 3a-b), the c axis ex
hibits a coupled expansion (see Fig. 3c). Accordingly, this transition is 
barely noticeable in the temperature dependence of the unit cell volume 
as can be seen in Fig. 3d. Similar effects are observed in the three doped 

samples, but the anomalies are considerably weaker and occur at lower 
temperatures, with similar values around TC≈ 70–80º C. Although this 
result seems to contradict the linear relationship reported between TC 
and t-factor for HIF compounds [17], we note that there are additional 
effects that must be taken into account. Recent calculations have 
revealed a strong competition between the rotation of the BO6 octahedra 
(causing the HIF mechanism) and an atomic rumpling at the rock 
salt-perovskite interface producing a deformation of the BO6 octahedra 
[30]. The presence of trivalent cations (like La3+) in the rock salt layer 
seems to favor this atomic rumpling. At the same time, some studies on 
related systems have revealed that disordering of Sr2+/La3+ cations on 
perovskite and rock-salt sites suppresses the rumpling-induced octahe
dral deformation preserving BO6 rotations [31]. Finally, another 
important aspect to consider is that the relationship between TC and 
t-factor has been obtained in compounds with the B sublattice free of 
defects. In our samples, atom replacements are produced in both, A- and 
B-sites and this disorder may affect the coherence of BO6 rotations, 
weakening the HIF mechanism.

3.2. Magnetic properties

The magnetization curves M(T) were measured for the three doped 
samples. As expected for these small substitutions, they exhibit a para
magnetic behavior in the whole temperature range. Fig. 4(a) shows the 
temperature dependence of the inverse of the magnetic susceptibility 
after diamagnetic correction using tabulated data and the additive 

Fig. 3. Temperature dependence of the lattice parameters (a, b and c) and unit cell volume (d) for Sr3Sn2O7, Sr2.9La0.1Sn1.9Cr0.1O7 (Cr), Sr2.9La0.1Sn1.9Mn0.1O7 (Mn) 
and Sr2.9La0.1Sn1.9Fe0.1O7 (Fe).
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approximation [32]. The Fe- and Cr- doped samples exhibit an almost 
linear behavior in the whole temperature range. These samples obey the 
Curie-Weiss law given by: χ= C/(T-θ), where C is the Curie constant and 
θ is the Weiss constant. Table 2 summarizes the magnetic parameters 
obtained from the linear fits shown in Fig. 4(a). These parameters 
reasonably agree with the expected spin-only contribution from the 
magnetic cations. The calculated effective paramagnetic moments (ρeff) 
are slightly smaller than the theoretical ones (see Table 2), which may 
indicate the existence of magnetic correlations in the paramagnetic 
phase. The values of the Weiss constants are very small for Cr- and 
Fe-doped samples revealing weak interactions. Their negative values 
suggest antiferromagnetic correlations, in agreement with the expected 
interactions according to the Goodenough-Kanamori rules for 
super-exchange interactions [33,34]. On the other hand, a deviation 
from the linear behavior is observed in the measurement of Mn-doped 
sample, suggesting stronger magnetic correlations. Reasonable fits to a 
Curie-Weiss law can be obtained above 150 K. The ρeff values are in 
accordance with the spin-only contribution of high-spin Mn3+ atoms but 
the high value of the Weiss Constant seems somewhat unphysical (see 
Table 2). In any case, its positive sign suggests the presence of ferro
magnetic correlations in this sample. This result may be understood 
within the framework of the magnetic properties observed in simple 
perovskites when non-JT Mn3+ cations are diluted in a non-magnetic 
matrix (like LaGa1-xMnxO3 or LaSc1-xMnxO3). These compounds do not 
follow the Goodenough-Kanamori rules and even some compositions 
(x~ 0.5) exhibit a long-range ferromagnetic ordering at low temperature 
[29,35,36]. In order to evaluate the magnetic ground state of the doped 
compounds, isothermal magnetization between − 50 and − 50 kOe were 
measured at 5 K as can be seen in Fig. 4(b). The three samples show a 
linear behavior at low magnetic fields without any sign of spontaneous 
magnetization. This means that all three samples are paramagnetic even 
at 5 K, in agreement with the low concentration of magnetic ions in the 
doped samples. The M(H) curves cease to be linear at high magnetic 
fields, approaching the shape of a Langevin function typical of para
magnetic compounds, without reaching magnetic saturation at 50 kOe.

3.3. Ferroelectric properties

To evaluate the ferroelectric properties of codoped 

Fig. 4. (a) The inverse magnetic susceptibility versus temperature for 
Sr2.9La0.1Sn1.9Cr0.1O7 (Cr), Sr2.9La0.1Sn1.9Mn0.1O7 (Mn) and Sr2.9La0.1Sn1.9

Fe0.1O7 (Fe). The solid lines are fits to the Curie-Weiss law. (b) Isothermal 
magnetization measurements for the same samples at 5 K. Inset: Detail of the 
same curves at low magnetic fields.

Table 2 
Curie constant (C), Weiss constant (θ) and experimental effective paramagnetic 
moments (ρeff) obtained from the fit to a Curie-Weiss law. Theoretical effective 
paramagnetic moments (ρtheo) have been calculated from experimental values 
for spin-only contribution of Cr3+, high-spin Mn3+ and high-spin Fe3+.

Sample C (emu/K 
mol)

θ (K) ρeff 

(μB/fu)
ρtheo 

(μB/fu)
Fit Range

Sr2.9La0.1Sn1.9Cr0.1O7 0.145 − 6 1.08 1.20 50–310 K
Sr2.9La0.1Sn1.9Mn0.1O7 0.27 311 1.47 1.55 150–310 K
Sr2.9La0.1Sn1.9Fe0.1O7 0.355 − 33.5 1.69 1.86 10–320 K

Fig. 5. Polarization hysteresis loops for Sr3Sn2O and Sr2.9La0.1Sn1.9M0.1O7 (M=

Cr, Fe, Mn) measured at room temperature and at 100 Hz.
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Sr2.9La0.1Sn1.9M0.1O7 (M=Cr, Fe, Mn), P-E loops were measured 
applying the standard bipolar triangular voltage pulse and also the 
remanent hysteresis measurement protocols [25]. Fig. 5 shows the P-E 
results obtained at the highest E field value allowed by each sample, 
being the Cr-doped sample the one showing the smallest dielectric 
breakdown field. The loop for Mn-doped sample exhibits the largest 
contribution from leakage currents while the other three samples 
display a similar behavior with a main contribution coming from linear 
capacitance. In order to gain insights into polarization components, the 
remanent hysteresis measurement protocol was carried out. This pro
tocol allows getting the remanent polarization by subtracting the 
non-remanent components, i.e., leakage and linear capacitance contri
butions [25]. Details on how this measurement protocol works can be 
consulted in the supplementary material using the Fe-doped sample as 
representative example (Fig. S6).

Fig. 6 shows the remanent polarization loops of Sr3-xLaxSn2-xMxO7 
(x=0 and 0.1; M=Cr, Fe or Mn) ceramics measured at a frequency of 
250 Hz at room temperature at the maximum E field amplitude (E0) 
achieved for each sample. The same figure shows the current vs. E field 
curves where clear peaks around the coercive field (EC) values of the P-E 
loops are observed. The well-developed hysteresis loops together with 
the peaks in the I-E curves demonstrate the presence of intrinsic rema
nent polarization (Pr) at room temperature for all the measured samples. 
The Pr value for undoped Sr3Sn2O7 and Sr2.9La0.1Sn1.9Fe0.1O7 samples is 
around 0.04 μC/cm2 for E0 up to about 200 kV/cm, which agrees well 
with previous reports on the parent compound, considering that E0 
values above 300 kV/cm were applied in those cases [11,12]. At the 
same time, a similar Pr value is found for the Mn-doped sample (i.e., ~ 
0.05 μC/cm2 at a slightly larger E0 of ~230 kV/cm). Regrettably, we 
could not obtain P-E loops at E0 higher than 160 kV/cm for the 
Sr2.9La0.1Sn1.9Cr0.1O7 sample (Fid. 6d), because of the limitation by its 
relatively small breakdown field, but Pr at this field is similar to the 
value obtained for the Mn-doped sample. On the other hand, the EC 

values of all codoped samples are higher than those of undoped 
Sr3Sn2O7 (see Fig. S7 in the supplementary section) independently of the 
field-amplitude. These results indicate that the main effect in the 
ferroelectric properties upon the aliovalent codoping with La3+ and 
magnetic M3+ cations, is a hardening the ferroelectric hysteresis loop of 

Fig. 6. Remanent Polarization (dark colors) and current (light colors) versus E field curves for (a) Sr3Sn2O7, (b) Sr2.9La0.1Sn1.9Fe0.1O7, (c) Sr2.9La0.1Sn1.9Mn0.1O7 and 
(d) Sr2.9La0.1Sn1.9Cr0.1O7 measured at room temperature and at 250 Hz.

Fig. 7. The real component of the relative dielectric permittivity for Sr3Sn2O7, 
and doped Sr2.9La0.1Sn1.9M0.1O7 (M=Cr, Mn or Fe) samples.

J. Blasco et al.                                                                                                                                                                                                                                   Journal of Alloys and Compounds 1005 (2024) 176148 

6 



the HIF Sr3Sn2O7.
The temperature dependence of the real part of the relative dielectric 

permittivity for all samples measured at a frequency of 900 kHz is 
compared in Fig. 7. The ferroelectric transition of Sr3Sn2O7 is charac
terized by an anomaly with a lambda-shape. The peak of the anomaly is 
at 136º C while the transition onset on the high temperature side is at 
160º C. These values agree with previous reports [12,14]. The significant 
thermal hysteresis between the heating and cooling ramps suggests a 
first-order transition. Regarding the codoped samples, the transition 
becomes much smoother, especially in the Cr- and Mn-doped samples in 
this order. In the case of the Fe-doped sample, a small and broad peak is 
well noticeable at 77º C. The temperature ranges for the transitions 
observed in the dielectric permittivity are in reasonable agreement with 
the anomalies observed in the lattice parameters (compare Figs. 3 and 
7). These results indicate that this aliovalent codoping is detrimental for 
the ferroelectric properties of Sr3Sn2O7 despite the small structural 
changes induced (see Fig. 2) and the decrease in the t-factor (see 
Table 1). Therefore, the ferroelectric mechanism in these RP-phases 
depends not only on geometric factors like the t-factor but also on the 
type of substitution and the induced disorder. Previous studies, focused 
on isovalent substitutions, found a close correlation between TC and 
t-factor [15,34] conditioned by the rumpling distortion of BO6 octahedra 
[30,31]. Our study, focused on the doping with magnetic cations, in
volves a double aliovalent substitution at both sites (Sr and Sn) of the 
perovskite layers. Thus, we think that the compositional disorder affects 
the internal E field experienced by dipoles, weakening its ferroelectric 
arrangement. This results in smaller ordered domains that give rise to 
more diffuse transitions. A similar effect of aliovalent substitutions in 
ferroelectric BaTiO3 has also been reported [37]. In that work, the au
thors show how charge point defects break down the ferroelectric do
mains into polar clusters.

4. Conclusions

Hybrid improper ferroelectric Sr3Sn2O7 can be successfully doped 
with magnetic cations using a codoping strategy that combines A-site 
doping (Sr2+ replaced by La3+) and B-site doping (Sn4+ substituted with 
Cr3+, Mn3+ or Fe3+). For this small substitution (x=0.1), the polar 
crystal structure is preserved (space group A21am) but in spite of a slight 
decrease of the t-factor, which should favor an increase of tilts and ro
tations for the SnO6 octahedra, a decrease of TC for doped samples is 
found. The doped samples show a paramagnetic behavior between 5 and 
320 K, and the calculated effective paramagnetic moments agree with 
the spin-only values of the respective magnetic M3+ cations used as 
dopants.

The occurrence of well-developed remanent hysteresis loops con
firms the intrinsic ferroelectricity of all samples at room temperature. 
However, the doped compounds exhibit a considerably larger switching 
coercive field than Sr3Sn2O7, which hinders further the functionality of 
these new HIFs. The relative dielectric permittivity measurements 
revealed that this aliovalent cooping strategy is detrimental for the 
ferroelectric ordering, evidenced by a significant decrease in the TC for 
the doped samples together with a strong smoothing of the ferroelectric 
transition. As t-factor is slightly smaller for the doped samples, this 
weakening of the ferroelectric order must be attributed to the compo
sitional disorder due to the double aliovalent substitution that in
troduces a strong disarray in the internal electric field of the samples, 
making long-range order of the electric dipoles more difficult. This result 
should be taken into account for the development of future strategies to 
obtain new multiferroic materials based on the improper hybrid 
mechanism.
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[7] J. Blasco, J.L. García-Muñoz, J. García, G. Subías, J. Stankiewicz, J.A. Rodríguez- 
Velamazán, C. Ritter, Magnetic order and magnetoelectric properties of R2CoMnO6 
perovskites (R=Ho, Tm, Yb, and Lu), Phys. Rev. B 96 (2017) 024409, https://doi. 
org/10.1103/PhysRevB.96.024409.

[8] N.A. Benedek, J.M. Rondinelli, H. Djani, P. Ghosez, P. Lightfoot, Understanding 
ferroelectricity in layered perovskites: new ideas and insights from theory and 
experiments, Dalton Trans. 44 (2015) 10543–10558, https://doi.org/10.1039/ 
C5DT00010F.

[9] N.A. Benedek, C.J. Fennie, Hybrid improper ferroelectricity: a mechanism for 
controllable polarization-magnetization coupling, Phys. Rev. Lett. 106 (2011) 
107204, https://doi.org/10.1103/PhysRevLett.106.107204.
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