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The structural properties and the magnetic ground state of Sry;3Ln;;3FeO; (Ln = La, Pr, Nd) samples
were studied by means of synchrotron x-ray powder diffraction, neutron powder diffraction, and Mdossbauer
spectroscopy. All samples exhibit a metal-insulator-like transition coupled to a magnetic arrangement at a
critical temperature, Tyy. The diffraction techniques reveal strong structural changes at Ty that lead to new
cells with reduced symmetry at low temperature. The new symmetry of the low-temperature phase has been
determined for all compounds. The space groups are P3c/ for La-based compound and A2/n for the rest
of samples. The high-resolution x-ray patterns detected superstructure peaks that can be accounted for by a
small charge disproportionation between two nonequivalent Fe sites in the low-temperature phase explained in
terms of a charge density wave that propagates along one of the body diagonals of the primitive cubic cell of
these compounds. Our results clearly reveal that a full charge disproportionation of Fe*" into Fe** and Fe’*
is not produced. We have determined the magnetic ordering of these samples exhibiting an antiferromagnetic
structure with a sixfold periodicity with respect to the primitive cubic structure. The magnetic group accounting
for the magnetic arrangements was obtained by a symmetry analysis and it is C2/c (15.85) for all samples
but with different unit cell depending on the type of FeOg tilts. The collinear ordering of Fe moments is
established perpendicular to the charge density wave (along the body diagonal of the primitive cubic cell) and

also perpendicular to the unique monoclinic axis.

DOI: 10.1103/PhysRevB.98.104422

I. INTRODUCTION

The close relationship between the charge order (CO) and
the metal-insulator transition (MIT) has been studied in a
multitude of metal transition oxides and their properties are
still a matter of discussion [1-5]. In this field, mixed-valence
Fe oxides exhibit a rich variety of examples [5-10], including
magnetite, YFe,Oy, or Sry/3Ln;,3FeO3 (Ln = La, Pr, or Nd)
that show changes in resistivity of more than one order of
magnitude at the critical temperature, Tyy. Traditionally, the
MIT has been understood as the transition from a high-
temperature phase (7" > Tw), with a high electrical conduc-
tivity due to fast electron hopping between equivalent Fe
atoms, to an insulating phase below Ty, where the electrons
are localized at specific Fe sites. In the case of magnetite
or YFe,04, Fe?* and Fe** are randomly distributed in the
crystal lattice above Ty, while a regular pattern is established
below Ty giving rise to a CO transition. However, recent
crystallographic and spectroscopic studies are challenging this
traditional interpretation as a full CO has not been observed
in these compounds. High-resolution x-ray diffraction studies
using synchrotron radiation have revealed that a bimodal
distribution of two types of cations (namely Fe’'/Fe’") is
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quite unusual in these compounds. In magnetite for instance
[11], the low-temperature phase can be refined in the nonpolar
space group C2/c with ten nonequivalent octahedral irons
with small differences in their local environments and charges
ranging between 2.53 and 2.84. This result agrees with the
small charge disproportionation obtained from resonant x-ray
scattering experiments (RXS) [12]. Similarly, YFe,O4 has a
complicated distorted structure at low temperature with 49
nonequivalent Fe sites and RXS revealed a maximum charge
disproportionation of 0.5 e~ among the different sites [13].
Sri.La,FeOs;_s is a family of mixed ionic and electronic
conductors as these materials have aliovalent doping and oxy-
gen nonstoichiometry [14,15]. These properties make them
useful as cathode material for protonic ceramic fuel cells [16]
and its utility is enhanced by the feasibility of growing thin
films [17]. Sry/3Ln;/3FeOs is a particular case that has re-
ceived great attention due to the occurrence of MITs coupled
to a charge disproportionation (CD) in the Fe sublattice and
the subsequent CO includes the arrangement of Fe*+ and Fe>*
cations. The MIT opens the possibility of developing robust
low-power and high speed transistors [18]. Above Ty, the
iron is in a mixed valence state, Fe™3-%7 but at low temper-
ature the CD (2Fe*t — Fe?t + Fe’t) leads to a bimodal
distribution of Fe** and Fe’' cations with the ratio 2:1.
This model explained results from Mossbauer spectroscopy
of Sry;3La;3FeO3 below Ty ~ 200 K that found two types
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of Fe ions with two different hyperfine fields [19]. In the
same way, neutron powder diffraction measurements [9,20]
revealed an antiferromagnetic structure of sixfold periodic-
ity explained in terms of the Fe’*Fe’*Fe *Fe’tFe’tFe't
sequence along the [111] direction of the primitive cubic
cell. However, the refined magnetic moments do not match
the theoretical ones suggesting the formation of a charge
density wave. Small differences are observed between the Fe-
O bond lengths of the two nonequivalent sites in comparison
to related ferrites with CD [21]. In addition, powder neu-
tron diffraction techniques failed to detect any superstructure
peak associated to the CO pattern [9,20]. Such superstructure
peaks were found for the first time using electron-diffraction
measurements [22] and later by means of RXS experiments
on (h/3 h/3 h/3) reflections [23]. The later measurements
revealed a charge disproportionation lower than the expected
one and the CO phase is better understood as a charge
density wave along the cubic [111] direction. The charge se-
quence could be either —Fe3-67-9)+Fe(-67+0)+Ee(.67+8)+ o
—FeB07+0)+Fe(.67-0+Fe(:67-3+  with §'~§/2 and §~0.4.
In Ref. [23], the structural analysis was developed us-
ing the first sequence, but both are possible and in-
distinguishable by RXS. This result rules out the pres-
ence of Fe’* in Srys3La;3FeO; in agreement with x-ray
absorption spectroscopy measurements at the Fe K-edge
[10].

Most of the studies have been focused on Sry/3La;,3FeOs,
but a deep understanding of other Ln-based compounds is
important as modification of chemical composition on the per-
ovskites A-site is effective to change electronic parameters,
such as electron bandwidth and electron hopping, as observed
in related perovskites [24]. In this way, it is well known
that Ty decreases with decreasing Ln size for the sequence
La-Pr-Nd and this change is more dramatic for heavier rare-
earth atoms as Ty vanishes for Ln = Sm or Gd, where the
samples are semiconducting in the whole temperature range
[25]. Although structural studies have been reported in the
past for Srp;3Ln;,3FeOs, there is not a definite structural
model of the CO phase of these compounds. In this paper we
report a detailed structural study of Srp3Ln;3FeO; (Ln = La,
Pr, Nd) samples above and below Ty using high-resolution
synchrotron x-ray diffraction and neutron powder diffraction
techniques. Our purpose is multiple; we want to determine the
crystallographic differences among the three samples (effect
of A-atom), the structural distortion produced below Ty and
its liaison with the definite charge density wave sequence in
the Fe sublattice. Furthermore, we want to probe the magnetic
arrangement of the Fe moments and its relationship with the
structural distortions.

II. EXPERIMENTAL SECTION

Sry;3Ln;3FeO3 samples were prepared by solid-state re-
action. Stoichiometric amounts of La,O3; (PrgO;; or Nd,O3),
SrCOs, and Fe,O3; were mixed, ground, and heated at
1000°C for 1day in air. Then, the powders were ground,
pressed into pellets, and sintered at 1250°C for 1day
in oxygen. The last step was repeated once more with
a final annealing at 450°C for 10h in the same at-
mosphere. Additionally, Sr;.,La,FeO; (x =3/4, 2/3, 1/2,

1/4, and 7/8), GdFeOs, and Sr;/3Gd;,3FeO3; were synthe-
sized to be used as reference in the Mossbauer measure-
ments. Details of the synthesis routes can be found in
Ref. [10].

The samples were characterized by x-ray powder (XRD)
diffraction using a Rigaku D-Max system. The step-scanned
patterns of the three samples were in agreement with a single
phase perovskite. The oxygen content was determined by
redox titration as indicated in Ref. [10] and the samples
were stoichiometric within the accuracy limits (3.0 & 0.01).
Electrical resistance was measured by the four-contact method
showing sharp discontinuity at the temperature of the MITs,
being Ty ~ 195K, 190K, and 180 K for La, Pr, and Nd based
samples, respectively, in the heating measurement.

Synchrotron x-ray diffraction patterns were measured at
the former ID31 beamline at the ESRF synchrotron (Grenoble,
France). The samples were loaded in a borosilicate glass
capillary (diameter of 0.5 mm) and kept spinning during data
acquisition. A short wavelength, A = 0.3528 A, was selected
to reduce absorption. The value of A was calibrated using
standard silicon. The patterns were collected between 80
and 300 K. The standard acquisition time to refine unit cells
was about 20 min but a total acquisition time of 2 h/pattern
was used to perform a full structural characterization at
selected temperatures. Neutron diffraction experiments were
performed at the high flux reactor of the ILL using the high-
resolution powder diffractometer D2B (A = 1.594 A). Scans
were collected at 5, 50, and 300 K.

Both, x-ray and neutron diffraction patterns were analyzed
by the Rietveld method using the Fullprof program [26]. The
refinements were carried out in two ways: the traditional
refinement of fractional coordinates and the refinement of
modes amplitudes obtained from the symmetry-mode analysis
[27]. Both kinds of refinements yielded similar and consistent
results. The symmetry mode analysis was performed using the
ISODISTORT and AMPLIMODES programs [28,29].

The Mossbauer spectra were measured between 77 K
and RT with a constant acceleration spectrometer which
uses a >’Co(Rh) source. The spectrometer was calibrated at
room temperature with a a-Fe foil. Fits to the experimental
data were performed by a least-squares fitting procedure to
Lorentzian absorption lines. In all cases the estimated errors
of the obtained hyperfine parameters are at most £+ 0.1 T
for the hyperfine field, £0.002mms~! for the isomer and
quadrupole shifts, and &= 0.05 mm s~! for the linewidths.

II1I. RESULTS AND DISCUSSION
A. Crystallographic properties of Sr;;3Ln;;3FeO3

Sry3Ln 3FeO3 samples belong to the family of per-
ovskites with nominal formula: ABOs. The A site is ran-
domly occupied by Sr/Ln, while the Fe atoms are in the
B site. According to Goldschmidt’s tolerance factor [30,31]
t = A-O/(4/2B-0), the ideal perovskite (t = 1) is cubic as
observed in SrFeOs;. The replacement of Sr>* by smaller
Ln** cations leads to strain that is mainly relaxed by coop-
erative tilts of BOg octahedra. Octahedral tilting reduces the
coordination of the A-site cation below 12 and lowers the
symmetry of the crystal structure below cubic. The different
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FIG. 1. (a) X-ray patterns at 295 K for Sr,;La;3FeO; and
Sry/3Pry3Fe0s. Inset: Detail of different peak splitting, (b) Rietveld
analysis of x-ray diffraction pattern for Sr,,3Nd; 3FeOj3 at 295 K. The
arrow indicates the peaks of the inset with two possible refinements.

possible modes of octahedral tilting and the resulting distorted
structures have been studied by different authors in the past
[32-34]. Details about the distortions induced by cooperative
tilting of BOg octahedra related to the compounds of this study
can be found in the Supplemental Material [31].

Figure 1 shows the x-ray patterns at room temperature of
the three Sry/3Ln;/3FeO3; compounds. As reported previously
[9,10,20], Sry/3La;/3FeO3 shows a rhombohedral distortion
that can be accounted for by the tilting system a~a~ a~
according to the Glazer notation [32]. The hexagonal lattice
parameters are related to the primitive cubic cell by the fol-
lowing lattice vectors: ap, = (10-1), by, = (-110) and ¢, =
(222). The patterns of this compound exhibit anisotropic
peak broadening revealing either anisotropic crystal size or
the occurrence of intrinsic microstrain. The sharpest peaks
correspond to the (0, 0, /) reflections, suggesting a needle-
like shape of the crystallites. This anisotropic broadening
was accounted for in the structural refinements using the

Ryp/Rpragg (%) 8.7/2.5 10.5/4.5 9.1/2.1

phenomenological model proposed by Stephens [35], which
has been implemented in the Fullprof software [26].
Although an analogous trigonal structure was reported for
Sry/3Pri3FeO5 and Sry,3Nd;/3FeOs3 [36,37], we observe sig-
nificant splitting of several peaks, suggesting an orthorhombic
distortion [see Fig. 1(a)]. In a previous work using a laboratory
diffractometer, we tentatively refined their structures using the
space group Imma in agreement with the a~a~c tilting sys-
tem [38]. Similar structure was reported for Sty ,Pr;,2FeO3 in
Ref. [39]. However, in the present study using high-resolution
XRD data, we were able to observe that a monoclinic cell
improves the refinement and we detected small superstructure
peaks associated to the tilts of FeOg octahedra confirming
this point as can be seen in the Fig. 1(b). Therefore, the
actual unit cell for these compounds adopts the I2/a space
group following the a~a~ ¢~ tilting system with a small out-
of-phase rotation of the FeOg octahedra along the cubic ¢
axis [31]. The relationship between the distorted monoclinic
cell and the primitive cubic cell follows these lattice vectors:
a, = (002), by, = (110), and ¢;, = (-1 10). The structural
parameters obtained from the refinements are summarized in
the Table 1. Overall, the unit cell parameters decrease as the
rare-earth size does (following the lanthanide contraction).
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FIG. 2. Selected regions of x-ray patterns collected at 295 and 5 K for Sr,;3Nd;,3FeO; to compare (a) the peak splitting and (b) the
occurrence of new superstructure peaks indexed in the frame of the primitive cubic cell.

The Fe-O bond lengths estimated from the refined fractional
coordinates show similar values for the three compounds. In
fact, the Fe valence inferred from the bond valence analysis
ranges between 3.67 and 3.71 in excellent agreement with the
nominal value expected from the Ln/Sr ratio.

Upon cooling below the MIT, two types of changes are per-
ceptible in the x-ray patterns of the three samples as illustrated
in Fig. 2 for the Nd-based compound. First, some diffraction
peaks are split indicating a sudden change in the unit cell
dimensions. Second, the occurrence of new superstructure
peaks following the propagation vector k = (1/3,1/3,1/3)
respect to the primitive cubic cell and differentiating one of its
body diagonals. These new reflections are very weak and very
hardly detectable by conventional laboratory diffractometers
(see Fig. 2). For instance, the intensity ratio between the first
superstructure peak (2/3, 2/3, 2/3) and the most intense peak
in the pattern is around 3.7 x 107*. According to reported
group-theory analysis [40], the cation ordering pattern asso-
ciated to the previous propagation vector can be accounted
for by the condensation of modes belonging to the irre-
ducible representation (Irrep) LD1 with the order parameter
(2,0,0,0,0,0,0,0). The result of this distortion splits both the A-
and B-sites and the nominal formula of the distorted structure
may be seen as A;A’B;B’Og. In the case of Srp;3La;3FeOs
compound, the combination of the cation ordering and the
a~a~a~ octahedral system leads to a primitive triclinic cell
with P3¢l space group [31,40]. Both cells, R3¢ and P3cl,
have the same lattice parameters and the Fe atoms located at
the Wyckoff position 6(c) in the R3c cell are split into two
orbits Fel and Fe2 located at the Wyckoff positions 2(b) and
4(d) in the P3cl cell. In the same way, Sr(La) is also split.
Sr(La)l and Sr(La)2 are placed at the Wyckoff positions 2(a)
and 4(d). Fe2 and Sr(La)2 have the only possibility of shifting
along the z direction in the hexagonal cell (or body diagonal in
the rhombohedral setting). The occurrence of superstructure
peaks is due to subtle atom shifts. In fact, accurate fits can
be obtained with the atom fractional coordinates of the high
temperature phase but that model is unable to account for the

new weak superstructure peaks. The refinement of fractional
coordinates yields different results depending on the starting
values. This is a strong indication about the existence of
several local minima in the fit procedure. To gain insights
into the structural distortion of the low-temperature phase,
we have taken full advantage of the refinements using modes
amplitudes [29]. The intensity in the superstructure peaks
appears by condensation of the LD1 modes associated to
the vector k = (1/3,1/3,1/3). There are four possibilities
(or atom shifts) giving rise to similar satellite peaks. They
are displayed in the Fig. 3 using the program VESTA [41].
The common ingredient for all cases is the shift of Fe2 and
Sr(La)2 atoms in opposite directions along the hexagonal z
axis. In addition, the O2 atoms located at 12(g) position also
move coupled to the Sr(La)2 in the same direction along the z
axis but these atoms have more degrees of freedom and they
have also shifted in the xy plane. Depending on their modes
amplitudes, the O2 approaches to either Fe (models 1 and 2) or
Sr (models 3 and 4) atoms and the consequences are different.
In the first cases, CD occurs in the Fe sites while in the
other two models different oxidation states are observed in the
Sr(La) sites. As RXS resonance is clearly observed at the Fe
K-edge [23], models 3 and 4 can be discarded, while models
1 and 2 would yield similar RXS reflections and opposite
sequences for the CD in the Fe-sublattice. The CD would
be —Fe367+8 _Fe367-8 _Fa367-8 __ and —Fe367—3_Fe3-67+8
-Fe*7+% __ for models 1 and 2, respectively. Both refine-
ments yield similar reliability factors so x-ray diffraction
cannot give a definitive conclusion. Previous hypothesis as-
sumed a full CD of the type: 2Fe*t — Fe’* 4 Fe’* [19].
This premise might agree with the model 1 if § = 1.33 and
8’ = 0.67. However, the bond valence sum (BVS) of our
refinements yields a difference of 0.4 valence units between
both sites in any of the two models. This partial CD is
in agreement with the RXS study reported in Ref. [23]. In
model 1, our result is much closer to the presence of Fe**
at the Wyckoff position 2(b) and an even mixture of Fe’*
and Fe** at position 4(d) in accord with x-ray absorption
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Model 4
FIG. 3. Possible atomic shifts for Fe2, Sr(Ln)2 and O2 atoms
associated to the condensation of modes from the Irrep LD1. The

four models give rise to (h/3, h/3, h/3). superstructure peaks but
only models 1 and 2 yield a RXS signal at the Fe K-edge.

spectroscopy [10]. Moreover, this model is more in agreement
with the results obtained from the Mdssbauer spectroscopy
(see below). Figure 4 shows the Rietveld analysis at 80 K
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FIG. 4. Rietveld analysis of the high-resolution x-ray diffraction
pattern for Sry/3La;;3FeO;. The arrow indicates the region empha-
sized in the inset with the first superstructure (h/3, h/3, h/3). peak.

TABLE II. Structural parameters at 80 K obtained from the re-
finement of high-resolution x-ray data (space group, lattice constants,
fractional coordinates, temperature factors, and reliability factors
defined as in Ref. [26]). Atoms are located in the P3cI (A2/n) space
group as follows: Sr/Lnl at 2a:0, 0, Y% (4e:3/4, y,3/4); Sr/Ln2 at 4d:
1/3,2/3,z(8f:x, y, z); Fel at 2b: 0,0, 0 (4c: 0, 1/4, 1/4); Fe2 at
4d:1/3,2/3,z (8f: x, y,2); Ol at 6f: x, 0, Y4 (4e: 3/4, y, 3/4);
and O2 at 12g: x, y, z (restof O at 8 f: x, y, 2).

Sample (Ln) La Pr Nd
space group P3cl A2/n A2/n
a(A) 5.48156(1) 13.34887(5) 13.32419(3)
b (A) - 5.44397(2) 5.48041(1)
cA) 13.37082(3) 9.49920(3) 9.43490(2)
B (deg) — 89.5822(2) 90.0569(1)
Sr/Lnl:y 0 0.7480(12) 0.7509(9)
Sr/Ln2:x 1/3 0.9163(2) 0.9172(2)
y 2/3 0.7514(8) 0.7462(5)
b4 0.9174(2) 0.0826(2) 0.0835(4)
Bs: (;\2) 0.23(2) 0.16(2) 0.26(4)
Fel: B, (Az) 0.17(4) 0.17(6) 0.17(7)
(Fel -O) (A) 1.912(3) 1.929(9) 1.923(7)
BVS-Fel 3.96(3) 3.80(9) 3.87(7)
Fe2: x 1/3 0.1668(4) 0.1680(4)
y 2/3 0.7467(17) 0.7482(14)
b4 0.1680(3) 0.0761(4) 0.0824(7)
(Fe2 -O) (A) 1.956(3) 1.949(9) 1.951(6)
BVS-Fe2 3.53(3) 3.62(9) 3.58(7)
Ol: x 0.518(2) 0.75 0.75
y 0 0.273(4) 0.299(6)
02: x 0.1955(14) 0.9334(17) 0.9198(13)
y 0.8664(14) 0.536(4) 0.512(3)
z 0.813(4) 0.322(2) 0.3143(18)
03: x — 0.254(2) 0.2392(16)
y — 0.533(5) 0.503(4)
z — —0.021(3) —0.024(2)
04: x — 0.4165(17) 0.4273(13)
y — 0.481(4) 0.509(3)
z - 0.344(2) 0.3381(18)
05: x — 0.9155(17) 0.9124(13)
y - 0.229(3) 0.209(3)
b4 - 0.081(2) 0.0834(19)
Bo (A% 0.48(2) 0.76(7) 0.19(4)
Ryp/Rrage (%) 7.0/1.8 10.7/4.1 8.2/2.5

for Sry/3La;3FeO3 using the model 1 and in the Table II
is summarized the structural parameters obtained from this
refinement.

Regarding Sr/3Pr;;3FeO3; and Sry/3Nd;/3FeO3, the com-
bination of the a~a~ ¢~ tilting system and cation order-
ing at the B-position leads to a distorted structure adopt-
ing a monoclinic cell [40], space group A2/n (standard
group C2/c), whose lattice parameters are related to the
primitive cubic cell with the following vectors: ap =
(-2,-2,2), by, =(1,0,-1), and ¢, = (1,-2, 1) with an ori-
gin shift of (1/2,-1/2,0). In this case, the Fe located in the
Wyckoft position 4(b) in the high temperature phases also
splits into two orbits with positions 4(d) and 8(f). Similar
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FIG. 5. Temperature dependence of refined lattice parameters from high-resolution x-ray diffraction patterns (indicated in each figure) and
of electrical resistance for Sr;/3La;,3FeO3 (left), Sry/3Pr,3FeO3 (middle), and Sr;;3Nd, ;3FeO; (right).

static frozen distortions can be obtained for both samples with
analogous models of CD as observed in the La-based com-
pound. Table II shows the refined parameters for both samples
using the condensation model equivalent to model 1 in the
La-based compound. The two Fe sites show a more distorted
environment compared to the La-based sample but we observe
a similar CD of ~0.4 valence units between both sites. There-
fore, the three compounds show a similar CD, far below of a
full disproportionation into Fe’* and Fe>*. It is noteworthy
that the Pr-based sample exhibits the strongest monoclinic
distortion at low temperature and the x-ray patterns reveal the
presence of stacking faults characterized by the asymmetry of
selected peaks and peak shifts out of the theoretical position.

Although a phenomenological model [28] partially solves this
problem, its reliability factors in the refinements are worse
compared to the other two samples (see Table II).

Figure 5 shows the temperature dependence of the lattice
parameters for the three samples when heating between 80 and
300 K. The evolution of the lattice parameters is compared
to the behavior of the electrical resistance, R(T ). The three
samples show a jump in the R(T) curves at Ty, which
slowly decreases as the Ln-size does. They do not exhibit a
genuine MIT as the samples are semiconducting above Ty.
Overall, the jump is several orders of magnitude at Tyg and
the hysteresis reveals a first order transition. Such a hysteresis
in the R(T) curves increases with decreasing the Ln-size.
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Regarding the unit cell, clear changes in the lattice parameters
are noticeable at Ty;. In the La-based sample, the most signif-
icant change is the sudden expansion (~0.025%) of the a axis
at Ty. This direction is perpendicular to the body diagonal
of the primitive cubic cell and matches with the direction of
the ordered magnetic moments as reported below. The ¢ axis
exhibits a monotone contraction on cooling and a kink in the
temperature dependence of the unit cell volume that mirrors
the abovementioned jump in the a axis. Stronger changes are
observed in the monoclinic samples. Regarding the Nd-based
sample, jumps in the temperature dependence of ¢ axis and
angle are clearly visible at Ty. The behavior of the former
resembles the thermal dependence of the a axis in the La-
sample and in fact, the monoclinic ¢ axis is also perpendicular
to the body diagonal of the primitive cubic cell. In this case
the expansion at Ty is a bit larger (~0.04%). The other two
monoclinic axes are contracted with decreasing temperature
but the a axis shows an inflection point at Ty, whereas the b
axis shows a small plateau at that temperature. Finally, the
Pr-based sample shows the strongest monoclinic distortion
at low temperature. The § angle begins to deviate from 90°
above Ty, suggesting a structural instability additional to the
charge localization. This may be related to the slope change
in the a axis (negative below Ty and positive above it) and
the continuous expansion of the ¢ axis below Ty (about 0.1%
down to 80 K). It is worth noting the opposite behavior of the
B angle for both monoclinic compounds using the same cell
choice (same fractional coordinates). Such an angle is greater
(less) than 90° for Nd-(Pr-) based sample. Summarizing, the
structural changes at Ty are very anisotropic in the three sam-
ples and the strongest anomalies are observed in the direction
perpendicular to the diagonal of the primitive cubic cell or the
direction where the CO is established. The stronger change at
the MIT is observed along the ¢ axis for both samples, sug-
gesting a magnetostructural coupling at Ty in that direction.

B. Magnetic structure of Sr,/3La;;3FeO3

This family of compounds exhibits magnetic transitions
at Ty [38]. In the case of the La-based sample, its mag-
netic structure was previously studied using neutron powder
diffraction techniques [9,20]. In both works, the magnetic
structure was described using a hexagonal lattice and a prop-
agation vector k = 0. The symmetry of the magnetic cell is
reduced to the space group P-I, the magnetic moments lie
in the ab plane and they are antiferromagnetically ordered
along the c¢ axis following the sequence + + + — — —.
This sequence can be seen as a sixfold periodicity along one
pseudocubic [111] direction. The magnetic sequence agrees
with a CO sequence of Fe3*Fe’*Fe’*Fe’*Fe’*Fe’* along
the abovementioned direction. The magnetic couplings are
AFM for Fe3*-0O-Fe** and Fe3*-O-Fe’* interactions while it
is FM for Fe*T-O-Fe>* paths. Such interactions agree with the
superexchange rules [42], but the refined magnetic moments
disagree with a full CO disproportionation [9,20]. In addition,
the exact direction of the moments is missing probably due to
the presence of pseudosymmetry. Figure 6 compares neutron
patterns above and below the magnetic transition. First of
all, the powder neutron diffraction is not sensitive to the CD
of these samples as no superstructure peaks are noticeable.
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FIG. 6. Rietveld analysis of the high-resolution neutron diffrac-
tion pattern for Sr,;3La,;/;3FeOs collected at 295 K (top) and 5 K
(bottom).

In fact, accurate fits can be obtained using the fractional
coordinates of the undistorted phase (high-temperature phase)
and only refining the magnetic contribution. Magnetic peaks
are clearly seen in the patterns at low temperature and their
indexation confirms that magnetic moments are in the hexag-
onal ab plane. In this work, we have taken full advantage of
symmetry analysis to advance in the knowledge of the exact
magnetic structure for this compound. For this purpose, we
have used the Isodistort program [28] to explore the magnetic
Irreps (mlrreps) for the nuclear cell with P3¢l symmetry. The
search was limited to the GM point as the propagation vector
for magnetic reflections is k = 0. The program yields six
possible mlrreps: mGM1+4, mGM2+, mGM34, mGM1—,
mGM2—, and mGM3—. Only mlrreps with the sign plus
allow the simultaneous ordering of the two nonequivalent
Fe atoms. Of these options, only mGM3+ allows the mag-
netic arrangement in the ab plane. In the other two mlr-
reps, the moments point along the ¢ axis. Therefore, our
search was focused on mGM3+. Within this mlrrep, there are
three possibilities corresponding to three different magnetic
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TABLE III. Magnetic structures of the AFM ordering at 5 K for Sry;sLla;;3FeOs, Sry3(LaynPris)i3FeOs, SrysPry3Fe0s,
Sry3(Pr2Nd, 2)1,3Fe03, and Sr,3Nd, ;3FeOs, denoted in the table as La, LaPr, Pr, PrNd, and Nd samples, respectively. We show the magnetic
space group, refined lattice constants, refined magnetic moments, and reliability factors defined as in Ref. [26]). Atoms are located in the C2/c
(A2/n) space group as follows: Sr/Lnl at4e: 0, y, Y4 (4e: 3/4,y,3/4); St/Ln2 at8f: x, y, z(8f: x, y, 2); Fel at4a: 0,0, 0 (4c: 0, 1/4, 1/4);
Fe2at8f:x, y, z(8f:x, y, 2); Ol at4e: x, 0, V4 (4de: 3/4, y, 3/4); and rest of O in both cases at 8 f: x, y, z. (¥) C2/c transform from parent
nuclear cell as 2a + b, b, c; 0, 0, 0. A2/n transform from parent as —a, b, —c; 0, 0, 0.

Sample (Ln) La LaPr Pr PrNd Nd
Magnetic space group *C2/c A2/n A2/n A2/n A2/n
(15.85) (15.85) (15.85) (15.85) (15.85)

Magnetic cell:a (A) 9.4921(1) 13.3627(1) 13.3428(1) 13.2846(3) 13.2770(2)
b (A) 5.4680(1) 5.43547(5) 5.41964(7) 5.4262(1) 5.46207(4)
cA) 13.3638(1) 9.43813(6) 9.44165(7) 9.4610(2) 9.3971(1)
B (deg) 90.0 89.521(1) 89.372(1) 89.772(2) 90.049(1)
Refined moments (ug):
Fel:u, 2.53(8) 0 0 0 0

My 0 0 0 0 0

e 0 2.79(1) 2.58(7) 2.65(2) 2.25(5)
Fe2:u, 3.28(1) 0 0 0 0

My 0 0 0 0 0

e 0 3.53(1) 3.25(4) 3.52(1) 3.32(2)
Ryp/ Rirage (%) 7.1/2.5 4.0/2.1 4.0/2.7 8.3/4.1 4.8/4.0

(Shoubnikov) groups: C2/c, C2'/c’ and P-1. In the two first
cases, the magnetic cell is related to the crystal one in
the following way: a, = 2a, + by; by, = bp; ¢y = ¢,. This
transformation leads to y = 90° and 8 ~ 90°. Exploring the
magnetic groups and the possible magnetic arrangements, P-/
is the one with the least symmetry and it allows collinear
ordering with alternate FM and AFM interactions along any
crystallographic direction. This approximation was used in
Ref. [9]. Thus, we are interested in the other two magnetic
groups. C2/c only permits the collinear order of interest
(+++———) along the a,, axis whereas the C2'/c" only allows
this type of ordering along by, (unique axis). We have per-
formed the refinements and we obtain that the best reliability
factors were obtained for the magnetic group C2/c and only
2 magnetic modes were necessary (one for each Fe position).
However, the differences with the C2/c’ model are very small
and a study with single crystal would be necessary to achieve
a definitive conclusion. The use of P-I magnetic group does
not improve the fit in spite of refining more parameters. In the
present work, we have chosen the C2/c group for two reasons.
It is the magnetic group with highest symmetry that accounts
for the neutron pattern of Sry/3La;,3FeO3 at low temperature
and, second, the moments lie in the crystal axis that show
more drastic changes at the magnetic transition (magnetoelas-
tic coupling). Figure 6 shows the refinements of neutron pat-
terns at 295 and 5 K to put forward the magnetic contribution.
The magnetic data are summarized in the Table III and the
magnetic structure is drawn in Fig. 7. The refined data shows
two nonequivalent Fe sites whose ordered magnetic moments
are 2.52 and 3.27 ug, values that are consistent with previous
studies [9,37] and are at odd with the ones expected for Fe3t
and Fe** (3 and 5up) in a full CD. In the course of this
research, a magnetic study on Sry;3La;;3FeO; has recently
been reported [43]. The results of this work are in agreement
with our study showing similar conclusions about the possible
magnetic groups for a collinear ordering of the Fe moments.

C. Mossbauer spectra of Sr,;3La;;3FeO3

To gain insights into the electronic structure of Fe atoms,
Mossbauer spectra of Sry/3L.a;3FeO3 were collected at differ-
ent temperatures. The Mdssbauer spectra of Sry/3La;/3FeO3
measured between T = 77 and 300 K are displayed in
Fig. 8. The spectra at T = 300, 250, and 200 K (T > Twmy)
are not magnetically split and can be perfectly fitted with
a paramagnetic doublet. The corresponding linewidths, T,

FIG. 7. Crystal and magnetic structure of Sr,/3La;3FeO3 at 5 K
deduced from the refinement of neutron diffraction patterns and
a group-theoretical analysis. The draw was produced by VESTA
program [41].
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FIG. 8. Mossbauer spectra of Sr,/3La;3FeO3 measured between
77 and 300 K.

and hyperfine parameters (isomer shift, §, and paramagnetic
quadrupole splitting, ¢) are displayed in Table IV. A small
magnetic contribution is observed at 7 = 200 K (solid
green line in Fig. 8). When this contribution is included
in the fit, the corresponding relative intensity and hyperfine
parameters are: 33%, By = 38T, 6§ = 0.307 mms~!, & =
—0.00l mms—', and ' = 0.66 ms~".

Magnetic splitting is clearly observed for 7 < 180 K
(T < Tyy)- In this case the Mossbauer spectra consist of two
superimposed sextets with intensity ratio ~2:1 (components
1 and 2, red and blue lines in Fig. 8). The parameters used
in the fit, relative intensities, linewidths, hyperfine field, By,
isomer shift, and quadrupole splitting are shown in Table IV.
The hyperfine field of the more intense sextet (component
I, red line in Fig. 8) is approximately twice the hyperfine
field of component 2 (blue line in Fig. 8). However, they
display very different isomer fields, §; &~ 0.35mms~!, and
8y ~ —0.03mms~'. The thermal dependences of By and §
are shown in Fig. 9. For T < Ty, the weighted averages,
(But) = 1/3Bns1 +2/3 By and (8) = 1/3(81) +2/3(55), are
also displayed.

According to this result, MOssbauer spectroscopy agrees
with the splitting of Fe atoms into two nonequivalent en-
vironments at low temperature with a rate 2:1. Moreover,
the fit suggests that magnetic moments of both sites follow
the rate 25:38, quite similar to the values obtained from
the neutron refinement (25:33). However, with the obtained
values of By and § is not straightforward to determine the Fe
valence. To get some insight on this subject we have measured
at room temperature several reference compounds belonging
to the same family of compounds (see Figure S10 in the
Supplemental Material [31]). According to our Mossbauer
data and subsequent analysis we have observed that for these
compounds the average isomer shift at RT, (6)rr, varies
linearly with the Fe average valence, (vg.), (Figure S11 in the
Supplemental Material) in the following manner:

(8)rr = 1.28 — 0.31 x (Vre). (1

The temperature dependence of the weighted isomer shift
(Fig. 9) can be described with the well-known Debye model
for the second order Doppler shift [44]. Assuming that §; and
8, follow the same thermal dependence as (§), we obtain:
81(RT) = 0.230 mm/s and §,(RT) = —0.040 mm/s. Hence,
according to Eq. (1), the average Fe valence of the atoms in
the sites 1 is 3.4, whereas the average Fe valence of the atoms
in the less populated sites is 4.2. This CD qualitatively agrees
with other techniques such as RXS and BVS but quantitatively
is a bit higher maybe due to differences in the temperature
dependence for §; and §;. In any case, this technique allows
us to discard the occurrence of a full disproportionation in
opposite to previous interpretations [19] but in agreement with
recent reports [43].

D. Magnetic structure of Sr;;3Pr;;3FeO; and Sr;/3Nd;;3FeO;

Previous studies have paid little attention to Sry/3Pr;3FeO3
and Srp;3Nd;/3FeOs in spite of these samples also exhibit
a MIT and similar charge disproportionation. In fact, the
magnetic ground state of these compounds is not well known
so far. In this work we have characterized the magnetic
arrangement of SI'2/3(L3.0‘5PI'0'5)|/3FCO3, Sr2/3Pr1/3F603,
Sry/3(Pry sNdp 5)1/3FeO, and Sry/3Nd;,3FeO3 to account for
the effect of the rare earth size in the magnetic ordering of
the Fe-sublattice. To determine it, we have proceeded in the
same way as in the study of Sry;3La;,;3FeO3. In this case,
the low-temperature crystal structure adopts a monoclinic
cell with space group A2/n. Magnetic reflections can also be
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TABLE IV. Madssbauer spectral hyperfine parameters for Sr,3La;,3FeOs.

T (K) Wt. Av. (%) I'(mms™1) By (T) S(mms~1) AEy, e(mms™1)
300 100 0.31 - 0.145 0.127
250 100 0.31 - 0.169 0.144
200 100 0.35 - 0.197 0.146
180 69 0.61 40.1 0.328 —0.008
31 0.32 24.5 —0.034 —0.031
150 70 0.53 42.0 0.339 —0.009
30 0.28 25.0 —0.034 —0.023
120 70 0.47 43.5 0.360 —0.015
30 0.28 25.5 —0.031 —0.014
80 68 0.42 449 0.361 —0.017
32 0.31 259 —0.030 —0.015

indexed with the propagation vector k = 0. Exploring the
possible magnetic structures, Isodistort program yields four
mlrreps for this point, mGM1+ (A2/n), mGM2+ (A2'/n’),
mGM1- (A2/n’), and mGM2- (A2'/n), which correspond to
the magnetic groups indicated in parentheses for each mlrrep.
In the last two groups, Fe atoms located at the Wyckoff
position 4(d) do not participate in the magnetic arrangement
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FIG. 9. Temperature dependence of the Sr,;3La;;3FeO; hyper-
fine magnetic field and isomer shift. The dotted line indicates the
MIT temperature. In the magnetically split region (T < Tyy) the
weighted averages: (Bys) = 1/3Bys1 + 2/3 By, and (§) = 1/3(8;) +
2/3(8,) are also displayed. In the top pannel the dashed lines are
guides for the eyes. In the bottom pannel the solid lines are the
calculated (and extrapolated) thermal dependences of the isomer
shift.

and therefore, they cannot account for the magnetic peaks
observed in the neutron patterns at low temperature. The
other two mlrreps, nGM 1+ and mGM2+-, allow the ordering
associated to the sixfold periodicity (+ + + — — —). This
ordering is only possible along the unique axis b in the mag-
netic group A2'/n’ (mGM2+), whereas it is allowed in the
whole ac plane for the mGM1+-. In this case, the refinements
clearly show that the best fit is achieved when the magnetic
moments lie along the ¢ axis. Therefore, we have found two
possible directions for the magnetic moments, either along
the monoclinic b axis (A2'/n’) or the ¢ axis (A2/n). In both
cases, the moments are perpendicular to the monoclinic a
axis, which corresponds to the body diagonal in the primitive
cubic cell in the A2/n cell choice. Therefore, the possible
magnetic structures in the monoclinic ferrites are analogous
to those observed in the trigonal Sry;3La;/;3FeO3 and the
difference comes from the different tilts of FeOg octahedra
which lead to different unit cells. In the present work we
report the results obtained in the A2/n model (see Table III)
but the magnitude of the ordered magnetic moments is similar
using the A2’/n’ model and only changes its direction. In this
case, the refinements using the A2/n model give a little better
reliability factors. This is a result similar to the La-based
compound (magnetic ordering also perpendicular to the
unique axis), but it is not the unique reason for this choice.
The similar anomalies in the temperature dependences of
their respective lattice parameters observed in Fig. 5 (a axis
for La compound and c¢ axis for Nd one) suggests similar
magnetoelastic coupling at the magnetic transition coupled
to the MIT. Figure 10 shows the magnetic ordering in these
compounds and the refinements of the neutron patterns can be
found in the Supplemental Material [31]. As can be seen in the
Table III, the magnetic moments on Fel and Fe2 sites seem
to be nearly independent of the substituted rare earth atom
being the average magnetic moment for the Fel ~2.54 ug,
whereas for Fe2 is ~3.37 ug. These values disagree with the
expected moments for Fe’>* and Fe’* and a diminution by
covalence effects does not seem enough to justify this strong
difference. On the other side, BVS indicates that both sites
contain, as a first approximation, a mixture of Fe** and Fe>*.
Taking into account the octahedral coordination in both sites,
Fe*t is expected to show the low-spin (LS) configuration
(2up) as a strong distortion of the FeOg octahedron is
required to stabilize the high-spin configuration [45]. Thus,
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FIG. 10. Crystal and magnetic structure of Sr,;3Ln;;3FeO3
(Ln = Pr, Nd) at 5 K deduced from the refinement of neutron
diffraction patterns and a group-theoretical analysis. The draw was
produced by VESTA program [41].

following an ionic approximation, the Fel site with 2.54 ug
may be composed by 82% of LS-Fe*' and 18% of Fe’',
whereas the Fe2 site would be occupied by 54% of LS-Fe**
and 46% of Fe’*. These cationic ratios agree reasonably
well with the BVS obtained in the previous refinements
using the model 1 (see Table II). In this way, it is worth
remembering that superexchange rules [42] predict the same
sign for Fe>*-O-Fe’* and LS-Fe*t-O-Fe’* interactions. In
any case, the ionic approximation may be not adequate to
explain the electronic properties of these compounds with Fe
in high oxidation states. Spectroscopic studies revealed strong
covalence and the ground state is better understood with
ligand holes in the oxygen atoms [46]. In this way, oxygen
atoms exhibit the longer shifts at Tyy. Analogously, soft
x-ray absorption data on Sri.,La,FeOs across Ty revealed
minor changes at the Fe Lj;-edge measurements whereas
significant shifts are noticeable at the O K-edge spectra [47].
Phonon condensation at Ty might relax structural strain
in the environment of oxygen atoms and consequently, two
nonequivalent Fe sites are formed developing a charge density
wave (CDW) with a sixfold periodicity. The formation of this
type of CDW is able to open a band gap as has been recently
observed in the SrFeO;s sample [48], very related to our
compounds.

IV. CONCLUSIONS

The crystal structure at room temperature of
Sry3Ln; 3FeO3; compounds (Ln = La, Pr and Nd) shows
great similarities and the main difference is related to different
rotation modes of FeOg octahedra. The hexagonal structure

of Sry;3La;3FeO3 (space group R3c¢) can be understood in
the a~a~a~ tilting system [30] whereas the monoclinic cell
of Sry/3Pri3FeO; and Sry;3Nd;3FeOs3 (space group [2a)
corresponds to the a~a~c™ set of tilts. This difference arises
from the different strain induced by the different ionic size of
Ln’* cations. Despite of these differences, the three samples
show a MIT at a similar critical temperature Ty ranging
between 195 and 180 K on heating.

Our comprehensive study using high-resolution x-ray pow-
der diffraction, neutron diffraction, and Mossbauer spec-
troscopy has allowed us to gain significant insights into the
crystal and magnetic structures below Tyy. Condensation of
modes belonging to the Irrep LD1 in the primitive cubic cell
associated to the vector k = (1/3, 1/3, 1/3) leads to a trigonal
cell (space group P3cl) for La-based sample and a large
monoclinic cell (space group A2/n) for the other samples.
The superstructure peaks are noticeable in the x-ray patterns
using synchrotron radiation. In all cases, the low-temperature
phase shows a sequence of expanded and compressed FeOg
octahedra along a particular body diagonal in the primitive
cubic cell with a ratio of 2:1. The atom shifts involved in
the transition are so small that a minor CD is produced
between two nonequivalent Fe sites in the low-temperature
phase in agreement with the difference of about 0.4 valence
units observed by the BVS method. Therefore, a full CD of
Fe** into Fe** and Fe ™ is absolutely inadequate to account
for the structural and magnetic changes observed at Ty and
this result concurs with previous RXS and x-ray absorption
spectroscopy studies on Sry;3La3FeO3 [10,23]. The MIT is
better explained in terms of the developing of a CDW in the
Fe sublattice along a body diagonal in the primitive cubic cell
that opens a band gap.

Coupled to the structural transition, long-range AFM or-
dering is established [38,43] with a similar sixfold periodicity.
Refined magnetic moments for the two nonequivalent Fe sites
were obtained from neutron diffraction patterns and its ratio
was confirmed by Mossbauer spectroscopy. These moments
disagree with a mixture of Fe’* and Fe’* cations and they
are better accounted for by a mixture of LS-Fe*+ and Fe’*
moments. The use of a symmetry analysis helped us to de-
termine the magnetic group for the magnetic arrangements
and the most plausible direction of the magnetic moments
as perpendicular to both, the unique monoclinic axis and the
body diagonal where the CDW is established.

Summarizing, this study establishes that MIT in the
Sry 3Ly 3FeO3 system can be described as a structural phase
transition where the condensation of modes mainly associated
to oxygen atoms lead to two different iron sites, Fe3¢"*% and
Fe3¢7-% with a ratio 1 to 2 and a total CD of about 0.4-0.6
electrons. Accordingly, a full CD with Fe>* and Fe>* cations
is discarded.
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