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ABSTRACT: Calcium-for-strontium cation substitution of the
ab’c’/b’ac® distorted, cation ordered, n = 2 Ruddlesden-Popper
phase, Y Sr,Mn,0, leads to separation into two phases which both
retain an ab’c’/b’ac’ distorted framework and have the same
stoichiometry, but exhibit different degrees of Y/Sr/Ca cation
order. Increasing the calcium concentration to form
Y SrosCa sMn,O; leads to a change in the cooperative tilting on
the MnOg units to a novel abc/bac arrangement described in
space group P2,/n11. Low-temperature, topochemical fluorination
of YSr,Mn,0; yields Y SroMn,OssF35. In contrast to many other
fluorineled n = 2 Ruddlesden-Popper oxide phases,
Y SroMn,OseFs s retains the ab®c®/b’ac® lattice distortion and
P4,/mnm space group symmetry of the parent oxide phase. The
resilience of the ab’c®/b’ac® distorted framework of Y Sr,Mn,O;
to resist symmetry changing deformations on both cation substitu-
tion and anion insertion/exchange is discussed on the basis the A-
site cation order of the lattice and the large change in the ionic
radius of manganese on oxidation from Mn*to Mn*". The struc-
ture property relations observed in the Y-Sr-Ca-Mn-O-F system
provide insight to assist in the synthesis of n = 2 Ruddlesden-
Popper phases which adopt cooperative structural distortions
which bresk the inversion symmetry of the extended lattice, and
therefore act as a route for the preparation of ferrodectric and
multiferroic materials.

Introduction

The chemical diversity of oxide phases which adopt ABO; per-
ovskite structures can be attributed in part to the high mechanical
flexibility of the perovskite framework. This flexibility alows the
apex-linked BOs octahedra, which congtitute the perovskite
framework, to cooperatively tilt and twist to optimize the packing
of the system in response to changes in the ratio of the A- and B-
cation radii (conveniently parameterized by the structural toler-
ance factor: t = <A-O>/\2<B-0>).! As a result a wide range of
cation combinations can be incorporated into thermodynamically
stable perovskite lattices.

A further feature of thetilting and twisting distortions of perov-
skite phases is that they can be harnessed to modify and tune the
physica behavior of systems, particularly transition-metal con-
taining phases. This is because the collective rotations of the octa-
hedra act to distort the B-O-B bond angles from the 180° value
observed in the undistorted, aristotype framework. This tightening
of the B-O-B bond angles modifies the orbital interactions and
thus the coupling between the local eectronic states of the transi-
tion metal B-cations, changing € ectronic band widths in e ectron-
ically delocalized systems, or magnetic exchange interactions in
localized systems.? As a result much effort has gone into under-
standing the electronic and magnetic consequences of tuning the
structural distortions of perovskite phases, typicaly via studies
which make chemical substitutions on the 12-coordinate A-site.?

In addition to tuning the e ectronic coupling between neighbor-
ing B-cations, the collective distortions of perovskite phases also
modify the lattice symmetry of the framework. As a consequence,
if the correct distortion mode is adopted, the collective defor-
mations of perovskite lattices offer a mechanism to break the
inversion symmetry of the system, and thus the potential to induce
ferrodectric behavior.* In the specific case of the three
dimensional perovskite lattice, acentric phases can only be pro-
duced when octahedral tilting is accompanied by cation order.>®
However, when the equivalent structural distortions are applied to
layered anal ogues of the perovskite structure, particularly A;B,0-,
n = 2 Ruddlesden-Popper phases, the inversion symmetry of the
system can be broken in the absence of cation order,%° as demon-
strated by the observation of ferroelectric behavior in (Ca,
Sr)3TiOr. M

Utilizing the distortions of n = 2 Ruddlesden-Popper phases to
prepare non-centrosymmetric lattices is highly attractive because
it provides a route to polar materias without the need to include
‘active distortion centers’, such as d° transition metal cations,
which break inversion symmetry through the action of a second-
order Jahn Teller (SOJT) distortion.**™ The additional chemical
flexibility which comes from not having to include such centers
makes the incorporation of paramagnetic ions into polar frame-
works much easier, and thus distorted n = 2 Ruddlesden-Popper



phases offer a route to the preparation of magnetoel ectric mul-
tiferroic materials.

While the distortions of n = 2 Ruddlesden-Popper phases offer
an attractive route for the preparation of non-centrosymmetric
phases in theory, it is hard to realize these concepts in practice
because the desired ‘ A2,am’, aac’/ aac’ ferroelectric distortion
mode is only stahilized at extremely low values of the structural
tolerance factor. A recent study by Pitcher et a. highlighted these
difficulties when they observed that it was not possible to induce
the desired polar distortion mode in the Fe**, Ln,AEFe,0; (Ln =
lanthanide; AE = Ba, Sr, Ca) system through A-site substitution.*®
This was partly because in compositions containing very small A-
cations, A3B,0; n = 2 Ruddlesden-Popper phases tend to be ther-
modynamically |ess stable than a 1:1 mixture of the corresponding
A,BO, n = 1 Ruddlesden-Popper phase and the ABO; perovskite.
Thus in the Ln,AEFe,0; system, the A2,am distorted structure
could only be stabilized by additional titanium-for-iron B-site
substitution.®

In an attempt to circumvent these problems, we have been look-
ing at the use of topochemica manipulation as a route to prepare
non-centrosymmetric materials. Specifically we have been utiliz-
ing the observation that fluorine insertion leads to a significant
enhancement of the lattice distortions of many n = 2 Ruddlesden-
Popper systems, as indicated by a genera tightening of the B-O-B
bond anglesr?° Furthermore it has also been observed that on
fluorination the largest enhancement tends to be to the rotations of
the BOg octahedra around the crystallographic z-axis. This led us
to anticipate that the fluorination of LaNi,O;, which adopts an
Amam, aac”/ aac’ distortion, would lead to the formation of an
oxide-fluoride phase with the desired polar A2,am, aac’/ aac’
distorted structure. However, detailed crystallographic study of
LagNi,Os5F35 reveas that while fluorination of LagNi,O; does
induce a z-axis rotation of the NiXg octahedra, the ‘sense’ of this
rotation (clockwise or anti-clockwise) aternates between adjacent
perovskite sheets to yield an aac’/ aa -(c") distortion which
breaks the inversion symmetry of the lattice locally, but not glob-
ally, yielding an antiferroelectric lattice with Pnma space group
symmetry.*® While this synthesis did not achieve the desired re-
sult, it shows that the basic concept is viable and mativates us to
study the fluorination of other systems to see if it is possible to
prepare a fluorinated phase which is ferroelectric rather than anti-
ferrodectric

In this contribution we report the effects of A-cation substitu-
tion and topochemical fluorine insertion on the structure of A-
cation ordered, n = 2 Ruddlesden-Popper phase Y Sr,Mn,O;. It
was hoped that these chemical modifications would enhance the
collective distortions of the layered perovskite phase, leading to a
non-centrosymmetric, polar material.

Experimental

Synthesis. Samples in the Y Sr,,CaMn,0; series (x = 0, 0.25,
0.5, 1.0 and 1.5) were prepared via a citrate gel method. Suitable
stoichiometric ratios of Y ;03 (99.99%, dried a 900 °C), SrCOs
(99.99%), CaCOj3 (99.99%) and MnO, (99.9%) were dissolved in
a minimal quantity of 6 M nitric acid. Citric acid and ethylene
glycol were then added, and the solution was heated with constant
gtirring. The gel thus formed was heated to 350 °C until a coarse
black powder was obtained. The powder was ground and then
heated to 1000 °C in air a arate of 1 °C/min to remove the re-
maining organic components. The resulting powder was then
pressed into pellets before further heat treatments. For the prepa
ration of Y Sr,Mn,0O; and Y Sr; 75CagsMn,O;, the sample pellets
were heated for 3 periods of 48 h at 1350 °C in air and 2 further
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periods of 48 h at 1450 °C. For Y SrCaMn,0O,, the pellets were
heated for 3 periods of 48 h at 1350 °C in air and 2 further periods
of 48 h at 1400 °C. For Y SrysCa; sMn,O, the pellets were heated
for 5 periods of 48 h at 1350 °C in air. Lower synthesis tempera-
tures were employed for the calcium substituted samples to avoid
melting. The preparation of Y Ca,Mn,O; was aso attempted, but
the phase failed to form after 4 heating cycles of 48 hours a 1300
°C and this composition melts at 1325 °C.

Fluorination of Y Sr,Mn,O; and Y Sry5Ca sMn,O; was carried
out using CuF, as a fluorination agent, in the same manner as has
been described previously.” 2>2 To avoid contamination of the
samples with CuO which occurs when the fluorination agent is
mixed directly into the sample, the CuF, was heated separately
from the sample at 500 °C under flowing oxygen to liberate fluo-
rine. The resulting O,/F, gas mixture was then passed over asam-
ple of YSr,,CaMn,0; powder, held at 400 °C in adjacent fur-
nace. Samples were treated in this way for 4 periods of 48 h, with
the CuF, reagent being replaced between heating periods.

Characterization. X-ray powder diffraction data were collect-
ed using a PANalytica X'pert diffractometer incorporating an
X' celerator position sensitive detector (monochromatic Cu K,
radiation). Neutron powder diffraction data were collected from
samples contained within vanadium cans, using the HRPD dif-
fractometer (ISIS neutron source, U.K). Rietveld profile refine-
ment was performed using the GSAS suite of programs.?2 Mag-
netization data were collected using a Quantum Design MPMS
SQUID magnetometer. Average manganese oxidation states were
determined by iodometric titration. Titrations were performed by
dissolving samples in a dilute HCI solution containing an excess
of Kl and titrating the amount of liberated |, with standardized
N&S,0; solution. Powder second-harmonic generation (SHG)
measurements were performed on a modified Kurtz-Perry instru-
ment.?% A description of the equipment and methodol ogy has been
published previously.?*

Results

Structural characterization of YSroMn,O; (0 < x < 1.5).
X-ray powder diffraction data collected from samples of
Y Sr,CaMn,O; (x =0, 0.25, 0.5, 1, 1.5), shown in Figure 1,
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Figure 1. X-ray powder diffraction data collected from
Y Sr,,,CaMn, 0.



were initially indexed on the basis of tetragonal unit cels, con-
sistent with the formation of n = 2 Ruddlesden-Popper phases.
Structural models based on the b’ b°a’c® distorted n = 2 Rud-
dlesden-Popper structure of Y Sr,Mn,0; (space group P4,/mnm),®
but with calcium partially replacing strontium as appropriate,
were refined against these data. The refinements proceeded
smoothly, however close inspection revealed that, with the excep-
tion of the x = 0 sample, none of the fits to the data were satisfac-
tory.

Detailed inspection of the data from the x = 0.25, 0.5, 1 sam-
ples revealed that the poor fitting of the P4,/mnm structural model
was due to a peak shape asymmetry of the 00l diffraction reflec-
tions. This asymmetry could not be modelled by the addition of
hkl dependent broadening terms, however the fits to the data were
significantly improved by the introduction of a second tetragonal
n = 2 Ruddlesden-Popper phase to the models.

In order to stabilize these 2-phase refinements the peak shapes
and atomic positions of the two phases were constrained to be the
same, with only the lattice parameters and phase fractions of the
two phases alowed to refine freely. Table 1 shows the refined
values of these parameters.

X a(A) c(A) Volume (A% | Fraction
0 5.40456(6) | 19.9054(2) | 581.26(2) | 100%
025 | PL | 5.4064(1) | 10.7608(3) | 577.26(1) | 66.5(6)%
P2 [ 53997(1) | 19.7883(5) | 576.98(2) | 335(6)%
05 | PL | 54106(1) | 19.5848(1) | 573.33(1) | 83.7Q%
P2 | 5.4006(1) | 19.6388(5) | 572.81(2) | 16.3(2)%
1 | PL | 54254(1) | 19.255(1) | 566.79(1) | 65.8(1)%
P2 | 54123(1) | 19.325(1) | 566.11(3) | 34.2(1)%

Table 1. The lattice parameters from 2-phase refinements
of Y Sr,,CaMn,0,. Parametersfrom the x = 0 composition
extracted from ref %,

Structural characterization of YSrCaMn,O,. Phase separa-
tion analogous to that observed for Y Sr,,CaMn,0; (0.25 < x <
1) has been observed in other manganese-containing n = 2 Rud-
dlesden-Popper phases.?% To further investigate the phase sepa-
ration of the YSr,,CaMn,O; system, high resolution neutron
powder diffraction data were collected from Y SrCaMn,O;.

In common with the X-ray data, satisfactory fits to the neutron
powder diffraction data collected from Y SrCaMn,O, could only
be achieved using 2-phase models, however the high resolution of
the latter data set allowed the atomic coordinates and site occu-
pancies of the two phases to be refined independently. To assist
refinement stability the thermal displacement factors of corre-
sponding atoms in the two phases were constrained to be the
same.

The origin of the observed phase separations in manganese-
containing n = 2 Ruddlesden-Popper phases has been variously
ascribed to either A-cation inhomogeneity within samples (i.e. the
2 phases have different chemical compositions) or to a difference
in A-cation distribution on the 9-fold and 12-fold A-cation coor-
dination sites in the different phases (i.e. the 2 phases have the
same composition but different A-cation orderings).?® In order to
determine which of these scenarios is responsible for the phase
separation in the Y Sr,.,CaMn,0O; system, the structurd refine-
ment of YSrCaMn,O; was initially performed with the constraint
that the two tetragonal phases in the structura mode had the

same, ideal, chemical composition: Y SrCaMn,O; (neutron scat-
tering lengths: Ca 4.70 fm; Y 7.75 fm; Sr 7.02 fm).®° The refine-
ment proceed smoothly with this constraint to give a good statisti-
cal fit (4 = 5.79) producing a structural modd in which the
Y:Sr:Ca distributions over the 9-fold (Phase 1 = 50:4:46; Phase 2
= 50:10:40) and 12-fold (Phase 1 = 0:91:9; Phase 2 = 0:80:20) A-
cation sites differed between the two phases. The A-cation distri-
bution constraint was then released so that the occupancies of the
A-cation sitesin the 2 phases could vary fredy and thus the chem-
ical compositions of the two phases could vary freely. With the
removal of this constraint it was observed that none of the A-site
neutron scattering powers changed by more than 1%, indicating
that the principal difference between the 2 phases of Y SrCaMn,0;,
is their A-cation ordering, not their chemical composition. A full
description of the refined 2-phase structura mode of
Y SrCaMn,O; isgiven in Table S1, with selected bond Iengths and
angles in Table S2 and plots of the observed and calculated data
shown in Figure S1 in the Supporting Information.

Structural characterization of Y Sry5Ca;sMn,O;. Detailed
inspection of X-ray powder diffraction data collected from
Y SrosCa sMn,O; revealed that the poor fitting of the P4,/mnm
structural model was due to a splitting of diffraction peaks, con-
sistent with a lowering of the crystallographic symmetry from
tetragonal to orthorhombic. As noted above, calcium substitution
into the Y Sr,,,Ca,Mn,O; will reduce the structural tolerance fac-
tor of the system leading to an enhancement of the collective tilt-
ing and twisting distortions of the MnOg octahedra. The lower
crystallographic symmetry of the x = 1.5 sample therefore sug-
gests it has a more distorted structure than the x < 1.5 samples.
Starting from the a’b®c% bac® distortion of the 0 < x < 1 phases,
the symmetry analysis performed by Aleksandrov and Bartolome
% indicates there are 6 possible collective distortions that
Y Sro5Ca sMn,O; could adopt, as detailed in Table 2. Structural
models were constructed for each of these 6 distorted n = 2 Rud-
dlesden-Popper frameworks and then refined against neutron
powder diffraction data collected from Y SrsCay sMn,O;. It was
assumed that the 12-coordinate A-sites contained a 1:1 mixture of
Sr:Ca, and the 9-coordinate A-sites contained a 1:1 mixture of
Y:Ca. Subsequent refinement of these parameters showed this to
be the case, so al models were fixed with these A-site composi-
tions. In addition, displacement parameters were constrained by
element. All 6 refinements converged smoothly.

The goodness of fit parameters listed in Table 2 indicate that
the 3 A-centered models describing aac’/aac’ distortions give
much poorer fits to the data than the 3 primitive models which
describe abc’/bac’ distortions, diminating the former models
distorted P2;/n11 model has the best fitting statistics, considerably
better than the ab'c%bac® distorted Pnnm model, but only mar-
ginaly better than the abc'/brac” distorted P2;nm modd. In
order to help to differentiate between the P2,nm and P2,/n11
models we investigated the SHG activity of Y SrysCa sMn,O; as
an abc'/bact distorted P2;nm structure would be non-
torted P2;/n11 structure would be centrosymmetric and thus SHG
inactive. No SHG activity was observed for Y SrgsCa sMn,0O;,
P2,/n11 structure. Full details for the refined structure of
Y SrosCa sMn,O; are given in Table S3, with sdected bond
lengths and angles in Table S2 and a plot of the observed and
calculated data is shown in Figure S2, in the Supporting Infor-
mation.



Space group distortion e WRp(%) | Rp(%)
P2,/n1l (#14) | abclbac 7.63 474 495
P2,nm (#31) abc'/bact 7.71 477 5.01
Pnnm (#58) abc/bac® 8.19 492 5.08
A2,am (#36) aact/aact 17.09 7.14 6.30
A2/a (#15) aac/aac 1779 | 7.28 6.42
Amam (#63) aacaac’ 1711 | 7.15 6.31

Table 2. Fitting statistics from the structural refinement of
Y Sr5Ca; sMn,07 using models based on the distortions of
n = 2 Ruddlesden-Popper phases.

Fluorination of YSr,,CaMn,O;. The fluorination of
Y Sr,Mn,0O,, by the procedure outlined above, yielded a single
phase sample with an expanded c-lattice parameter, consistent
with topochemical fluorination to form a phase of composition
Y SroMn,OiF,. In contrast, when the same procedure was applied
to Y SrysCa sMn,O5, a mixture of apparently unreacted material
and a new tetragona phase, nominaly assigned as
Y Sro5Caq sMn,O,Fy, was observed with an approximate stoichio-
metric ratio of 3:1. Further fluorination cycles led to no further
reaction, and raising the reaction temperature led to decomposi-
tion and the formation of binary fluorides (SrF,, CaF,, etc.), indi-
cating the calcium-doped phase could not be readily fluorinated
viathisroute.

Chemical and structural characterization of
YSroMn,OssFss. The crystalographic  characterization  of
Y SroMn,O.F,, described below, indicates that this is a fluorine
intercalated n = 2 Ruddlesden-Popper phase in which all the anion
sites were fully occupied and thus x +y = 9, as observed for other
fluorinated n = 2 Ruddlesden-Popper phases.t”?* ! This infor-
mation, combined with iodometric titration results which reveaed
an average manganese oxidation state of Mn +3.75, indicate the
fluorinated phase has a chemical formulaof Y Sro,Mn,Os5F35.

Neutron powder diffraction data collected from
Y Sr,Mn,Os5F35 can be readily indexed using a tetragonal unit
cel (a=5.326 A, c = 22.631 A) with extinction conditions con-
sistent with the P4,/mnm space group symmetry of the all-oxide
starting material Y Sr,Mn,O;. A structural model was constructed
in space group P4,/mnm, based on the reported structure of
Y Sr,Mn,O; but with additional anions inserted into the ‘tetrahe-
dra’ coordination sites within the rock salt layers of the phase, in
an analogy to the structures of a series of other fluorine intercalat-
ed n = 2 Ruddlesden-Popper oxide phases.t” 1% The Y/Sr distri-
bution was set to be the cation-ordered arrangement observed for
the Y Sr,Mn,0O; parent phase. Refinement of this mode against
the neutron powder diffraction data proceeded smoothly. All
atomic positiona and displacement parameters were refined
freely. Given the very similar neutron scattering lengths of oxide
and fluoride (O = 5.80 fm; F = 5.65 fm)? no attempt was made to
differentiate between the two anions at this stage, with al anion
sites treated as if they were occupied by oxide. The refinement
converged smoothly to give a good statistical fit (4> = 5.43).

The majority of previous studies which have examined anao-
gous fluorinations of n = 2 Ruddlesden-Popper oxides, observe a
lowering of crystallographic symmetry on fluorine insertion.t”%°
Therefore to confirm that the moded in space group P4,/mnm is
the best description of the structure of Y Sr,Mn,0ssF3 5, a series of
lower symmetry models, with more distorted Mn(O/F)g networks,
and aso with disordered Mn(O/F)g rotations, were refined against

the neutron powder diffraction data. As shown in Table S5 in the
Supporting Information, none of these models achieve as good a
statistical fit as the P4,/mnm model, confirming this is the best
structura description of Y SroMn,Os sFss.

As noted above, the poor neutron scattering contrast between
oxide and fluoride ions prevents the anion distribution in
Y Sr,Mn,0Os 5F3 5 being determined directly. However it is possible
in some cases to deduce the location of fluorideions within oxide-
fluoride lattices by examining the local bonding environments of
anion sites through bond valence sums (BVS).*** This approach
has proved effective in locating the fluoride ions in a number of
fluorinated n = 2 Ruddl esden-Popper phases. 182

Table 3 lists the BVS of the 7 crystallographically distinct anion
sites in the structure of Y Sr,Mn,O55F35. These BVS values were
calculated the basis of occupation by oxide or fluoride, and the
BVS values of corresponding anion sites in the structure of
Y Sr,Mn,O; were also calculated for comparison. The anion site
labelling scheme is shown in Figure 2. These datarevea that the
two smallest BVS values were calculated from the tetrahedral
interstitial anion sites X(6) and X(7), consistent with the occupa-
tion of fluoride ions. Occupation of the ‘intergtitial’ anion sites
exclusively by fluoride ions has been observed widely in other
topochemically fluorinated n = 2 Ruddlesden-Popper oxide phas-
5.1 The composition of the fluorinated phase requires fluoride
ions to have been exchanged with oxide ions of the ‘ parent’ oxide
phase.

The datain Table 3 show that the BVS of the ‘apical’ X (1) site
is the lowest of the remaining anion sites, suggesting that it is
occupied by a 3:1 mixture of F:0% to make up the overall
Y Sr,Mn,05 5F3 5 stoichiometry. Similarly preferential substitution
of fluoride for oxide at the apical anion site has been observed in
other  topochemically  fluorinated  phases such as
S|'3(FQ).5RUO_5)205.5F3.5 and LagNi205_5F3.5.1&19 Full details for the
refined structure of Y Sro,Mn,Os5F55 are given in Table S6, with
selected bond lengths and angles in Table S2 and a plot of the
observed and calculated data is shown in Figure S3 in the Sup-
porting Information. A representation of the structure of
Y SroMn,Os sF3 5 is shown in Figure 2.
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Figure 2. The structures of Y Sr,Mn,O; and Y SroMn,Os 5F3s.



Y SroMn, O, Y Sr,Mn,055F3 5
Anion BVS(O) | Anion BVS(O) | BVS(F)
0(1) 1711 X (1):0/F(1) 1.509 1.237
0(2) 2.225 X(2):0(2) 2.069 1.756
o) 2227 X(3):0(3) 2157 1.833
O(4) 2.236 X(4):0(4) 1.854 1.569
o(5) 1.974 X(5):0(5) 2.122 1.775
X(6):F(6) 1.460 1.103
X(7):F(7) 1.498 1.132

Table 3. Anion bond valence sums from Y Sr,Mn,0; and
Y SroM ;05 5F35.
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Figure 3. Zero-field cooled and field cooled magnetization data
collected from Y Sr,Mn,0; and Y Srg5Ca; sMn,O- in an applied
filed of 100 Oe.

Magnetism. Zero-field cooled and field cooled magnetization
data collected from Y Srg5Ca sMn,O; in an applied field of 100
Oe, shown in Figure 3, are qualitatively very similar to the analo-
gous data collected from Y Sr,Mn,O-, aso shown in Figure 3. The
later phase has been characterized as a spin-glass?® suggesting
that Y SrosCa; sMn,05 is aso a spin-glass with a dightly elevated
freezing temperature compared to Y Sr,Mn,O;.

Discussion

Phase separation in Y Sr,,CaMn,0O,. The phase separation
observed on calcium doping of Y Sr,Mn,O; is analogous to that
reported for other RESr,Mn,O; (RE =Y, lanthanide) n = 2 Rud-
dlesden-Popper  phases?*?®  Previous studies focused on
RESr,Mn,0, phases observed that it was generally only possible
to prepare single phase samples for compositions containing small
RE®" cations (Tb-Er, Y) and that systems containing large RE®*
cations (LaGd) split into two-phase mixtures.

This difference in behavior between the large and small A-
cation systems has been attributed to the differing degrees of cati-
on order these phases exhibit. Compositions containing small RE
cations (Tb-Er, Y) order to place Sr** on the 12-coordinate A-
sites, and a 1:1 mixture of Sr** and RE®" on the 9-coordinate A-
sitesin the framework. As the size of RE®* increases the degree of

A-cation order diminishes and this is associated with samples
separating into two or more different n = 2 Ruddlesden-Popper
phases. The decline in the degree of A-cation order can be at-
tributed to the reduction in the size difference between Sr** and
RE* asthe size of RE®" increases.

The results of the calcium-for-strontium cation exchange of
Y Sr,Mn,O; reported here support the association between the
degree of A-cation order and single/multi-phase behavior. Low
levels of calcium substitution (25-50%) lead to separation into
two phases which appear to have similar compositions, but differ-
ent degrees of A-cation order. In addition the two observed phases
become more dissimilar as the concentration of calcium increases
(Table 1). This behavior can be rationalized by observing that
partial substitution of Sr** by Ca?* makes the average size of the
AE? (AE* = C&*, Sr**) cations smaller, and therefore more
similar to the size of Y**, disrupting the A-cation order of the host
phase and leading to multiple-phase behavior. Thus the phase
separation observed for Y Sr,,CaMn,O; (0.25 < x < 1) composi-
tions can be seen as analogous to that observed for the
RESr,Mn,0; phases as both are associated with the loss of A-
cation order as the difference in the average radii of the RE** and
AE?" cations decreases.

Structural influence of calcium doping. It is surprising at first
sight that replacing of 50% of the Sr?* with Ca®* leads to only a
modest increase in the magnitude of the cooperative distortions of
the Y Sr,.,CaMn,O,; framework, increasing the MnOg rotation
angle from 3.52° at x = 0 to 7.12° in the mgjority phase at x = 1
(Figure 4) but leading to no change in structural symmetry. This
despite the fact that the structural tolerance factor, calculated us-
ing ionic radii,*® changes from t = 0.98 for Y Sr,Mn,0; to t = 0.95
for YSrCaMn,0O;.

This modest structural response to cation substitution can be ra-
tionalized by observing that the majority of the substituted calci-
um cations reside on the 9-coordinate A-sites in the lattice. In
contrast to the 12-coordinate A-cations sites, the A-O bond
lengths of the 9-coordinate A-cation sites can be contracted, to
accommodate a decline in average A-cation radius, by simply
contracting the rock salt layers of the Ruddlesden-Popper frame-
work aong the z-axis. Such a contraction brings the perovskite
blocks closer together without deforming the MnOg octahedra or
requiring them to cooperatively rotate, leading to the observed
contraction in c-lattice parameters on calcium substitution (Table
1), but only a modest change to the tilting distortion of the Mn-O
framework. Thus, it is not until the cation substitution level ex-
ceeds 50%, and a significant concentration of Ca?* resides on the
12-coordinate A-cation site, that alarge increase in the magnitude
of the MnQg tilts, and a changein lattice symmetry, is observed.

Crystal structureof Y SrysCa; sMn,O. As shown in Figure 4,
when 75% of the strontium is replaced by calcium the system
changes symmetry to adopt an abc/bac distorted lattice, in
space group P2,/n11. To the best of our knowledge thisisthefirst
report of an n = 2 Ruddlesden-Popper phase adopting this distor-
tion pattern. Typicaly as the tolerance factor of a P4,/mnm
ab’c%b’ac® distorted n = 2 Ruddlesden-Popper phases is reduced,
the arrangement of titled octahedra changes to an Amam aacaa
c® distortion in which a rotation is added around the y-axis with
the same magnitude as the x-axis, as observed during the cation
substitution of LnAE,Fe,0; phases.’® In contrast the lattice distor-
tion observed for YSrgsCasMn,O, maintains the large
ab’c%b’ac® distortion component observed for Y Sr,.,CaMn,O; x
< 1 and adds small &% c’/ba’c® and &°b°c/b’a’c’ components such
that the average rotation angles are 8.74(12)°, 1.72(14)° and
0.89(25)° for a, b and c respectively. In terms of an irreducible
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Supporting Information.

representation (irrep) description, the octahedral tilting in the
P4,/mnm ab’c®/b’ac? structures (symmetry D4**) is described by
a distortion mode which transforms as X3 3. On lowering sym-
metry to P2;/n11 (Cy.>) this X 3 (za) Mode becomes an X3 5, mode
leading to a change to an alb'c¥/bac® distortion which on the addi-
tion of an X4~ distortion mode, becomes an ab'c/bac distortion.

The reason for Y SrgsCa; sMn,0O; adopting this unusual distor-
tion pattern is not immediately clear. However, it should be noted
that despite the extensive cation substitution the phase retains a
high level of cation order such that the average radii of the cations
on the 9- and 12-coordinate A-sites remains significantly differ-
ent. It seems likely that this unusua feature is responsible for the
novel octahedra tilting arrangement, although the microscopic
mechanism by which it stabilizes this distortion isunclear.

Fluorination of YSr,Mn,O;. In common with a number of
other n = 2 Ruddlesden-Popper phases, topochemical fluorination
of Y Sr,Mn,0O; proceeds viaa mixture of anion insertion and anion
exchange to yiedd Y Sr;Mn,OssF35, in which fluoride ions have
been inserted into tetrahedral coordination sites in the rock salt
layers of the framework and also exchanged with ‘apical’ oxide
ionsin the perovskite sheets.

An unusual feature of this chemical transformation is that, unlike
many anal ogous fluorination reactions, it is not accompanied by a
change in crystallographic symmetry. Specifically fluorination of
Y Sr,Mn,O; does not induce a cooperative twist of the Mn(O/F)g
units around the z-axis — a structural deformation which is ob-
served in a number of analogous fluorination reactions.t’2°

The tendency for fluorination to induce a‘z-twist’ to the perov-
skite framework of n = 2 Ruddlesden-Popper oxide phases can be
rationalized by observing that insertion of fluoride ions into the
rock salt layers of the structure leads to a contraction of these
blocks as the inserted fluoride ions pull the A-cations closer to-
gether. This contraction acts to congtrict the ab-plane of the per-

ovskite sheets, as indicated by a contraction of the a and b lattice
parameters.”*® 2 |n response the BO, octahedra cooperatively
rotate around the z-axis to relive the bond strain induced by this
ab-plane compression.

Comparing the structures of Y Sr,Mn,O; and Y SroMn,Os5F5 5 it
can be seen that a similar contraction has occurred, with the area
of the ab-plane declining from 29.20(1) A® to 28.37(1) A2 on
fluorination. However this contraction does not induce a z-twist
into the perovskite framework because the concomitant oxidation
of Mn*3® to Mn*3™, which occurs on fluorination, leads to a con-
traction in the average Mn-O bond length, so the bond strain in-
duced by the ab-plane contraction is much reduced and can be
relieved by enhancing the x-twist of the parent oxide phase. This
mechanism of strain relief is particularly effective for
Y SroMn,Os sF3 5 because there is a large change in the <Mn-O>
bond length on oxidation (6CN radii Mn® = 0.645 A, Mn* =
0.530 A)®, compared to other elements, for example ruthenium
(6CN radii Ru™ = 0.620 A, Ru®* = 0.565 A)® which is present in
many of the other oxide-fluoride systems previously studied. Thus
fluorination of Y Sr,Mn,0O; to Y SroMn,Os5F35 leads to only a
modest change in tilting distortion of the perovskite network, with
the rotation of the MnXg units around the x-axis increasing from
3.52(3) ° to 4.58(13) °, without a change in crystallographic sym-
metry (Figure 2).

Conclusion

The cation ordered structure of Y Sr,Mn,0O; incorporating an a
b°c/b°ac® distortion is very robust to cation substitution and ani-
on insertion. In order to modify the distortion mode of the struc-
ture by calcium-for-strontium exchange, 75% of the strontium
must be exchanged to drive a change in crystallographic sym-
metry. Principaly this is because the small Ca®* cations are sub-
stituted preferentialy on to the 9-coordinate A-site in the struc-



ture, which has only a small influence on the collective tilting
distortions of the perovskite layers. Thus it could be argued that
the A-cation order of the phase ‘protects’ the ab’%b%ac? distort-
ed lattice from modification by cation exchange, an further sug-
geststhat in genera it will be hard to utilize cation doping of cati-
on-ordered n = 2 Ruddlesden-Popper phases to induce non-
centrosymmetric lattice distortions

Y Sr,Mn,O; aso undergoes only minimal structura defor-
mation on fluorine insertion due to the large contraction of the
<Mn-O> bond lengths which compensate for the lattice contrac-
tion that occurs when fluoride ions are intercalated into the rock
salt layers of the structure. These two effects mean that the Y-Sr-
CaMn-O-F system retains ab’%b’ac® distorted perovskite
blocks over awide range of composition.
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SYNOPSISTOC

The ab’c%bac’ distorted framework of the n = 2 Ruddl esden-Popper phase Y Sr,Mn,O; resists changing symmetry on either
50% Cafor-Sr substitution of fluorine insertion. Substituting 75% of the strontium for calcium finally leads to a symmetry
change to a novel abc/bac distortion arrangement space group P2:/n11). The resilience of the ab’c”/b’ac’ framework of
Y Sr,Mn,0; to resist symmetry changing deformations as its composition is changed is attributed to the A-site cation order of
the lattice.
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