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A B S T R A C T

We examine the effect of Fe and Cr substitutions at the Sn site on the magnetic properties of the hybrid improper 
ferroelectric Sr3Sn2O7. Upon co-doping with La to preserve the electric charge balance in the unit cell, the Sr3- 

xLaxSn2-xCrxO7, Sr3-xLaxSn2-xFexO7 and Sr2LaSnFe1-yCryO7 series can be obtained as single phases up to x = 1 and 
for all y values. The unit cell volume is isotropically reduced with doping, so that the orthorhombic structure is 
preserved. However, these substitutions strongly destabilize the ferroelectric order by decreasing the transition 
temperature, TFE, below room temperature for x ≥ 0.25. La/Cr co-doping is unable to induce long-range mag
netic and compositions from this series behave as conventional paramagnetic compounds; although for high 
doping concentration (x ≥ 0.5), the significant deviations from the Curie law at low temperatures suggest the 
onset of antiferromagnetic correlations. In the case of La/Fe co-doping, all samples show strong antiferromag
netic correlations, but a spin glass-like behavior is observed for x ≈ 1 compounds. Finally, no long-range 
magnetic ordering is observed in La/Cr-Fe co-doped samples, but at the same time an increase in spontaneous 
magnetization is seen at low temperature, which is associated with the presence of competitive magnetic in
teractions, in particular the Fe-O-Cr superexchange ferromagnetic interaction. The lack of long-range magnetic 
order in the investigated series of Cr/Fe-doped Sr3Sn2O7, indicates that the critical concentration of magnetic 
atoms necessary to overcome the magnetic percolation threshold exceeds the 50 % in magnetic cations in these 
bilayered Ruddlesden-Popper perovskites.

1. Introduction

Recent studies have proved that Sr3Sn2O7 is an improper ferroelec
tric with switchable electric polarization at room temperature with a 
large coercive field [1,2]. In addition, it can be grown as single crystal 
using the floating zone method and shows ferroelectricity with a smaller 
coercivity compared to the ceramic specimens [3]. Sr3Sn2O7 is a mem
ber of Ruddlesden-Popper (RP) series, An+1BnO3n+1 (A=Sr; B=Sn) with n 
= 2. Its crystal structure consists of alternating perovskite bilayers 
(ABO3) and rock-salt-like layers (AO) along the c-axis (see Fig. 1). The 
undistorted ideal structure is tetragonal with space group I4/mmm but 
the small size of Sr2+ produces structural strain that is relieved by 
cooperative rotations and tilts of the SnO6 octahedra, which reduces the 
symmetry of the unit cell to orthorhombic (space group A21am). This is 

the basis for the hybrid improper ferroelectric (HIF) mechanism where 
two main non-polar distortions (the abovementioned rotation and tilt of 
SnO6 octahedra) are coupled to favor the condensation of a secondary 
ferroelectric distortion [4–6]. In this way, Sr3Sn2O7 can be classified as a 
geometric improper ferroelectric compound. The discovery of new 
mechanisms for ferroelectricity, such as the HIF in complex 
perovskite-based layered structure systems, paves the way for the search 
of new multiferroic materials at room temperature [7], since in principle 
this mechanism is compatible with the presence of magnetic cations at 
the B site of the perovskite layers. Following this strategy, the 
non-magnetic cation Sn4+ in Sr3Sn2O7 is replaced with magnetic cations 
trying to reach the magnetic percolation. This percolation is reached 
when the concentration of magnetic atoms exceeds a critical threshold, 
which triggers a phase transition from a disordered to a long-range 
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magnetic ordered ground state. The critical concentration of magnetic 
atoms depends on the type of perovskite structure, the nature of the 
magnetic atoms, and the temperature of the system. Regarding the 
crystal structure, there are important differences between a simple 
perovskite and a RP phase with n = 1, A2BO4. In the first case, each BO6 
octahedron is linked with 6 neighboring octahedra establishing a 
three-dimensional (3D) lattice. For A2BO4, each BO6 octahedron is 
connected with 4 neighboring ones forming two-dimensional (2D) 
layers which are kept separated by the AO rock-salt layer. Following 
pioneering studies on the critical percolation for 2D and 3D lattices [8], 
some experimental studies determined the critical concentration of 
magnetic atoms at T = 0 K, xc, in both types of structures for diluted 
Heisenberg antiferromagnets [9]. Values of xc= 0.31 and 0.59 are ob
tained for a simple perovskite and a 2D-RP phase, respectively. These 
values agree with the ones expected from numerical calculations [8,9]. 
Further studies on 2D-RP phases with antiferromagnetic (AFM) order 
reveal that Heisenberg magnets show a higher TN decrease rate than 2D 
Ising magnets in the low concentration range of non-magnetic ions [10]. 
However, both types of magnets show similar xc values in most cases 
[10]. In the case of a RP phase with perovskite bilayers like Sr3Sn2O7, 
each SnO6 octahedron is linked with 5 neighboring octahedra so that an 
intermediate xc-value between the two previous cases can be expected. 
In all instances, these numbers should be taken as a first approximation 
because the nature of the magnetic cations and the magnetic in
teractions also play a role. Very few studies have been devoted to the 
effects of magnetic dilution on A3B2O7 RP phases. For instance, in the 
particular case of manganites dominated by the competing interactions 
of Mn3+ and Mn4+, both (La,Ca)MnO3 and (La,Ca)3Mn2O7 show 

long-range magnetic order with similar TN for the same doping degree, 
whereas (La,Ca)2MnO4 presents a spin glass behavior [11]. Another 
study on LaSr2Mn2-xAlxO7 reported a TN reduction according to a 2D 
Heisenberg system for x ≤ 0.2, but xc was not determined [12].

In the present work we explore the magnetic percolation threshold in 
the HIF Sr3Sn2O7 by replacing Sn4+ with magnetic Fe3+ and/or Cr3+

cations, that are intended to induce different magnetic interactions and 
orderings. According to Goodenough-Kanamori rules [13,14], the 180º 
magnetic superexchange interactions should be AFM for Fe3+-O-Fe3+

and Cr3+-O-Cr3+ but ferromagnetic (FM) for Fe3+-O-Cr3+. The experi
mental results obtained in simple perovskites support these rules as 
strong AFM is reported for LaFeO3 (TN≈740 K) [15] and more moderate 
for LaCrO3 (TN≈283 K) [16]. However, complex magnetic interactions 
are observed in LaFe0.5Cr0.5O3, giving rise to controversial results in the 
literature. Neutron diffraction studies determined a canted AFM 
ordering with a FM component at TN≈265 K for this compound [17], but 
a ferrimagnetic behavior is also observed in the magnetization mea
surements with a strong magnetic irreversibility. The occurrence of 
ferromagnetic clusters around room temperature followed by a 
compensation temperature at T ≈ 190 K has also been reported, which 
clearly indicates the presence of competitive magnetic interactions in 
this compound [18,19]. The diverse electronic configurations of Fe3+

(3d5 and S = 5/2) and Cr3+ (3d3 and S = 3/2) may also lead to different 
magnetic behaviors: Fe3+ is a quite isotropic cation while Cr3+ may 
exhibit a net orbital angular moment contribution. Nonetheless, 
Cr3+spin can usually point in any direction, reflecting isotropic spin-spin 
interactions according to Heisenberg model [20]. A similar behavior is 
expected for Fe3+, although some studies reported that this cation may 
behave as an Ising magnetic cation in anisotropic structures, so that their 
magnetic interactions are primarily restricted along one axis [21].

The magnetic doping species at Sn4+ site are trivalent, so the electric 
charge balance of the unit cell is preserved by the simultaneous substi
tution of Sr2+ for La3+, which can be placed at any of the two available 
A-sites in the crystal structure (Fig. 1). This type of co-doping strategy in 
two positions of layered structures has already been successfully carried 
out in related complex oxide systems [22]. In particular, the effect of 
replacing strontium with other alkaline earth metals (A= Ba, Ca) in 
Sr2Sn2O7 reveals that the ferroelectric transition temperature (from here 
on, denoted as TFE to differentiate it from the ferromagnetic transition 
temperature Tc) increases as the average size of the A atom decreases 
[23,24]. This effect suggests a relationship between TFE and the toler
ance 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. A decrease of t-factor fa
vors the tilts and rotations of the BO6 octahedra that lead to the 
appearance of improper ferroelectricity. All these distortions are active 
in LaFeO3 or LaCrO3, which aligns with our co-doping strategy. In this 
work we present a thorough structural, magnetic and electric charac
terization for samples doped with a single magnetic cation, 
Sr3-xLaxSn2-xCrxO7 and Sr3-xLaxSn2-xFexO7, and with two magnetic 
atoms: Sr2LaSnFe1-yCryO7.

2. Experimental

Polycrystalline samples of Sr3-xLaxSn2-xCrxO7, Sr3-xLaxSn2-xFexO7, 
and Sr2LaSnFe1-yCryO7 (0 ≤ x, y ≤ 1) were synthesized by solid state 
reaction in three steps as reported elsewhere [25]. Stoichiometric 
amounts of SnO2, SrCO3, La2O3, Cr2O3 and Fe2O3 (nominal purities not 
<99.9 % in wt.) were mixed, ground and heated at 1273 K for 15 h in air. 
The resulting powder was reground, pressed into pellets and sintered at 
1573 K for 24 h. Thus, the pellets were reground, repressed and sintered 
at 1673 K for another 24 h. The heating and cooling ramps were 5 K/min 
in all steps. The samples were characterized by X-ray powder diffraction 
(XRD) using a Rigaku D-system using Cu Kα1,2 wavelengths. Neutron 
powder diffraction (NPD) measurements were performed at the 
high-flux reactor of the ILL (Grenoble, France) using the high-intensity 

Fig. 1. Orthorhombic crystal structure of Sr3Sn2O7 and type of co-doping to 
preserve the electrical charge balance. Big green, intermediate red and small 
blue balls stand for Sr, Sn and O atoms, respectively.
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powder diffractometer D1B with a detector angular range coverage 2º ≤
2θ ≤ 128◦, which is especially suited for determination of magnetic 
orderings. A wavelength of λ ≈ 2.52 Å was used in a temperature range 
between 2 K and 150 K. Rietveld analysis of XRD patterns were per
formed with the Fullprof program [26]. The schematic illustrations of 
the crystal structures were obtained with the VESTA program [27]. The 
chemical composition of the samples was evaluated by using the 
wavelength dispersive X-ray fluorescence spectrometry technique 
(advant’XP+ model manufactured by ARL). The Sr:Sn:B ratio agreed 
with the nominal one for all samples.

Magnetic measurements were carried out between 5 and 400 K by 
using a commercial superconducting quantum interference device 
(SQUID) magnetometer from Quantum Design. The measurements were 
performed warming the sample after zero-field cooling at an external 
magnetic field of 1 kOe. Isothermal magnetization measurements at 
selected temperatures between 5 and 250 K were performed for exter
nals fields between − 50 and 50 kOe. The relative dielectric permittivity 

was derived from measurements with an impedance analyzer (Wayne 
Kerr Electronics 6500B), applying sinusoidal excitations of 1 V ampli
tude at 900 kHz. Temperature dependent measurements were conducted 
in homemade sample insert in either a tubular furnace (upon heating 
above room temperature) or an Oxford Instruments cryostat (from 120 K 
up to 400 K), with 1 K/minute heating ramps. 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 Pre
mier II, Radiant Technologies) jointly with a high voltage amplifier 
(610E, Trek). Excitation signals with frequency of either 100 or 250 Hz 
and maximum electric (E) field amplitude of 125 kV/cm were applied. 
X-ray absorption spectra (XAS) of the Fe L2,3 edge (700–730 eV) of 
Sr2LaSnFeO7 was measured at room temperature by total electron yield 
detection at the BL29 BOREAS beamline at ALBA synchrotron [28].

Fig. 2. XRD patterns of Sr3-xLaxSn2-xCrxO7 (a) and Sr3-xLaxSn2-xFexO7 (b) samples including the indexation of the main diffraction peaks. The patterns are shifted up 
for the sake of comparison. The asterisk indicates the main impurity peak observed in Sr2LaSnCrO7.
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3. Results and discussion

3.1. Structural effects of co-doping in the HIF behavior of Sr3Sn2O7

Fig. 2(a) and (b) show the XRD patterns of the Sr3-xLaxSn2-xCrxO7 and 
Sr3-xLaxSn2-xFexO7 (x = 0, 0.1, 0.25, 0.5, 0.75 and 1) series, respectively. 
All samples are single phase, except for the x = 1 Cr-doped compound, 
that exhibits a minor pyrochlore impurity (0.8(1) % in wt. estimated 
from the Rietveld refinement).

Both the Sr3-xLaxSn2-xCrxO7 and Sr3-xLaxSn2-xFexO7 series can be 
refined to the polar A21am structure, identical to that of the parent 
compound Sr3Sn2O7 [1–3]. The refined lattice parameters are summa
rized in Table 1. The volume of the unit cell decreases linearly as the 
degree of co-doping in the series increases, according to the different 
tabulated ionic radii [29]: rLa

3+< rSr
2+and rCr

3+(rFe
3+) < rSn

4+with rLa
3+, rSr

2+, rCr
3+, 

rFe
3+rSn

4+. Also, the volume reduction is less pronounced in Fe-doped 
samples, as rFe

3+ > rCr
3+ (0.645 and 0.615 Å3, respectively). The contrac

tion of the unit cell volume is quite isotropic, as all lattice parameters are 
equally reduced, being − 0.21 Å3/x and − 0.29 Å3/x for the Fe- and 
Cr-based series, respectively. (see Table 1). Single phases of the 
Sr2LaSnFe1-yCryO7 series have also been obtained with y = 1/3, 1/2 and 
2/3. The refined lattice parameters are also listed in Table 1 and they can 
be compared with Sr2LaSnFeO7 (y = 0) and Sr2LaSnCrO7 (y = 1). These 
parameters continuously decrease as the y-value does reflecting the fact 
that rFe

3+> rCr
3+. The lattice evolution is continuous between the two limits 

of this series.
Given the absence of impurities in Sr2LaFeSnO7, we decided to in

crease the degree of Fe substitution. For samples with x > 1, secondary 
phases of simple perovskite and 2D-RP AB2O4 phases appear in the XRD 
patterns, while at x = 1.25, these become the majority phases (see 
supplementary information). It seems that for this concentration range 
the equilibrium A3B2O7 ⇆ ABO3 + A2BO4 (A=La, Sr; B=Fe, Sn) is shifted 

to the right side.
Our recent study on the electrical properties of the Sr3-xLaxSn2-xMxO7 

(x = 0 and 0.1; M=Cr, Fe or Mn) compounds revealed that this type of 
aliovalent co-doping weakens the ferroelectric ordering, which is evi
denced by a significant decrease in the TFE even for these small doping 
concentrations [25]. Sr3Sn2O7 is white. However, the doped samples are 
colored and the color evolves from a light yellow (Fe) or coral (Cr) for x 
= 0.1 through a dark yellow (Fe) or brown (Cr) for x = 0.5 until reaching 
a very dark brown for both doped samples with x = 1. This darkening of 
the samples upon doping reflects an increase in structural defects which 
is also reflected in the electrical properties. Samples become more 
conductive and space charge polarization effects due to the presence of 
mobile ions is the largest contribution to the dielectric permittivity 
measured at low frequencies, hiding the anomaly produced in the 
ferroelectric transition. At high frequencies the dipole ordering becomes 
the most important contribution to the dielectric permittivity and the 
samples can be compared, regardless of the differences in electrical 
conduction. Fig. 3 (top panel) compares the real part of the relative 
electrical permittivity of the Sr3-xLaxSn2-xFexO7 (x ≤ 0.5) samples at a 
frequency of 900 kHz in a heating ramp. The ferroelectric transition of 
Sr3Sn2O7 is characterized by an anomaly with a peak at 409 K whose 
position does not depend on the frequency of the electric field. This 
temperature agrees with previous reports [2,23,25] and it was identified 
as a first-order transition [30]. As the Fe content in the sample increases, 
the anomaly widens and appears at lower temperatures confirming that 
co-doping weakens the ferroelectric ordering. We note that the shape of 
the anomaly is frequency independent for x = 0.1, revealing a conven
tional ferroelectric transition like the undoped compound. In the case of 
the sample with x ≥ 0.25, the frequency range with dominant electronic 
contribution is very limited and thus prevents characterizing the 
occurrence of a relaxor behavior in the wide transition observed in these 
samples. Fig. 3 (bottom panel) compares the P-E loops for 
Sr2.9La0.1Sn1.9Fe0.1O7 and Sr2.75La0.25Sn1.75Fe0.25O7 samples that were 
measured applying the standard bipolar triangular voltage pulse (main 
panel) and the remanent hysteresis measurement protocols based on the 
PUND method [31] (inset). The comparison is made at the highest E field 
value allowed by the second sample. Clearly, the leakage current in
creases as does the Fe content in the sample, producing more open loops. 
A well-developed hysteresis loop is observed in the remanent hysteresis 
measurement for the Sr2.9La0.1Sn1.9Fe0.1O7 compound and the J-E curve 
shows peaks around the coercive field (see supplementary information) 
confirming an intrinsic remanent polarization at room temperature for 
this composition. However, the same measurement in the 
Sr2.75La0.25Sn1.75Fe0.25O7 sample shows a negligible remanent polari
zation within experimental error, around ten times smaller than the 
previous sample. These measurements were not possible for samples 
with higher Fe concentration due to their high electrical conductivity at 
room temperature.

Therefore, samples with x ≥ 0.25 are no longer considered as 
ferroelectric above room temperature, even though the orthorhombic 
distortion is preserved throughout the series. This indicates that the real 
space group for samples with a high degree of Sn substitution is 
centrosymmetric. These patterns can be refined using the Amam space 
group, instead of the polar A21am at room temperature. We note here 
that, differentiating between these space groups by conventional XRD is 
very hard because they have the same allowed reflections. In related 
systems, it has been suggested that the 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, can effectively suppress the HIF 
mechanism [32]. Finally, another factor to be considered is that disorder 
at the B-sites also affects the BO6 rotations, weakening the HIF 
mechanism.

Table 1 
Refined lattice parameters for Sr3-xLaxSn2-xCrxO7, Sr3-xLaxSn2-xFexO7 and 
Sr2LaSnFe1-yCryO7 compounds using the orthorhombic cell with space group 
A21am (or Amam). Numbers in parentheses indicate the errors in the last sig
nificant digits.

Sample a (Å) b (Å) c (Å) Vol. (Å3)

Sr3Sn2O7 5.7066 
(1)

5.7352 
(1)

20.6649(1) 676.33(1)

Sr3-xLaxSn2-xCrxO7 series ​ ​ ​ ​
Sr2.9La0.1Sn1.9Cr0.1O7 5.6985 

(1)
5.7269 
(1)

20.6320(2) 673.32(1)

Sr2.75La0.25Sn1.75Cr0.25O7 5.6765 
(3)

5.7039 
(3)

20.6117(9) 667.38(5)

Sr2.5La0.5Sn1.5Cr0.5O7 5.6549 
(4)

5.6821 
(4)

20.5278 
(13)

659.59(7)

Sr2.25La0.75Sn1.25Cr0.75O7 5.6289 
(3)

5.6543 
(3)

20.4336(7) 650.34(5)

Sr2LaSnCrO7 5.6037 
(7)

5.6306 
(7)

20.3723 
(14)

642.80 
(14)

Sr3-xLaxSn2-xFexO7 series ​ ​ ​ ​
Sr2.9La0.1Sn1.9Fe0.1O7 5.7016 

(1)
5.7296 
(1)

20.6365(2) 674.15(1)

Sr2.75La0.25Sn1.75Fe0.25O7 5.6854 
(3)

5.7135 
(3)

20.6175 
(11)

669.73(6)

Sr2.5La0.5Sn1.5Fe0.5O7 5.6706 
(3)

5.7031 
(3)

20.5625 
(12)

665.00(7)

Sr2.25La0.75Sn1.25Fe0.75O7 5.6497 
(5)

5.6763 
(5)

20.4915(9) 657.15(9)

Sr2LaSnFeO7 5.6265 
(6)

5.6528 
(6)

20.4552 
(13)

650.59 
(13)

Sr2LaSnFe1-yCryO7 series ​ ​ ​ ​
Sr2LaSnFe2/3Cr1/3O7 5.6188 

(4)
5.6466 
(4)

20.4166(8) 647.75(8)

Sr2LaSnFe1/2Cr1/2O7 5.6140 
(4)

5.6435 
(4)

20.4111(7) 646.67(7)

Sr2LaSnFe1/3Cr2/3O7 5.6068 
(3)

5.6356 
(3)

20.3849(7) 644.12(7)

J. Blasco et al.                                                                                                                                                                                                                                   



Materials Research Bulletin 187 (2025) 113385

5

3.2. Evolution of the magnetic properties upon Cr and/or Fe doping

3.2.1. Sr3-xLaxSn2-xCrxO7
The temperature dependence of the magnetization, M(T), measured 

at 1 kOe in the Sr3-xLaxSn2-xCrxO7 series exhibits a paramagnetic 
behavior in the whole temperature range without noticeable irrevers
ibility between zero-field-cooled (ZFC) and field-cooled (FC) conditions. 
Fig. 4(a) shows the inverse of the magnetic susceptibility vs. tempera
ture curves for this series. All doped samples obey the Curie-Weiss law at 
high temperatures (T > 200 K), showing a deviation at low temperature 
that suggests a polarization of the magnetic moments. Nonetheless, 
long-range magnetic ordering is not developed in any of these com
pounds as will be shown below by the analysis of the neutron diffraction 
results. Table 2 summarizes the magnetic parameters obtained from the 
linear fits shown in Fig. 4(a). The Curie constant increases with the 

content of paramagnetic cations (Cr3+), as expected. Overall, the 
calculated effective paramagnetic moments (ρeff) reasonably agree with 
the theoretical ones considering the spin-only contribution of high spin 
Cr3+. All these samples have a negative Weiss constant that indicates the 
presence of AFM correlations in the paramagnetic phase. Furthermore, 
these correlations increase with the Cr-content, in agreement with the 
expected interactions from the Goodenough-Kanamori rules [13,14].

The H field dependence of magnetization, M(H), is presented in 
Fig. 4(b) between +50 kOe and − 50 kOe for the Sr3-xLaxSn2-xCrxO7 se
ries at 5 K. The lower the concentration of Cr, the easier it is to polarize 
the samples. This confirms that AFM correlations strengthen with 
increasing Cr content, although they remain insufficient to establish 
long-range magnetic order, even for x = 1. The inset of Fig. 4 displays 
the M(H) curves at selected temperatures for the x = 0.75 compound as a 
representative example, since the other samples exhibit a similar 

Fig. 3. (a) The real component of the relative dielectric permittivity for Sr3Sn2O7, and doped Sr3-xLaxSn2-xFexO7 (x ≤ 0.5) samples at 900 kHz; (b) Polarization 
hysteresis P-E loops for Sr2.9La0.1Sn1.9Fe0.1O7 and Sr2.9La0.25Sn1.75Fe0.25O7 measured at room temperature and at 100 Hz. Inset: Remanent hysteresis loops for the 
same samples measured at room temperature and at 250 Hz.
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behavior. Except for the lowest temperature, the M(H) curves are nearly 
straight lines as expected for paramagnetic compounds. At 5 K, they 
exhibit a nonlinear dependence, similar to that observed for para
magnets following a Langevin function. No remanent magnetization was 
observed in the M(H) curves, which proves the absence of FM 
interactions.

3.2.2. Sr3-xLaxSn2-xFexO7
Fig. 5(a) shows the inverse of the magnetic susceptibility vs. tem

perature for the Sr3-xLaxSn2-xFexO7 series. All samples exhibit para
magnetic behavior between 5 K and room temperature, without any 
type of anomaly, except for Sr2LaSnFeO7 (see Fig. 5(b)). The curves 
show a linear behavior at high temperature and deviate from a Curie- 
Weiss law at low temperature. The linear range decreases as the sam
ple co-doping increases. While the samples with x = 0.1–0.5 obey Cu
rie’s law above 200 K, the sample with x = 1 barely follows it above 250 
K and the sample with x = 0.75 shows an intermediate behavior. The 
magnetic data extracted from the linear fit are also detailed in the 

Table 2. The Curie constant increases as the Fe content does and all 
compounds present strong AFM correlations (negative Weiss constants) 
as expected for Fe3+-O-Fe3+ superexchange interactions according to the 
Goodenough-Kanamori rules [13,14]. The ρeff values reasonably agree 
with the theoretical ones for Fe3+ cations in the diluted samples (x ≤
0.25), but strong deviations occur as co-doping increases. In fact, the 
experimental value for Sr2LaSnFeO7 is close to the spin-only contribu
tion of a high-spin Fe2+ although this cation has a significant orbital 
contribution and its experimental values are around 5.4 μB, still closer to 
the obtained in Sr2LaSnFeO7 than the expected value for Fe3+ [33]. In 
order to unambiguously determine the oxidation state of Fe in 
Sr2LaSnFeO7, XAS measurements were performed at the Fe L2,3 edge 
(see experimental section). The spectral features clearly agree with an 
Fe3+ in octahedral coordination [34] revealing that the oxidation state 
of Fe3+ is preserved throughout the entire series. These results indicate 
an enhancement of magnetic correlations as the Fe concentration in
creases, producing deviations of the Curie-Weiss law and a shortening of 
the temperature range where it can be applied.

Fig. 4. (a) Inverse magnetization vs. temperature curves for Sr3-xLaxSn2-xCrxO7 with x = 0.5, 0.75 and 1. Inset: The same curves for x = 0.1 and 0.25. (b) 
Magnetization loops for Sr3-xLaxSn2-xCrxO7 samples at 5 K. Inset: M(H) measurements at selected temperatures for Sr2.25La0.75Sn1.25Cr0.75O7.
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Exceptionally, M(T) curve for Sr2LaSnFeO7 displays a small magnetic 
irreversibility at low temperature between zero-field-cooling (ZFC) and 
field-cooling (FC conditions as can be seen in Fig. 5(b). At low fields, the 
ZFC curve shows a peak, absent in the FC curve that shows a magneti
zation that continuously increases with decreasing temperature. The 
peak temperature decreases with increasing the strength of the magnetic 
field. Accordingly, at low external magnetic field strengths (100 Oe), the 
differences between the ZFC and FC curves are more pronounced. 
However, at high external magnetic field strengths (10 kOe), the dif
ference between the ZFC and FC curves is greatly reduced and almost 
disappears. Clearly, this field helps to align the spins, reducing disorder 
and irreversibility. Overall, the observed behavior suggests either the 
presence of a magnetic system with disorder and frustration, probably a 
magnetic glassy phase [34,35] or the contribution of domain effects in 
an ordered system [36]. In order to discern it, neutron powder diffrac
tion patterns for Sr2LaSnFeO7 have been collected between 2 and 150 K. 
Fig. 6 compares the measured patterns below and well above the 
anomaly observed in Fig. 5(b). Neither additional diffraction peaks nor 
intensity changes in the allowed reflections are observed in the pattern 
measured at 2 K indicating the absence of long-range magnetic order in 
this compound.

Fig. 7(a) shows the M(H) loops for all Sr3-xLaxSn2-xFexO7 samples at 5 
K normalized to Fe content. The magnitude of magnetization under H 
decreases as Fe concentration does, as observed in Cr-doped series. 
However, differently from Cr-doped series, in the case of samples with 
higher Fe doping, magnetic correlations are evident. Fig. 7(b) focuses on 
the M(H) curves for Sr2LaSnFeO7 at selected temperatures: at high 
temperatures M(H) has linear behavior, typical of a paramagnetic 
compound; at 5 K remanent magnetization with a small coercive field is 
observed, as displayed in the inset. This remanent magnetization cannot 
be ascribed to a canting of magnetic moments in an AFM structure 
because neutron diffraction has ruled it out. Considering ZFC/FC irre
versibility, the most plausible explanation is that structural disorder and 
competitive magnetic interactions have led to the emergence of a glassy 
magnetic state. To verify it, we have measured the ac magnetic sus
ceptibility of this compound at different frequencies (see supplementary 
information). We observe a peak in real component at ≈ 9 K (900 Hz) 
that slightly shifts to lower temperatures, while increasing its intensity, 
as the frequency of the magnetic field is decreased. This change in in
tensity is due to the fact that at higher frequencies, the spins cannot 
follow the applied magnetic field as quickly, resulting in a diminished 
response [35]. The imaginary part instead, shows a broad maximum at 
lower temperatures compared to the real part. In this component, there 
is an increase in the intensity of the peak at higher frequencies due to the 
greater dissipation of energy (internal friction) as frequency increases. 
This dynamic behavior revealed by ac magnetic susceptibility is typical 
of magnetic spin glasses [35,37]. Then, the magnetic interactions be
tween Fe3+ atoms increase with their concentration, leading to 
short-range magnetic correlations. However, the percolation threshold 
is not achieved preventing the emergence of a long-range magnetic 
order.

3.2.3. Sr2LaSnFe1-yCryO7
The Sr2LaSnFe1-yCryO7 series has been explored with y = 1/3, 1/2 

and 2/3 with the aim of enhancing Fe-O-Cr FM correlations. These 
samples also obey the Curie-Weiss law at high temperature and the fitted 
parameters can be found in Table 2. All samples show negative values of 
the Weiss constant suggesting the prevalence of AFM correlations in this 
case as well. The calculated ρeff have lower values than the expected 
ones in the Fe-rich samples but are close to their theoretical values in the 
Cr-rich ones. On cooling, the evolution of magnetization deviates from 
Curie-Weiss’ law, showing a rise at low temperature that is especially 
strong for samples with y = 1/3 – 2/3, as can be seen in Fig. 8(a). Fig. 8 
(b) shows the M(T) curves in ZFC and FC conditions for these samples at 
low temperature. The three samples exhibit magnetic irreversibility, 
with a peak in the ZFC branch below 5 K that may be related to the 

Table 2 
Curie constant (C), Weiss constant (θ) and experimental effective paramagnetic 
moments (ρeff) obtained from the fit to a Curie-Weiss law: χ= C/(T-θ). Theo
retical effective paramagnetic moments (ρtheo) have been calculated from 
experimental values for spin-only Cr3+ and Fe3+.

Sample C (emu/K 
mol)

θ (K) ρeff (μB/ 
fu)

ρtheo (μB/ 
fu)

Sr3-xLaxSn2-xCrxO7 series: ​ ​ ​ ​
Sr2.9La0.1Sn1.9Cr0.1O7 0.145 − 6 1.08 1.20
Sr2.75La0.25Sn1.75Cr0.25O7 0.42 − 44.5 1.83 1.95
Sr2.5La0.5Sn1.5Cr0.5O7 1.04 − 146.5 2.88 2.69
Sr2.25La0.75Sn1.25Cr0.75O7 1.26 − 190.5 3.18 3.29
Sr2LaSnCrO7 1.66 − 296.5 3.64 3.80
Sr3-xLaxSn2-xFexO7 series: ​ ​ ​ ​
Sr2.9La0.1Sn1.9Fe0.1O7 0.355 − 33.5 1.69 1.86
Sr2.75La0.25Sn1.75Fe0.25O7 0.93 − 57 2.72 2.95
Sr2.5La0.5Sn1.5Fe0.5O7 1.41 − 102.1 3.36 4.17
Sr2.25La0.75Sn1.25Fe0.75O7 2.06 − 91.5 4.06 5.11
Sr2LaSnFeO7 2.92 − 148.6 4.83 5.90
Sr2LaSnFe1-yCryO7 series: ​ ​ ​ ​
Sr2LaSnFe2/3Cr1/3O7 2.45 − 136.9 4.43 5.27
Sr2LaSnFe1/2Cr1/2O7 2.36 − 123.3 4.35 4.96
Sr2LaSnFe1/3Cr2/3O7 2.31 − 129.6 4.30 4.58

Fig. 5. (a) Inverse magnetization vs. temperature curves for Sr3-xLaxSn2-xFexO7. 
(b) Magnetization vs. temperature for Sr2LaSnFeO7 under various applied fields 
in zero-field-cooling (points) and field-cooling (lines) conditions.
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blocking temperature of a spin glass-like phase. As the Fe content in the 
sample increases, the blocking temperature increases [37]. However, 
the highest magnetization at the minimum temperature is reached by 
the sample with y = 2/3. The ac magnetic susceptibility from 2 up to 12 
K was also measured for these samples (see supplementary information). 
A magnetic anomaly is found in the real component at the same tem
perature where the peak appears in the previous ZFC measurement. This 
anomaly has dynamic nature (i.e. depends on the frequency of the ac 
field), according to the spin glass-like behavior expected for systems 
with magnetic frustration [35]. Fig. 8(c) displays the M(H) loops for the 
whole series. Although none of the curves reach magnetic saturation, the 
samples with y ≤ 2/3 show some hysteresis as occurred in the 
Sr2LaSnFeO7 (y = 0) compound. Moreover, the magnetization observed 
at 5 T is greater for the samples with Fe-Cr mixture than for the edges of 
this series, achieving the highest value for the sample with y = 2/3 in 
agreement with the M(T) curves of Fig. 8(b). This can be understood in 
terms of the competing magnetic interactions existing in the samples. 
According to the magnetic transitions reported for related simple pe
rovskites [15–17], we can assume that the strength of these interactions 
follows the sequence: Fe3+-O-Fe3+> Cr3+-O-Fe3+ ≈ Cr3+-O-Cr3+. For the 
extremes of the series (y = 0 and 1), the interactions are AFM but the 
structural disorder causes magnetic frustration and the appearance of 
FM correlations which are stronger in the Fe-based sample. For inter
mediate compositions, the occurrence of Cr3+-O-Fe3+ FM interactions 
increase the magnetization value at 5 T, being maximum for y = 2/3 
where the distribution of a Cr surrounded by 2 Fe should be more 
frequent. Still, these interactions are conditioned by structural disorder 
and long-range order is never achieved. Our results suggest that the 
magnetic percolation threshold in this system is xc>0.5, i.e. >50 % of 
magnetic cations are necessary in B sublattice to get a long-range 
magnetic order, in agreement with some studies on magnetic dilution 
of related RP phases with bilayers [12]. This should be ascribed to the 
laminar character of this structure that involves at least two types of 
magnetic interactions, weak interlayer and strong intralayer, to achieve 
a 3D order.

4. Conclusions

The hybrid improper ferroelectric Sr3Sn2O7 can be doped with 
magnetic cations through a co-doping strategy, i.e., combining A-site 
doping (Sr2+ replaced by La3+) and B-site doping (Sn4+ substituted with 
Cr3+or Fe3+). Single phases are obtained up to the replacement of half of 
the Sn atoms, otherwise competitive phases are segregated beyond that 
concentration. The XRD patterns of all co-doped samples can be refined 
in the orthorhombic crystal structure of the parent compound and the 
volume of the unit cell decreases isotropically as co-doping increases, 
following the ionic radii of the dopant atoms. In addition, the Cr- and/or 
Fe-doping hinders the stabilization of ferroelectric ordering near room 
temperature: TFE decreases below room temperature upon lowering the 
Sn content and compositions with concentrations x ≥ 0.25 are already 
paraelectric (and centrosymmetric) at room temperature.

Our investigation of the magnetic properties in Sr3Sn2O7 with the 
different Cr and/or Fe doping, has concluded the absence of long-range 
magnetic order in all the studied compositions. This result suggests that 
the magnetic percolation threshold is xc>0.5 at the B-site and that RP 
phases with perovskite bilayers exhibit greater similarity to 2D-RP 
phases (A2BO4) than to 3D perovskite structures when it comes to 
achieving long-range magnetic ordering. Our work evidences that 
structural disorder plays a key role in this type of layered structures. It is 
very likely that the presence of the non-magnetic rock-salt prevents the 
magnetic coherence between the perovskite bilayers with diluted mag
netic atoms. We observed the appearance of short-range magnetic cor
relations instead, that give rise to a magnetic glassy system in samples 
with a high concentration of Fe or Fe/Cr mixtures. Summarizing, this 
work adds new experimental evidence to the challenging task of 
designing new magnetoelectrics by magnetic doping into hybrid 
improper ferroelectrics at room temperature, though the formation of 
multiferroic phases is possible at lower temperatures.
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