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A B S T R A C T

We here explore a route to induce a ferromagnetic ground state on the Ruddlesden-Popper phases Sr3-xLaxSn2- 

xMnxO7 replacing Sn by Mn up to x = 1.25. Samples with low Mn concentration (x ≤ 0.1) adopt the polar A21am 
space group, consistent with previously reported ferroelectric behavior. For higher Mn concentrations (x ≥ 0.25) 
the samples adopt the centrosymmetric space group Amam due to the suppression of specific rotational modes. X- 
ray absorption spectroscopy confirmed the presence of a Mn3+ ion in all samples though it is not Jahn-Teller 
distorted. An undistorted MnO6 octahedral local structure is reported instead, with Debye-Waller factors for 
the Mn-O bond length increasing as Mn content does, due to the disorder induced in the Sn/Mn sublattice and the 
rising of rumpling distortions (expansion of the perovskite bilayer coupled with shrinkage of the rock salt layer). 
All the Sr3-xLaxSn2-xMnxO7 samples exhibit ferromagnetic correlations. While Mn³ ⁺ cations in low Mn-content 
samples (x ≤ 0.25) agree with spin-only contributions, higher doping levels deviate from this interpretation, 
possibly due to the enhancement of magnetic interactions. At 5 K, all samples exhibit spontaneous magnetization 
which increases with Mn content, but the Mn³ ⁺ magnetic sublattice is not fully polarized. Neutron diffraction 
confirmed the absence of long-range magnetic order and AC susceptibility analysis indicates a cluster-glass 
magnetic state due to structural disorder and competing interactions. Compared to simple perovskites, our re
sults indicate that the rock salt layer plays a key role in suppressing long-range ferromagnetic order, making it 
particularly challenging to achieve multiferroic behavior by doping hybrid improper ferroelectrics with magnetic 
cations.

1. Introduction

In recent times there has been great interest in the study of magne
toelectric multiferroic materials [1,2]. A magnetoelectric multiferroic 
material (hereafter denoted as multiferroic) exhibits simultaneous (anti) 
ferromagnetic and ferroelectric orderings within a single phase, making 
it very promising for applications in sensors, actuators, or new types of 
electronic memory devices [3]. However, multiferroic materials are very 
scarce because (anti)ferromagnetic and ferroelectric orderings tend to 
have exclusive chemical and structural requirements. Ferroelectricity 
generally arises from the presence of non-magnetic d0 cations (like Ti4+

in BaTiO3), while ferromagnetism typically requires partially filled d or f 
orbitals. Combining both requirements in a single material is chal
lenging because the same electronic configuration that promotes one 
property can inhibit the other [4]. In addition, the mechanisms that 
stabilize ferromagnetism (e.g., exchange interaction) and ferroelec
tricity (e.g., ion displacement) can be mutually exclusive, making it 
difficult to achieve and maintain both properties in a single material [5]. 
Consequently, a great effort has been made in the search for mechanisms 
that can favor both types of orderings, like, for instance, the hybrid 
improper ferroelectric (HIF) mechanism, which is active in layered 
structures like Ruddlesden-Popper (RP) or Aurivillius phases [6,7]. This 
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mechanism involves the combination of two non-polar structural dis
tortions (rotation and tilts of oxygen octahedra) that when combined in 
a layered structure, favor the condensation of a secondary polar 
distortion, breaking the center symmetry and favoring a polar structure 
[8,9]. This mechanism is fully functional with magnetic cations so it is 
possible to finely tune the electrical and magnetic properties of these 
materials through chemical substitutions [10].

Recently, the HIF mechanism has been proved in Sr3Sn2O7 with 
switchable electric polarization at room temperature [11,12] and with a 
ferroelectric transition temperature of TFE= 410 K [13]. This compound 
belongs to the family of double-layer RP phases (with general formula 
A3B2O7) and the structure consists of two layers of perovskite with 
corner-sharing SnO6 octahedra separated by a rock-salt layer of SrO 
along the c-axis [14]. The substitution of Sr2+ with other divalent cat
ions affects the magnitude of the oxygen octahedra tilts and rotations, 
and consequently TFE. When Sr2+ is replaced by Ba2+, TFE decreases 
[15], while the opposite effect is observed for Ca2+ substitution [16]. 
These results led these authors to propose a relationship between TFE 
and the Goldschmidt tolerance factor (t-factor) of perovskites [17], and 
therefore, it makes feasible to design chemical substitutions that opti
mize the t-values to give rise the appropriate tilts and rotations of the 
BO6 octahedra [10]. Following this strategy, some of us managed to 
introduce magnetic atoms into the Sr3Sn2O7 network using a co-doping 
strategy [18]. A trivalent magnetic cation is introduced at the Sn site as 
Sr is replaced by La, to preserve the electrical balance. Single phases 
were obtained but a decrease in TFE was observed, which indicates that 
TFE does not only depend on the t-value and further effects, such as 
rumpling distortions [19] or structural disorder, should be considered 
[18]. Furthermore, achieving a multiferroic material requires incorpo
rating a sufficient concentration of magnetic atoms into the lattice to 
overcome the magnetic percolation threshold. Recent efforts made with 
Fe and Cr, that present strong antiferromagnetic couplings, have shown 
that achieving such percolation is difficult in this type of crystal struc
ture [20].

We here explore a route to induce a ferromagnetic ground state on 
the Sr3-xLaxSn2-xMnxO7 series by substituting Sn4+ by Mn3+ up to 
x ≥ 1.25, which exceeds the 50 % magnetic cations threshold achieved 
in this system through other types of substitutions [20]. Mn3+cation 
paves the way for studying different types of magnetic interactions. 
Mn3+ has a 3d4 (t2g

3eg
1) electronic configuration, able to exhibit a strong 

Jahn-Teller (JT) effect [21]. Cooperative JT distortions of the MnO6 
octahedra may be accommodated as a checkerboard pattern where the eg 
orbitals of adjacent Mn3+ ions are oppositely oriented [22]. This leads to 
anisotropic magnetic interactions like the ones observed in the A-type 
magnetic ordering of stoichiometric LaMnO3 [23]. Otherwise, when 
Mn3+ cations are diluted in a non-magnetic matrix like the simple 
LaGa1-xMnxO3 or LaSc1-xMnxO3 [24,25] perovskites, a ferromagnetic 
ground state is stabilized for compositions around x = 0.5 [26]
explained in terms of a vibronic superexchange mechanism [25]. Sn4+ is 
a cation with a fully filled 4d band, similar to Ga3+, which has a 
completed 3d band. In addition, a ferromagnetic ground state has been 
reported for the simple perovskite La1/2Sr1/2Mn1/2Sn1/2O3 [27] sug
gesting that the vibronic mechanism is also operative in this system.

2. Experimental details

Polycrystalline samples of Sr3-xLaxSn2-xMnxO7 (0 ≤ x ≤ 1.25) were 
synthesized by solid state reaction. Stoichiometric amounts of SnO2, 
SrCO3, La2O3 and Mn2O3 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. Then, the pellets were reground, repressed 
and sintered at 1400º C for another 24 h under Ar atmosphere. The 
heating and cooling ramps were 5ºC/min in all steps. For the sake of 
comparison, a sample of La1/2Sr1/2Sn1/2Mn1/2O3 was prepared 
following the synthesis reported in ref. 27. The samples were charac
terized by X-ray powder diffraction (XRD) using a Rigaku D-system 

using Cu Kα1,2 wavelengths and an angular range of 6º ≤ 2θ ≤ 135º at 
room temperature. Neutron powder diffraction (NPD) measurements 
were performed at the high-flux reactor of the ILL (Grenoble, France) 
using the high-intensity powder diffractometer D1B with a detector 
angular range coverage 5º ≤ 2θ ≤ 128º, which is especially suited for 
magnetic structure determination. A wavelength of λ ≈ 2.52 Å was used 
in a temperature range between 2 K and 150 K. Rietveld analyses of both 
XRD and NPD patterns were performed with the Fullprof program [28]. 
The chemical composition of the samples was tested by using the 
wavelength dispersive X-ray fluorescence spectrometry technique 
(advant’XP+ model manufactured by ARL). The Sr:La:Sn:Mn ratio 
agreed with the nominal one for all samples.

Magnetic measurements were carried out between 5 and 400 K using 
a commercial superconducting quantum interference device (SQUID) 
magnetometer from Quantum Design. The measurements were per
formed 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 external 
fields between − 50 and 50 kOe.

Mn-L2,3 (630 − 670 eV) edge X-ray absorption spectroscopy (XAS) 
measurements were performed at the HECTOR cryomagnet end station 
in the BL29 BOREAS beamline [29] of the ALBA synchrotron radiation 
facility (Barcelona, Spain). The photon flux was about 1012 ph/s with an 
energy resolution of ~50 meV. Sintered pellets were used for the XAS 
measurements, which were also cleaved in situ under ultrahigh vacuum 
conditions (~10− 9 mbar) to obtain clean sample surfaces. Measure
ments were recorded in total electron yield mode (i.e. drain current 
detection) at 300 K.

Mn K-edge XAS measurements at room temperature were performed 
at the BM23 beamline [30] at the ESRF (Grenoble, France). The spectra 
were collected in fluorescence mode geometry using a multi-element 
silicon drift detector. A Mn foil was measured for energy calibration. 
The extended X-ray absorption fine structure (EXAFS) data processing 
and analysis were performed using Demeter software [31]. All X-ray 
absorption near-edge structure (XANES) signals shown here have been 
normalized to unity at high energy, about 40 eV above the absorption 
edge, after subtracting the pre-edge line.

3. Results and discussion

3.1. Room temperature crystal structure of Sr3-xLaxSn1-xMnxO7 series

XRD patterns agree with a single A3B2O7 phase for Sr3-xLaxSn2- 

xMnxO7 samples with x ≤ 1 (see supplementary information). For 
x = 1.25, peaks from a minor impurity of a simple perovskite, ABO3, 
identified as La1/2Sr1/2Sn1/2Mn1/2O3 are noticeable in the pattern. 
Above this value, the XRD pattern refinements reveal up to three types of 
phases identified as: ABO3, A2BO4 and A3B2O7. This suggests that at high 
Mn concentrations, the bilayer RP phase becomes unstable compared to 
the mixture of a simple perovskite and a single-layer RP phase. In other 
words, the reaction A3B2O7 � ABO3 +A2BO4 is shifted to the right side 
as previously observed in related co-doped compounds [20]. Sr3Sn2O7 
exhibits a first-order ferroelectric-paraelectric transition at TFE= 410 K 
and adopts a polar structure (space group No. 36, A21am) at room 
temperature [13,18,32]. A smooth transition is also observed in the 
Sr2.9La0.1Sn1.9Mn0.1O7 sample at TFE= 348 K [18] indicating that this 
sample is also ferroelectric at room temperature and therefore has the 
same crystallographic polar structure as the undoped sample. For the 
rest of the Sr3-xLaxSn2-xMnxO7 samples (x ≥ 0.25), no anomalies were 
observed in the dielectric permittivity measurements above room tem
perature, indicating that they are paraelectric at room temperature as 
observed in related substitutions [20].

The symmetry-adapted distortion modes were used to determine and 
compare distorted structures derived from the higher-symmetry 
tetragonal phase (space group I4/mmm) of A3B2O7 RP compounds [33, 
34]. Fig. 1 shows the group− subgroup relationships between space 
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groups associated with the usual tilts and rotations of BO6 octahedra and 
the corresponding tilt system following the Glazer’s notation [35].

The diffraction patterns of the doped Sr3-xLaxSn2-xMnxO7 samples 
show broad peaks whose width increases with Mn content, which pre
vents the unambiguous identification of the crystallographic space 
group. The first hypothesis is that the whole Sr3-xLaxSn2-xMnxO7 series 
adopts the space group Pbna of the paraelectric phase of Sr3Sn2O7, 
assuming that TFE simply decreases with increasing the Mn content at 
the Sn site. However, the patterns of the Sr3-xLaxSn2-xMnxO7 series do 
not show any new reflections that contradict the extinction rules of an A- 
centered lattice. For instance, the (1 2 3) reflection identified for the 
paraelectric phase of Sr3Sn2O7 has zero intensity in our experimental 
patterns. Even though Pbna space group produced acceptable fits, the 
refinements yield negligible amplitudes for the modes associated with 
anti-phase rotations, belonging to the irreducible representation (Irrep) 
X−

1 . In particular, the (2 1 2) reflection, whose intensity is strongly 
enhanced by these anti-phase rotations, is missing in our XRD patterns 
which definitely excludes the Pbna space group for x ≥ 0.25 samples.

Another possibility is that the Mn substitution at the Sn site forces the 
in-phase rotation (associated with the X+

2 Irrep) or the antiphase tilt (X−
3 

Irrep) to disappear (see Fig. S1 in supplementary information). In that 
case, the space groups for the paraelectric phase would be Acam or 
Amam, respectively (see Fig. 1). The refinements performed using the 
Acam group cannot account for some diffraction peaks arising from the 
antiphase tilts. In contrast, the fits using the Amam group could accu
rately explain all the diffraction peaks in the experimental XRD patterns. 
Good refinements can also be obtained using the ferroelectric A21am 

space group, but in this case, the results show null amplitudes for X+
2 , 

indicating that Amam is the best matching space group for the para
electric phase of Sr3-xLaxSn2-xMnxO7 with x ≥ 0.25. The refined patterns 
for x = 0 and x = 0.1 were reported elsewhere [18] and can be seen in 
the supplementary information for x ≥ 0.25 (Fig. S2-S6). The refined 
structural parameters for the whole series are detailed in the supple
mentary material (see Tables S1 and S2). Fig. 2 shows the evolution of 
lattice parameters along the Sr3-xLaxSn2-xMnxO7 series. The volume of 
the unit cell decreases linearly as the Mn content increases along the 
series. This must be ascribed to the different tabulated ionic radii [36]
since rLa

3+< rSr
2+and rMn

3+< rSn
4+ with rLa

3+, rSr
2+, rMn

3+ and rSn
4+ being the ionic 

radii of La3+, Sr2+, Mn3+ and Sn4+, respectively. However, while the a 
and b axes show a continuous decrease throughout the series, the 
shrinkage of the c axis seems to reach its limit for x = 1, the last 
single-phase sample.

Refined bond lengths for Sn(Mn)O6 octahedron are reported in the 
supplementary information for the whole series (see Table S3). Valences 
obtained from the bond valence sums (BVS) method [37] agree with a 
Sn4+ cation in the Sr3Sn2O7 lattice. For low Mn concentrations, BVS 
indicates that Mn is nearly 3+ but slightly underbonded as it occupies 
more space in the solid solution than expected, likely due to the larger 
ionic radius of Sn4+. As the Mn content increases, this atom becomes 
progressively less underbonded, whereas Sn4+ ions tend to become 
overbonded as a result of the unit cell contraction (see Table S3). For 
x ≥ 0.25, Sn(Mn) have an octahedral coordination with five similar Sn 
(Mn)-O distances and a more elongated sixth distance, Sn(Mn)-O2, 
which corresponds to the apical oxygen that is shared with the Sr 
(La)-O rock salt sublattice. This elongation is related to the atomic 
rumpling at the rock salt-perovskite interface and is the source of a 
deformation in the Sn(Mn)O6 octahedra. This distortion, ascribed to the 
Irrep Γ+

1 , competes with the rotation of the BO6 octahedra (associated 
with the Irrep X+

2 ) in bilayered RP phases and can suppress the HIF 
mechanism, as shown by first-principle calculations [19]. The mode 
decomposition for the crystal structure of the whole Sr3-xLaxSn2-xMnxO7 
series is reported in the supplementary information (Table S4). The 
contribution of the modes associated with the Irrep Γ+

1 is minor in 
Sr3Sn2O7 but its amplitude increases as the La and Mn content increases 
in the Sr3-xLaxSn2-xMnxO7 series. This effect may be related to the sup
pression of the rotation associated with the Irrep X+

2 and may explain the 
inhibition of ferroelectricity at room temperature in samples with 
x ≥ 0.25. Besides, some studies on related systems have revealed that 
the presence of trivalent cations (like La3+) in the rock salt layer seems 
to favor this atomic rumpling [38]. Our refinements (see Table S5 in the 
supplementary information) reveal that La occupies both perovskite 
(A1) and rock-salt (A2) crystallographic sites, but with a slight prefer
ence for the rock-salt site, which could be the origin for the enhancement 
of the rumpling mode. Nonetheless, the structural instabilities caused by 
the introduction of a formally active JT Mn3+ cation cannot be discarded 
as a plausible mechanism for the destabilization of the polar A21am 

Fig. 1. Group-subgroup relationships between space groups related to the BO6 

octahedra tilts associated to the Irreps X+
2 (in-phase rotation along c-axis), X−

1 
(antiphase rotation along c-axis) and X−

3 (antiphase tilts around [1 1 0] direc
tion) of space group I4/mmm. The A21am and Pbna symmetries are established 
by the direct sums X+

2 ⊕X−
3 and X−

1 ⊕X−
3 , respectively. The sequences following 

group-subgroup relationships are allowed to be second order. The Pbna-to- 
A21am ferroelectric phase transition, without group–subgroup relationship, 
cannot be continuous. The Glazer’s tilt schema is indicated for each 
space group.

Fig. 2. Refined lattice parameters (a) and unit cell volume (b) for Sr3-xLaxSn2-xMnxO7 samples.
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structure.

3.2. X-ray absorption spectroscopy at the Mn K- and L2,3-edges

Normalized XANES spectra of the Sr3-xLaxSn2-xMnxO7 (0.1 ≤ x ≤ 1) 
series at the Mn K edge are compared to reference compounds for formal 
Mn3+ (LaMnO3) and Mn4+ (CaMnO3 and Ca3Mn2O7) in Fig. 3(a). The 
energy position of the absorption edge of Mn4+ references is shifted 
~4 eV with respect to the Mn3+ reference, in agreement with previous 
experimental observations within the error bar (~ 0.3 eV) [39,40]. The 
spectral line shape of XANES for Sr3-xLaxSn2-xMnxO7 is similar for all 
compositions, suggesting an equivalent local environment for Mn atoms 
along the whole series. The energy position of the absorption edges is 
close to the Mn3+ reference in all cases, but shifted about 1 eV towards 
higher values. Considering the linear dependence of the absorption edge 
shift and the formal valence, this shift indicates oxidation state values 
around Mn3.25+ for the whole series (see Fig. 3(b)). Given the synthesis 
conditions, a change in Mn oxidation state is highly unlikely and is not 
supported by the Mn L2,3-edge spectra (see discussion below). However, 
the threshold energy is not only sensitive to the electronic state of the 
absorbing atom but also to its local structure, i.e., its first neighbor bonds 
[40]. In this way, LaMnO3 is a prototypical JT active compound, where 
Mn3+ ions (3d⁴) induce strong and cooperative distortions of the MnO₆ 
octahedron due to the presence of an electron in the 3dz

2 orbital. When 
Mn3+ is surrounded by non-magnetic cations like Ga3+ (with a 
closed-shell) in the LaMnxGa1-xO3 series [41], the JT distortion is 
significantly reduced. This leads to a modification of the local symmetry 
around Mn sites and a gradual relaxation of the MnO₆ octahedral dis
tortions toward a more regular geometry preserving the Mn3+ oxidation 
state. According to Zhou and Goodenough [42], the incorporation of 
Ga3+ alters both the Mn–O bond lengths and Mn–O–Mn bond angles, 
thereby reshaping the superexchange pathways. These structural 
changes promote a static orbital mixing in the remaining Mn3+ ions that 
favor a superposition of 3dx

2
-y
2 and 3dz

2 orbitals. As the Ga content in
creases, the crystal structure evolves toward higher cubic symmetry 
resulting in an undistorted MnO6 octahedron. This structural homoge
nization facilitates isotropic orbital overlap and stabilizes 
three-dimensional ferromagnetic coupling, replacing the antiferromag
netic order present in the parent compound. In the XAS study of the 
LaMn1-xGaxO3 series, a shift of the Mn K-absorption edges was observed 
between JT distorted Mn3+ ions and the same cations in an undistorted 
octahedral environment [24,41]. We have used the spectra from that 
series for comparative purposes and we have observed that the small 
shift in the XANES threshold energy between Sr3-xLaxSn2-xMnxO7 sam
ples and LaMnO3 corresponds very well with the ones between 
LaMn1-xGaxO3 and LaMnO3. This suggests that both Ga3+ and Sn4+, two 
cations with closed d-shells, exert the same effect on their neighboring 

Mn. Fig. 3(b) includes the formal valence evolution with Mn concen
tration for both Sr3-xLaxSn2-xMnxO7 and LaMnxGa1-xO3 series, based on 
the edge energy, which indicates a comparable formal valence between 
the two series for Mn contents below 50 %. The difference is within the 
error bars and is similar to that found in the two reference compounds of 
Mn4+ in Fig. 3(b), ascribed to the different chemical environment 
beyond the first coordination shell (3D perovskites and bilayer RP 
phases). Thus, XANES measurements at the Mn K edge are consistent 
with the presence of a Mn3+ without JT distortion in both 
Sr3-xLaxSn2-xMnxO7 (0.1 ≤x ≤ 1) and LaMnxGa1-xO3 (x ≤ 0.5) series.

Mn L2,3-edge XAS data from Sr2LaSnMnO7 are presented in Fig. 4, 
together with the spectra of other Mn-oxide compounds with a well- 
defined Mn valence, such as La1/2Sr1/2Mn1/2Sn1/2O3 (3+) and 
Ca3Mn2O7 (4+). As shown in Fig. 4, the energy position of the L2,3 ab
sorption edge is exquisitely sensitive to the valence of an element. The 
very close match between Sr2LaSnMnO7 and La1/2Sr1/2Mn1/2Sn1/2O3 
L2,3-edge energy and line shape, provides further evidence that Mn 
cations in the Sr3-xLaxSn2-xMnxO7 (0.1 ≤ x ≤ 1) series act as Mn3+.

k-weighted EXAFS (χ(k)) signals and their modulus of the Fourier 
transforms at the Mn K edge for Sr3-xLaxSn2-xMnxO7 (0.1 ≤ x ≤ 1) 
samples are shown in Fig. 5. The Fourier transforms (FTs) were calcu
lated between 3.0 and 12.0 Å− 1 using a sine window. A main peak 
corresponding to the first Mn-O coordination shell is noticeable in the 
radial distribution around 1.4 Å (without phase shift correction). The 
intensity of this peak decreases and shifts to lower values as the Mn 
content increases in the samples. Subsequent less intense peaks are also 
noticeable and mainly correspond to the second, Mn-Sr(La), and third, 
Mn-O-Sn(Mn), coordination shells. The intensity of these peaks changes 

Fig. 3. (a) Normalized XANES spectra for the Sr3-xLaxSn2-xMnxO7 (0.1 ≤ x ≤ 1) series and selected references: LaMnO3 (Mn3+), CaMnO3 (Mn4+ and 3D) and 
Ca3Mn2O7 (Mn4+ and RP phase). (b) Formal valence state inferred from the energy threshold of the XANES for Sr3-xLaxSn2-xMnxO7 (0.1 ≤ x ≤ 1) series compared to 
the LaMnxGa1-xO3 series from Refs. 24, 40 and 41, as a function of Mn concentration.

Fig. 4. Mn L2,3 edge x-ray absorption spectra of, Ca3Mn2O7, Sr2LaSnMnO7 and 
La1/2Sr1/2Mn1/2Sn1/2O3 at 300 K.
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more intensely along the series due to changes in the chemical compo
sition (Sr/La and Sn/Mn distributions).

The EXAFS analysis was focused on the first coordination shell to 
discern the presence of JT distortions of the MnO6 octahedron. Initially, 
we investigated whether a Mn3+ ion with JT distortion was possible (i.e., 
4 short Mn-O bonds and 2 large Mn-O distances). The fits were very 
unreliable featuring several local minima, including in some cases four 
long and two short Mn-O distances (the opposite of what was expected) 
and the goodness-of-fits factors (R fits) were very poor (see Fig. S7 for 
illustration in the supplementary information). This means that a JT 
Mn3+ cation cannot account for the Mn local structure in the Sr3-xLaxSn2- 

xMnxO7 series. Next, we tested two models: (i) a single average Mn-O 
distance for the six bonds, i.e., an undistorted octahedron, as for non- 
JT active Mn3+, and (ii) a distorted MnO6 octahedron with a single 
elongated bond (hereafter denoted by SEB-octahedron) composed by 5 
short Mn-O distances and one long, as observed in the crystallographic 
refinement (see previous section).

Model (ii) works worse for samples with x ≤ 0.5, where model (i) 
with an undistorted octahedron provides adequate fits, as summarized 
in Table 1. However, for x ≥ 0.75 model (ii) yields better R-fits factors 
compared to those obtained with an undistorted octahedron, suggesting 
a correlation between the enhancement of the rumpling distortion and 
the Mn content in the samples. Model (i), with a single average Mn-O 
distance, yields results comparable to those obtained from the crystal
lographic solution that averages the Sn(Mn)-O environments. According 
to model (i), Mn-O bond length decreases as the Mn content increases in 
the series. This agrees with the shift of the peak position of the FT (see 
Fig. 4) and with the contraction of the unit cell (see Fig. 2). Likewise, 
there is an increase of the Debye-Waller (σ2) factors (Fig. 4(b)) that can 
be ascribed to the increase of the rumpling distortion with increasing x- 
value, as previously indicated (see previous section). Besides, the values 
of the σ2 factors are alike the values obtained for LaMnxGa1-xO3 for 
x ≤ 0.5, with an undistorted MnO6 octahedra distribution [41].

3.3. Macroscopic magnetic properties

The M(H) loops for Sr3-xLaxSn2-xMnxO7 at 5 K show spontaneous 
magnetization typical of a ferromagnetic component (Fig. 6(a)). As the 
Mn concentration increases in the series, both the coercivity (HC) and 
remanent magnetization (Mr) exhibit a systematic enhancement. The 
most diluted sample (x = 0.1) exhibits negligible HC and Mr values. At 
low Mn content (x = 0.25–0.5), the magnetic signal is very weak (Mr 
ranging between 1.2 ×10− 3 and 3 ×10− 3 μB/f.u.), with very small hys
teresis (HC = 5–14 Oe), suggesting a predominantly paramagnetic 
regime with minimal magnetic coupling. For x ≥ 0.75, the hysteresis 
loops become increasingly open, with H (30, 115 and 245 Oe for 
x = 0.75, 1, and 1.25, respectively) and Mr (7.6 ×10− 3, 5.2 ×10− 2 and 
8 ×10− 2 μB/f.u) rising significantly. This trend implies the development 
of stronger magnetic interactions, possibly due to the formation of 
locally correlated regions or magnetic domains. The increasing coer
civity suggests that the system becomes more resistant to magnetization 
reversal, while the enhanced remanence points to a growing ability to 
retain magnetic alignment after the external field is removed. These 
observations may reflect a transition from isolated magnetic moments to 
a more cooperative magnetic state as Mn content increases. However, 
comparison of the M(H) curves normalized to Mn content reveals that 
the magnetic moment per Mn atom falls short of the expected value of 4 
μB for Mn3+ cations. (Fig. 6(b)). This behavior is in contrast with the 
simple perovskite, La1/2Sr1/2Mn1/2Sn1/2O3, which shows a soft ferro
magnetic loop with a saturated moment close to 4 μB per Mn atom. 
Magnetization in the Sr3-xLaxSn2-xMnxO7 series does not saturate at 
50 kOe and reaches values of approximately 2.6–3 μB per Mn atom. 
Samples with x = 0.5 and 0.75 exhibit higher magnetization, suggesting 
they are more easily polarizable. Considering the EXAFS results pre
sented in the previous section, the low Mn-diluted samples, character
ized by regular MnO6 octahedra, appear to be more readily magnetized 
under an external field (Fig. 6b). As the concentration of magnetic Mn 

Fig. 5. (a) Fourier transform of the experimental k χ(k) EXAFS signals for selected compositions of the Sr3-xLaxSn2-xMnxO7 (0.1 ≤x ≤ 1) series. Inset: corresponding k 
χ(k) EXAFS signals at the Mn K edge. (b) Evolution of EXAFS Debye Waller factor of the average Mn-O bond length with Mn concentration for the Sr3-xLaxSn2-xMnxO7 
(0.1 ≤x ≤ 1) (black squares) compared to the LaMnxGa1-xO3 series from ref. [41] (red points).

Table 1 
EXAFS-derived parameters for Sr3-xLaxSn2-xMnxO7 (x ≤ 1) at the Mn K-Edge obtained by fitting the k2-Weighted EXAFS oscillations in R-space corresponding to the 1st 
coordination shell using either an undistorted MnO6 octahedron or a SEB MnO6 octahedron in agreement with the X-ray diffraction study. The amplitude reduction 
factor, s2

0, was fixed to 0.75, and the threshold energy (ΔE0) was fixed to the average value of − 4.7 eV to minimize free parameters. The coordination numbers were 
kept constant (see table) and only, the radial distances and the σ2 factors were considered as fitting parameters.

Mn-content Model (i) undistorted MnO6 Model (ii) SEB-MnO6

(x) (%) Mn-O (Å) × 6 σ2 (Å2) R fit Mn-Oshort (Å) × 5 Mn-Olong (Å) × 1 σ2 (Å2) R fit

0.1 5 1.96(1) 0.0063(9) 0.006 1.941(7) 2.141(7) 0.003(1) 0.018
0.25 12.5 1.952(5) 0.0073(9) 0.009 1.934(6) 2.134(6) 0.004(1) 0.013
0.5 25 1.942(6) 0.007(1) 0.014 1.930(6) 2.130(6) 0.003(1) 0.013
0.75 37.5 1.935(7) 0.009(1) 0.02 1.918(7) 2.118(7) 0.005(1) 0.016
1 50 1.935(6) 0.009(1) 0.016 1.919(6) 2.119(6) 0.0052(9) 0.014

J. Blasco et al.                                                                                                                                                                                                                                   Journal of Alloys and Compounds 1048 (2025) 185048 

5 



ions in the lattice increases, one would naturally expect a corresponding 
rise in the number of magnetic interactions. This should, in principle, 
favor the emergence of long-range ferromagnetic order, leading the 
system closer to the theoretical saturation value of 4 μB per Mn atom. 
Surprisingly, this trend is not observed. On the contrary, the magnetic 
moment per Mn atom measured at 5 T either plateaus or even decreases 
for compositions with x > 0.75. When this unexpected behavior is 
examined alongside the structural analysis presented earlier, a clear 
correlation emerges: the samples with higher Mn content also exhibit a 
pronounced increase in rumpling distortion. This structural distortion 
may likely disrupt the abovementioned 3d orbital mixing, thereby hin
dering efficient spin alignment and suppressing the expected enhance
ment in magnetization.

Fig. 7 shows the magnetization vs. temperature curves, M(T), for Sr3- 

xLaxSn2-xMnxO7 samples compared to La1/2Sr1/2Mn1/2Sn1/2O3, which 
exhibits a long-range magnetic order with minor zero-field-cooled (ZFC) 
and field-cooled (FC) irreversibility at 1 kOe [27]. No anomalies are 
observed in the M(T) curves for x ≤ 0.5 between 5 K and room tem
perature, in agreement with a paramagnetic ground state. Notably, there 
is a significant increase in magnetization at low temperatures. Other
wise, M(T) curves of x ≥ 0.75 samples exhibit magnetic irreversibility 
between ZFC and FC measurements and the ZFC curve shows a peak, 
absent in the FC curve that continuously increases with decreasing 
temperature. The irreversibility region (separation between the two 
branches) increases as the Mn content does. This kind of measurement 
was carried out under different external fields for Sr2LaSnMnO7 (see 
Fig. S8 in the supplementary section). The peak temperature in the ZFC 
curve decreases with increasing the strength of the magnetic field. 
Accordingly, the differences between the ZFC and FC curves are more 

pronounced at low external magnetic field strengths (100 Oe), but 
remarkably vanish at high external magnetic field strengths (10 kOe), 
indicating that the external field helps to align the spins, reducing dis
order and irreversibility in these samples. Overall, the observed 
behavior suggests either the presence of a magnetic system with disorder 
and frustration, possibly in a magnetic glassy phase [43], or the 
contribution of domain effects in an ordered system [44].

To distinguish between these possibilities, neutron powder diffrac
tion patterns for Sr₂LaSnMnO₇ have been collected over a temperature 
range of 2–150 K. Fig. 8 compares the measured patterns below and well 
above the irreversibility observed in Fig. 7 (see also Fig. S8 in the sup
plementary section). The pattern recorded at 2 K shows neither addi
tional diffraction peaks nor intensity changes in the allowed reflections, 
indicating the absence of long-range magnetic order in this compound. 
The only significant difference between the two measurements is the 
strong increase in diffuse scattering at low angles. This feature has been 
ascribed to strong short-range ferromagnetic correlations in related 3D 
manganites [45].

Our results suggest that structural disorder and competitive magnetic 
interactions have led to the emergence of a glassy magnetic state in Sr3- 

xLaxSn2-xMnxO7 samples at low temperature. To verify this, we con
ducted AC magnetic susceptibility measurements of Sr₂LaSnMnO₇ at 
different frequencies (Fig. 9). A peak in the real component is observed 
at 14.8 K (900 Hz), which shifts slightly to lower temperatures while 
increasing intensity as the frequency of the magnetic field decreases. 
This change in intensity arises because the spins fail to follow the high- 
frequency magnetic field efficiently, leading to a diminished response 
[43]. In contrast, the imaginary component exhibits a broad maximum 
at lower temperatures compared to the real component. In this case, the 

Fig. 6. (a) M(H) measurements for Sr3-xLaxSn2-xMnxO7 samples at 5 K. (b) Comparison of the M(H) loops between La1/2Sr1/2Mn1/2Sn1/2O3 (3D) and Sr3-xLaxSn2- 

xMnxO7 samples at 5 K normalized to the Mn content of each sample.

Fig. 7. Magnetization vs. Temperature for Sr3-xLaxSn2-xMnxO7 samples (x is 
given for each curve) and the 3D perovskite La1/2Sr1/2Mn1/2Sn1/2O3. The 
measurements were performed at 1 kOe in ZFC (symbols) and FC (lines) con
ditions. Inset: M(T) curves for x ≤ 0.5 samples.

Fig. 8. Comparison of the neutron powder diffraction patterns for 
Sr₂LaSnMnO₇ collected at 2 and 150 K. The arrow indicates the enhancement of 
low angle diffuse scattering at low temperatures.
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peak intensity increases at higher frequencies due to greater energy 
dissipation (internal friction) at higher frequencies. The nature of the 
magnetic freezing was investigated through both the Mydosh parameter 
(δ) and dynamic scaling analysis. The frequency dependence of the 
freezing temperature is defined as: δ= ΔTf/[Tf× Δ(log10 f)] where ΔTf is 
the change in freezing temperature between two frequencies, Tf is the 
average freezing temperature and Δ(log10 f) is the change in the loga
rithm of the frequency [43]. The calculated value of δ for Fig. 8 is 
approximately 0.04, which exceeds the typical range for canonical 
spin-glasses (0.005–0.02) but remains well below the threshold for 
superparamagnetic behavior (>0.1). This intermediate value is consis
tent with a cluster-glass state, where magnetic freezing involves corre
lated spin clusters rather than isolated spins. Such behavior suggests the 
presence of competing magnetic interactions and short-range order 
without long-range magnetic coherence. To further probe the dynamics, 
the critical slowing down was analyzed using the power-law relation: 

τ = τ0(
Tf − Tg

Tg
)
− zv 

Where τ is the relaxation time of magnetic clusters at freezing temper
ature Tf at a given frequency (τ=1/2πf), τ0 is a microscopic character
istic time (fastest possible magnetic relaxation time), Tg is the glass 
transition temperature (where dynamics freeze completely) and -zv is a 
dynamic critical exponent. The fit (shown in the Fig. S14 of the sup
plementary material) yielded Tg= 9.8 K, zv= 15.7 and τ0= 4.2 × 10− 9 

sec. A zv value well above the canonical range (typically 4–12) and τ0 in 
the range of nanoseconds reinforces the interpretation of a slow, col
lective freezing process consistent with cluster-glass dynamics [43,46]. 
In cluster-glass systems, fast relaxation times on the order of nanosec
onds reflect the rapid, local dynamics of small magnetic clusters, which 
can fluctuate independently due to low internal energy barriers. How
ever, as the system approaches the freezing temperature, interactions 
between clusters become increasingly significant, leading to cooperative 
behavior and a dramatic slowdown in the overall magnetic respon
se—this is captured by a high dynamic exponent (zν), indicating a 
critical slowing down. So, while individual clusters remain agile, their 
collective dynamics become sluggish near the glass transition, recon
ciling fast microscopic motion with slow macroscopic evolution.

As the concentration of Mn³ ⁺ increases, magnetic interactions 
strengthen, leading to short-range magnetic correlations. However, the 
percolation threshold is not reached, preventing the formation of long- 
range magnetic order—unlike in 3D perovskites. This suggests that the 
rock salt layer separating the bilayers of Sn(Mn)O₆ octahedra plays a 
crucial role in suppressing long-range ferromagnetic order, as observed 
in related compounds [20].

The temperature dependence for the inverse dc susceptibility is re
ported in the supplementary section. All samples show a linear behavior 

at high temperature and deviate from a Curie-Weiss law at low tem
perature (see Fig. S9-S13). The magnetic data extracted from the linear 
fit are also detailed in Table 2. The Curie constant increases as the Mn 
content does and all compounds present FM correlations (positive Weiss 
constants) in contrast to the expected Mn3+-O-Mn3+ superexchange 
interactions according to the Goodenough-Kanamori rules [47,48], but 
in agreement with the ferromagnetic ground state found in related 3D 
perovskites [24–27]. The ρeff values reasonably agree with the spin-only 
contribution (ρthe) for Mn3+ cations in the diluted samples (x ≤ 0.25), 
but deviations occur as co-doping increases (ρeff >ρthe). The increase in 
ρeff comes from the enhancement of magnetic correlations as the Mn 
concentration increases, as XAS measurements have discarded the 
presence of any Mn2+ contribution. The observed increase in ρeff is not 
unusually large, but it is meaningful. In cluster-glass systems, even well 
above the freezing temperature, short-range spin correlations can lead to 
the formation of dynamic clusters. These clusters behave as collective 
magnetic entities, slightly enhancing the magnetic response compared 
to isolated ions. In the present system with high-spin Mn3+ (d⁴), the 
absence of a JT distortion due to structural constraints allows the eg 
electron to dynamically fluctuate between degenerate orbitals. This 
orbital fluctuation introduces a form of dynamic degeneracy that can 
couple with spin degrees of freedom, subtly enhancing magnetic in
teractions. As a result, the effective magnetic moment may slightly 
exceed the spin-only value.

4. Conclusions

We report on the structural and magnetic properties of the newly 
synthesized Sr3-xLaxSn2-xMnxO7 series, whose behavior is strongly 
influenced by the Mn and La concentrations. At low doping levels (x ≤
0.1), the compounds crystallize in a non-centrosymmetric orthorhombic 
structure with space group A21am and thus are expected to exhibit 
ferroelectricity. As the concentration increases (x ≥ 0.25), a structural 
transition occurs toward the centrosymmetric space group Amam at 
room temperature. This transition is attributed to the loss of specific 
rotational modes within the crystal lattice. Although Mn3+ is typically 
JT active, XAS confirms that the distortion is effectively suppressed in 
this series due to the influence of neighboring Sn4+ ions. This stabili
zation of undistorted MnO6 octahedra promotes isotropic orbital over
lap, favoring three-dimensional ferromagnetic coupling. Additionally, 
increasing Mn content leads to a reduction in Mn–O bond lengths and a 
concurrent rise in atomic rumpling, particularly at the interfaces be
tween perovskite and rock-salt layers, resulting in an enhanced struc
tural disorder.

Regarding the magnetic properties, all samples exhibit ferromagnetic 
correlations at low temperatures, but long-range magnetic ordering is 
not achieved. Instead, they develop magnetic phases consistent with 
cluster-glass behavior. This suggests that the magnetic percolation 
threshold in this layered system is well above 50 % Mn content, in 
contrast to similar 3D perovskites. Two key factors account for this 
behavior. First, the presence of non-magnetic rock-salt layers disrupts 
magnetic coherence between the perovskite bilayers, thereby hindering 
the development of long-range order. Second, the atomic rumpling, 

Fig. 9. The in-phase and out-of-phase ac magnetic susceptibility vs. tempera
ture curves for the Sr2LaSnMnO7 sample measured at the indicated frequencies, 
and using an alternating field of 2 Oe.

Table 2 
Curie constant (C), Weiss constant (θ) and experimental effective paramagnetic 
moments (ρeff) obtained from the fit to a Curie-Weiss law above 150–200 K. 
Theoretical effective paramagnetic moments (ρtheo) have been calculated from 
experimental values for spin-only contribution of high-spin Mn3+.

Sample C (emu/K mol) θ (K) ρeff (μB/fu) ρtheo (μB/fu)

x = 0.1 0.27 31.1 1.47 1.55
x = 0.25 0.84 47.6 2.59 2.45
x = 0.5 1.825 84.4 3.82 3.46
x = 0.75 2.95 108.8 4.85 4.24
x = 1 4.15 121.8 5.76 4.90
x = 1.25 5.24 134.9 6.47 5.47
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which is enhanced in samples with high Mn content, weakens the 
strength of the ferromagnetic interactions. Overall, these results provide 
experimental evidence that structural disorder and rumpling distortions 
are critical factors governing the magnetic behavior of these layered 
materials, with important implications for the design of magnetoelectric 
multiferroic materials.
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