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ABSTRACT: The cooperative tilting distortions of n = 2 Ruddlesden-Popper oxides can be utilized to break the inversion sym-
metry of the host lattice and induce ferroelectric behavior. Unfortunately the desired aac'/aac” structural deformation is only sta-
bilized in phases with extremely small structural tolerance factors, limiting the chemical scope of this symmetry breaking approach.
Here we describe the influence of topochemical fluorination on the structural distortions of n = 2 Ruddlesden-Popper oxides and
demonstrate that the conversion of LagNi,O; to LagNi,Os5F5 5 breaks the inversion symmetry of the perovskite double-layers which
constitute the Ruddlesden-Popper framework, by driving a change from an aac’aac’ distortion in the parent phase to an aac'/aa
-(c") distortion in the oxide-fluoride. In this instance, the symmetry breaking distortions of adjacent acentric perovskite sheets are
anti-aligned, and as a result the inversion symmetry of the host lattice is broken locally, but not globaly, resulting in an anti-
ferroelectric structure. The bresking of local inversion symmetry in layered perovskite phases, in the absence of second-order Jahn-
Teller active ‘distortion centers, is an important step towards the realization of ferroelectric and multiferroic behavior in phases of

this structure type.

Introduction.

Magnetoel ectric multiferroic materials — those which exhibit
a combination of ferromagnetism and ferroelectricity — are
highly desired due to the large number of applications such
materials have. Unfortunately the preparation of phases which
exhibit magnetoel ectric behavior is extremely challenging.

The challenges associated with preparing magnetoelectric
materials can be summarized simplistically by observing that
while there are many known reliable methods of inducing and
controlling ferromagnetism in materials,"® the same cannot be
said for ferroelectricity.* This difference arises from the differ-
ent composition-structure-property relations of the two behav-
iors. Ferromagnetism requires a material to have ‘unpaired’
electrons, whose magnetic moments are coupled together to
yield a collective spontaneous magnetization — a situation
which can be achieved in a multitude of ways. In contrast, for
a phase to exhibit ferroelectric behavior it must adopt a non-
centrosymmetric (NCS) crystal structure® — this is a very spe-
cific and taxing requirement because in general centrosymmet-
ric packing schemes are more efficient than asymmetric ar-
rangements, and as a result NCS structures tend to be energet-
ically disfavored with respect to centrosymmetric aternatives.
These observations lead to the conclusion that the main chal-
lenge, when it comes to preparing novel magnetoel ectric mate-
rids (or at least Type | magnetoelectric materials, where the
microscopic origins of the ferromagnetism and ferroel ectricity
are independent), is inducing ferroelectric behavior rather than
ferromagnetism.

The challenge presented by the preparation of ferroelectric

materials is one of long standing, and as a result a number of
different strategies have been developed to try to overcome the
inherent favorability of centrosymmetric structures, and pre-
pare NCS phases. The most commonly adopted approaches
utilize second-order Jahn-Teller (SOJT) distortions associated
with either octahedrally coordinated d° transition metal cations
(Ti*", Nb™, W, etc.),"™ or post-transition metal cations with
ns’ electronic configurations (Pb*, Bi*"),"™® to break the
structural inversion symmetry of a phase, as observed for ma-
terials such as BaTiO; and BiFeO;. However the need to use
symmetry-bresking SOJT cations in magnetoelectric materials
is undesirable as it is both chemically limiting, and not imme-
diately compatible with magnetism.'’ Given these issues, there
has been a big effort to find further novel methods for induc-
ing materials to adopt NCS crystal structures in the absence of
SOJT cations.

Recently much attention has been focused on attempts to
use the complex structural distortions observed in perovskite
frameworks to prepare NCS phases.’® This is an attractive
approach because the ABO; oxide perovskite structure can
accommodate a very wide variety of different cations, includ-
ing paramagnetic transition metal cations, and so doesn’t suf-
fer from the restrictions inherent in the SOJT based approach-
es. Indeed, the desirable chemical flexibility of the perovskite
structure can be attributed to these af orementioned structural
distortions which occur via the cooperative twisting and tilting
of the apex-linked BOg octahedra which make up the perov-
skite network.
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Figure 1. @ The ‘GdFeO; distorted’ perovskite structure and b)
the n = 2 Ruddlesden-Popper structure with an analogous struc-
tural distortion, which bresks the inversion symmetry of the lat-
ticein thelatter case.

The cooperétive tilting of the BOg units is driven by the
relative sizes of the A- and B-cations (conveniently parameter-
ized by the Goldschmidt tolerance factor, t = <A-0>/\2x<B-
0>)" and allows cation combinations with a wide range of
radius ratios to form thermodynamically stable perovskite
structures. A further important feature of these structural dis-
tortions is that they necessarily modify the lattice symmetry of
the perovskite framework — a feature that can be utilized to
break inversion symmetry.

Figure la shows a representation of a ‘GdFeO; distorted’
perovskite framework (the distortion is described as aac’ in
Glazer notation).®# It can be seen that the collective rotations
of the BOg units drive a coupled displacement of the A-cations
to the ‘left’ and ‘right’ as indicated by arrows in Figure 1a. In
the lattice shown, the direction of the A-cation displacement
inverts between adjacent layers, so this structure is described

in the centrosymmetric space group Pnma. This reciproca
feature of the A-cation displacements means that in order to
break inversion symmetry using this type of collective distor-
tion, perovskite lattices with A-site or B-site cation order are
required.”* Unfortunately the preparation of cation ordered
perovskite phasesis a so a significant synthetic challenge.

The need to prepare cation-ordered phases can be avoided
by lowering the dimensionality of the lattice by switching to
the layered variants of the perovskite structure which have
two-dimensional arrays of apex-linked octahedra. While
A,BO, n = 1 Ruddlesden-Popper frameworks generally re-
quire A-cation order to break inversion symmetry,?**’ the col-
lective BOg rotations and A-cation displacements in A;B,0-,
n = 2 Ruddlesden-Popper phases can break inversion sym-
metry in the absence of cation order. % Figure 1b shows a
representation of an n = 2 Ruddlesden-Popper structure which
adopts the same aac'/ aac’ twisting distortion as the perov-
skite framework shown in Figure 1a (two sets of Glazer de-
scriptors are required to describe the distortions of Ruddles-
den-Popper phases as adjacent layers need not necessarily be
distorted in the same way). The collective rotations of the BOg
unitsin this layered framework lead to A-cation displacements
analogous to those seen in the 3D perovskite framework, but
now the layers of A-cations associated with each perovskite
double layer are grouped into sets of three, so the A-cation
displacements do not ‘cancel’ and inversion symmetry is bro-
ken, resulting in a network described in an acentric space
group A2,am. Ferroelectric behavior has recently been report-
ed in (Ca,Sr);Ti,O by this mechanism.*

The prospect of preparing NCS phases in the absence of
SOJT cations by utilizing the tilting distortions of n = 2 Rud-
dlesden-Popper phases is clearly attractive. However, imple-
menting these ideas in real materials is also challenging. This
is because extremely small tolerance factors are required to
stabilize the desired aac’/ aac’, ‘A2;am’ distorted frame-
work. A recent study by Pitcher et al. examining the tilting
distortions of Fe* based n = 2 Ruddlesden-Popper phases
demonstrates this clearly.** Starting with La,BaFe,0,, which
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Figure 2. The sequence of structural distortions which occur as the tolerance factor of n = 2 Ruddlesden-Popper phases is reduced.
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adopts an undistorted n = 2 Ruddlesden-Popper structure
(space group 14/mmm), smaller cations were substituted onto
the A-cation site to drive the framework to adopt increasingly
distorted arrangements. Thus Th,SrFe,O, adopts a ‘ P4,/mnn’,
ab’c% b’ac® distortion and Th,CaFe,O, adopts an ‘ Amam’ aa
¢’/ aac’ distortion, as shown in Figure 2. However it was not
possible to drive the framework to adopt the desired ‘ A2,an,
aac’/ aac’ distortion by A-site substitution. Instead partial
substitution of the B-site Fe** by Ti** (an SOJT cation) was
required to achieve the A2,am, NCS distortion. This suggests
that the stabilization of the A2,am polar distortion in phases
containing small, paramagnetic transition metal B-cations (a
necessary prerequisite for magnetoelectric behavior) will only
be possible in afew exceptional cases.

Given these difficulties, we have sought to use topochemi-
cal manipulation to stabilize polar twisting distortions of Rud-
diesden-Popper phases, specificaly the extensive fluorine
insertion chemistry of double-layered Ruddlesden-Popper
oxide phases. ¥ As shown in Figure 3, fluorine can be in-
serted into tetrahedral interstitial sites within the rock salt lay-
ers of the framework, which in the simplest cases converts an
A3B,0; oxide phase into an A;B,0;F, oxide-fluoride. In addi-
tion to oxidizing the transition metal B-cations, fluorine inser-
tion can have a dramatic influence on the twisting distortions
of the host Ruddlesden-Popper lattice. In particular, fluorina-
tion appears to modify the twisting of octahedra around the
crystallographic  zaxis. For example fluorination of
Sr3(MnysRUp5),07 to SrggM NosRUy5).0-F, drives a change
from the aristotype &%a’c’/ a’a’c’, 14/mmm framework to a
a’a’c/ &, Acaa distorted lattice.®® Similarly fluorination of
SrsRu,0; drives a disordered twisting of the RuOg octahedra
around the z-axis to yield an a’a’c” a’a’c™ distorted structure
for SrsRu,0,F,. This suggests that topochemical fluorination
could be used to introduce a ‘ z-twist’ to other n = 2 Ruddles-
den-Popper oxide phases and drive a phase with an aac’aa
c®, Amam distortion to adopt an aac’/ aac’, A2,am polar
structure. Here we describe the topochemical fluorination of
LagNi,0O;, an n = 2 Ruddlesden-Popper phase which adopts an
Amam distorted structure, * and contains an oxidizable transi-
tion metal cations, making it an ideal host phase to test this
idea.

Experimental

Synthesis. LaNi,O; was synthesized via a citrate method.
Suitable stoichiometric ratios of La,Os; (99.99%, dried at 900
°C) and Ni powder (99.99%) 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
stirring. The gels thus formed were heated to 350 °C until a
loose black powder was obtained. The powder was ground and
then heated to 1000 °C in air at a rate of 1 °C/min, to remove
the remaining organic components. The resulting powder was
then pressed into pellets before 2 further 48 h heating cycles at
1250 °C under flowing oxygen. X-ray powder diffraction data
confirmed the formation of single phase samples, with lattice
parameters in good agreement with previously reported values
(a=5.392(1) A, b=5.447(1) A, c = 20.517(1) A).*

Fluorination of LagNi,O; was carried out using CuF, as a
fluorination agent, in the same manner as has been described
previously.**** To avoid contamination of the samples with
CuO which occurs when the fluorination agent is mixed
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Figure 3. Topochemical fluorination of Sry(MngsRugs),0; to
Sr3(MngsRug5),0-F, induces a ‘z-twist’ into the n = 2 Ruddles-
den-Popper network.

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 a
sample of LaNi,O; powder, held at 270 °C in adjacent fur-
nace. Samples were treated in this way for two periods of 48 h,
with the CuF, reagent being replaced between heating periods.
To improve the crystallinity of the fluorinated products, sam-
ples were finally heated in sealed, evacuated silica ampules at
350°C for 48 h.

Characterization. X-ray powder diffraction data were col-
lected using a PANalytical X’ pert diffractometer incorporating
an X’ celerator position sensitive detector (monochromatic Cu
K, radiation). Neutron powder diffraction data were collected
from a sample contained within a vanadium can, using the
POLARIS diffractometer (1SIS neutron source, U.K). Rietveld
profile refinement was performed using the GSAS suite of
programs.** Magnetization data were collected using a Quan-
tum Design MPMS SQUID magnetometer. Average nickel
oxidation states were determined by iodometric titration. Titra-
tions were performed by dissolving samples in a dilute HCI
solution containing an excess of K| and titrating the amount of
liberated I, with standardized Na,S,0; solution. Thermograv-
imetric data were collected by heating powder samples under a
10% H, in N, atmosphere on a Mettler-Toledo MX1 thermo-
gravimetric microbalance.

Results

Heating samples of LagNi,O; a 270 °C under the fluorina
tion conditions described above, led to an expansion in the c-
lattice parameter of the material, and ultimately the formation
of an orthorhombic phase (a =5.431 A b =5507 A, c=22.48
A) consistent with the formation of a topochemically fluori-
nated compound of composition LagNi,OF,.

Chemical characterization. Crystallographic characteriza-
tion of the LagNi,O,F, phase, described below, indicated that
all anion sites were fully occupied and thus x +y = 9, as ob-
served for other fluorinated n = 2 Ruddlesden-Popper
phases.2*3%3" Thijs information, combined with iodometric
titration results, indicated an average nickel oxidation state of



Ni**"™, consistent with a chemical formula of LagNi,OssFss.

Thermogravimetric data collected during the reduction of
LagNi,O4F, indicated a mass loss of 6.4% (Supporting Infor-
mation) as the sample was converted to a mixture of Ni, La,0,
and Lak;. Thisis also consistent with an initial composition of
LagNi;Os5F35.

Structural characterization. Neutron powder diffraction
data collected from LagNi,OssFs5 could be indexed using an
orthorhombic unit cell, which on initial inspection appeared to
have extinction conditions consistent with A-centering. Con-
sidering these observations, and the symmetry analysis of the
twisting distortions of n = 2 Ruddlesden-Popper phases by
Aleksandrov and Bartolome,? three structural models were
constructed to describe LagNi,OssF35, €each based on a fluo-
rine-inserted n = 2 Ruddlesden-Popper structure, but with a
different set of cooperative octahedral tilting distortions: a
model in space group Amam with the aac’aac’ distortion of
the LagNi,O, parent phase;® a model in space group A2/a
with the aac/aac distortion of La,SrCr,0,F,;> a model in
space group A2,am with apolar aac'/aac distortion.

Refinement of these three models against the neutron pow-
der diffraction data proceeded smoothly. All atomic positional
and displacement parameters were refined freely. Given the
very similar neutron scattering cross sections 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 all ani-
on sites treated asif they were occupied by oxide.

Fitting statistics for the three structural models (Table 1) re-
ved that the fit to the data by the model in space group Amam
is significantly worse than the fits using models in space
groups A2,am and A2/a, and so the Amam model was elimi-
nated from consideration. The two remaining models, de-
scribed in space groups A2;am and A2/a, only differ by the
‘sense’ in which the Ni(O/F)g octahedra are rotated around the
z-axis—‘in-phase’ for the A2;am mode! (c"), ‘out of phase’ for
the A2/a model (c). However, despite this significant structur-
al difference, the fitting statistics for the two models are al-
most identical (Table 1). This suggests that neither the A2,am
nor the A2/a model are describing the zaxis tilts of the
Ni(O/F)s octahedra of LagNi,OssFss correctly, but given the
poor fit using the Amam model this is not simply because the
ztilt is zero. Instead this suggests the z-axis tilts are arranged
in amore complex manner.

Close inspection of the fits to the neutron diffraction data
using the A2,am and A2/a models suggest that the A-centring
extinction conditions, which were initialy thought to apply,
are violated by afew weak diffraction features. Thisis clearest
in the d-spacing range 2.2 < d/A < 2.5 as shown in Figure 4.
The symmetry analysis by Aleksandrov and Bartolome “
shows that the lifting of the A-centering of the lattice is con-
sistent with a structural model in the primitive space group
Pnam which describes an aac’/aa-(c") cooperative distortion
in which the z-axis tilts of the octahedra are ‘in-phase’ in each
perovskite slab, but the direction of the rotation inverts be-
tween neighboring slabs to yield a centrosymmetric lattice.
The body centering of adjacent double perovskite blocks with-
in the aristotype n = 2 Ruddlesden-Popper structure compli-
cates the description of the relative phase of the (aac®) and
(8%ac") tilts in adjacent layers. A detailed symmetry analysis
highlighting why the sense in which tilts are combined in an
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aac'/aac’ A2,am and an aac'/da-(c) Pnam phase only
leads to global breaking of inversion symmetry in the former
case, is given in the Supporting Information, and has also been
discussed in detail by others.*

Refinement of this primitive model proceeded smoothly, to
give a much improved fit to the data, both statistically (Table
1) and visually (Figure 4). Full details of the refined structure
of LagNi,Os5F;5 are given in Table 2, with selected bond
lengths and angles in Table 3. A plot of the full fit to the data
is shown in the Supporting Information. A representation of
the structure of LagNi,OssF35 is shownin Figure 5.

Space | Glazer Tilt No. of |4 WRp(%) | Rp(%)
Group variables

Amam | aac’/aac® 91 5.002 | 4.60 6.05
A2/a adac/aac 101 4.096 | 4.16 5.75
A2am | aac'/aac’ 101 3.965 | 4.11 5.89
Pnam aact/aa(-c?) | 102 2563 | 3.25 4.16

Table 1. Fitting statistics from the structural refinement of
LagNi;Os5Fs3 5.

24
d spacing (A)
Figure 4. Observed, caculated and difference plots comparing

the fits to the data using structural models in space groups A2/a,
A2,am and Pnam.




Atom X y z Uio(A?)
La(l) | 0.7148(7) | 0.0017(9) Ya 0.0059(6)
La(2) | 0.7564(6) | 0.9956(6) | 0.0758(1) | 0.0060(4)
Ni(1) | 0.7615(5) | 0.0036(5) | 0.8353(1) | 0.0030(2)
O(1) | 0.7335(11) | 0.5687(7) Ya 0.0034(7)
O/F(2) | 0.7727(8) | 0.9446(6) | 0.9198(1) | 0.0072(6)
O(3) | 0.9868(8) | 0.2755(7) | 0.8524(1) | 0.0057(5)
O(4) | 0.4501(8) | 0.2816(8) | 0.3278(1) | 0.0107(7)
F(5) 0.9917(8) | 0.2557(9) | 0.9925(1) | 0.0075(6)
LagNi,Os5F5 5 - space group: Pnam
a=5.431(1) A b=5507(1) A c =22.483(4) A
Volume = 672.5(4) A®
% = 2.563; WRp = 3.25%; Rp = 4.16%.

Table 2. Parameters from the structural refinement of
LagNi,OssF35 against neutron powder diffraction data collect-
ed at 298 K. Anion site O/F(2) has a 25%:75% oxide: fluoride
occupation.

LagN|207 LaSNiZOS.SF&S
Bond length (A) Bond length (&)
Ni-O1 1.975(2) 1.951(2)
Ni-O2 2.227(5) 1.928(3)
1.906(2 1.963(5
Ni-O3 @ ©)
1.972(5)
1.941(2 1.954(5
Ni-O4 @ ©
1.994(5)
Bond angle (°) Bond angle (°)
Ni-O1-Ni 167.64(8) 158.76(26)
Ni-O3-Ni 169.21(1) 154.71(26)
Ni-O4-Ni 171.14(2) 161.39(27)
Octahedron rotation | Octahedron rotation
angle () angle (%)
X-axis 4.91(7) 8.10(10)
y-axis 4.91(7) 8.10(10)
z-axis 0 6.85(7)

Table 3. Selected bond lengths and angles from refined struc-
tures of LagNi,Os5F55 and LagNi, O, at 298 K.

Magnetic Characterization. Magnetization data collected
from LagNi,Os5F55 in an applied field of 100 Oe, show weak
divergence between zero-field cooled and field cooled data
sets below T ~ 50 K, as shown in Figure 6. Despite this fea-
ture, the zero-field cooled data can be approximately fitted to
the Curie-Weiss law over the whole 5 < T/K < 300 tempera-
ture range to yield values of C = 0.142(3) cm® K mol™,
0 =-14.4(2) K. The low value of the Curie constant, combined
with the weak divergence between zero-field cooled and field
cooled data suggest the localized spins on the nickel centers

aact/a‘a™-(c")
Pnam

Figure5. Therefined strucutre of LaNi,Os5F3 5 viewed aong the
[110] axis. Blue and green spheres represent lanthanum and nickel
cations respectively, red and green spheres represent anion
positions.
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Figure 6. Zero-fied cooled and field-cooled magnetization data
collected as a function of temperature from LaNi»,OssFa5 in an
applied filed of 100 Oe.



are not behaving as simple paramagnetic moments. However
neutron powder diffraction data collected from LagNi,OssFs5s
at 5 K can be readily fitted by the same structural model as
used for the 300 K data, and show no indication of magnetic
order.
Discussion

Heating LaNi,O; under an F,/O, flow leads to the for-
mation of La&NiOssFs5s via a topochemical anion inser-
tion/exchange reaction. The relatively high level of fluoride-
for-oxide anion exchange means that the average nickel oxida-
tion state only rises from Ni*® to Ni**™ on fluorination, rather
than rising to the value of Ni**® expected for the hypothetical
‘insertion only’ product, LagNi,O;F,. Similar high levels of
anion exchange have been observed during the fluorination of
iron-containing n = 2 Ruddlesden-Popper phases, such as the
formation of Srz(FeysRUy5),0s5F35 from Sra(FeysRuys),0; or
the preparation of La,BaFe,OsF, from La,BaFe,0;. %% In this
instance the high level of anion substitution during the fluori-
nation of LasNi,O, can be attributed to the difficulty of stabi-
lizing the Ni** oxidation state.

As noted above, the Eoor X-ray and neutron scattering con-
trast between F and O™ makes it impossible to determine the
anion distribution in oxide-fluoride phases directly. However
it is possible in some cases to deduce the oxide/fluoride distri-
bution by close examination of the local anion bonding envi-
ronment through the use of bond valence sums. This approach
has proved particularly effective for fluorinated n = 2 Rud-
dlesden-Popper phases.**

Table 4 lists the bond vaence sums (BVS) for the 5 crystal-
lographically distinct anion sites in the structure of
LagNi,OssF35, calculated on the basis of occupation by oxide
or fluoride, and the corresponding anions sites in the structure
of LagNi,O; calculated for oxide occupation. The anion site
labelling scheme is shown in Figure 5. BV S values calculated
for the ‘new’ tetrahedral anion site X(5), which resides in the
rock sat layers of the extended structure, are the lowest of any
of the 5 anion sites and consistent with occupation by fluoride
ions rather than oxide ions. Occupation of these ‘interstitial’
anion sites exclusively by fluoride ions has been observed
widely in other topochemically fluorinated n = 2 Ruddlesden-
Popper oxide phases, 3%

The anion stoichiometry of LagNi,OssF;5 indicates that flu-
oride ions must reside on other anion sites, in addition to the
X(5) site. Table 4 reveals that the BVS of the X(2) *apical’
anion site is significantly lower than the remaining anion sites
in the structure of LagNi,OssFss, suggesting the remainin
fluoride ions are located here, resulting in a 75% F:25% O
occupation, as indicated in Table 2. Again there is precedent
for the preferred fluoride-for-oxide anion exchange at this
apical anion site as a similar anion distribution is observed in
the structure of Sra(FeysRUy<),0s5F35.>

As shown in Table 3, the insertion/exchange of fluorine into
LagNi,0O; to form LagNi,Os5F5 5 leads to atightening of al the
Ni-X-Ni bond angles. Separating the rotations of the NiXg
octahedra in the two phases into component rotations around
the Cartesian axes, reveals that on fluorination the rotational
distortions around all three axes increase, from 4.91(7)° to
8.1(1)° around the x- and y-axes, and from zero to 6.85(7)°
around the z-axis.

LagNi,O7 LagNizOs5F35

Anion BVS(O) | Anion BVS(O) | BVS(F)

0o(1) 1.840 X(1),0(2) 1.974 1.563

0(2) 1.706 X(2),0/F(2) | 1.481 1.147

0O(3) 2.107 X(3),0(3) 1.918 1516

O(4) 2,017 X(4),0(4) 1811 1.436
X(5),F(5) 1.404 1.029

Table 4. Anion bond vaence sums from LasNi,O; and
LagNi;Os5F3s.

The tightening of al the Ni-X-Ni bond angles on fluorina-
tion can be attributed to a compression of the perovskite dou-
ble layers adong the z-axis. The NiOg octahedra present in
LagNi,O; have a large axia distortion, such that the ratio of
Ni-Ogia/Ni-Oequatoria = 1.09. Insertion of fluoride leads to a
compression of the perovskite layers along the z-axis, presum-
ably due to enhanced anion-anion repulsions, resulting in the
Ni(O/F)s octahedra in LagNi,OssFs5 being axially compressed
(Ni-X aia/Ni-Xequaoria = 0.98). This transformation from ‘tall-
thin’ NiQOg to ‘short-fat’ Ni(O/F)¢ naturally leads to an expan-
sion of the Ni-X equatorial bonds, and introduces a rotation
around the z-axis to accommodate these longer bonds within
the perovskite framework (despite a slight expansion in the a
and b | attice parameters).

The introduction of an in-phase z-twist to the network of oc-
tahedra results in each perovskite double layer adopting an aa
¢’ distortion pattern, which lifts the inversion symmetry of
each layer via the coupled displacements of the lanthanum A-
cations. However despite breaking the inversion symmetry of
the Ruddlesden-Popper framework locally, this distortion does
not break the inversion symmetry globally because the *sense’
of the in-phase z-axis rotation inverts between adjacent perov-
skite layers, and as a result the direction of the A-cation dis-
placements is aso inverted between adjacent perovskite lay-
ers. Thus the framework is described in the centrosymmetric
space group Pnam, not the polar space group A2,am. To our
knowledge this is the first report of an n = 2 Ruddlesden-
Popper oxide, or derived phase, adopting this ‘Pnam’ distor-
tion, however analogous anti-polar distorted structures have
been suggested as intermediates in the switching of polar
A2,am phases.*

The recovery of globa inverson symmetry via the anti-
alignment of locally acentric units (in this instance the polar
perovskite double-layers) is an issue which has long hampered
the design and synthesis of NCS phases. This has been par-
ticularly apparent when a basic building unit (BBU) approach
has been adopted to prepare NCS phases. The BBU approach
involves crystalizing acentric units, such as metal oxide-
fluoride complex anions (NbOFs*, VOFs*, MoO,F,?, etc)*™*
into extended networks with the intention of forming NCS
lattices. However it has been widely observed that centro-
symmetric structures in which the BBUs anti-align, or adopt
orientationally disordered arrangements, tend to be favored
unless specific steps are taken to oppose this. In the oxide-
fluoride case, the use of particular bridging ligands®* or spe-
cific structure directing interactions between the oxide-
fluoride anions and charge balancing cations® can be used to



suppress the adoption of centrosymmetric lattices and direct
the formation of NCS phases. This provides some hope that
similar interactions can be employed within topochemically
fluorinated Ruddlesden-Popper phases to suppress the for-
mation of anti-ferroelectric structures and allow the formation
of ferroelectric materials and by extension multiferroic materi-
als.

Conclusion

Topochemical fluorination of the n = 2 Ruddlesden-Popper
oxide LagNi,O; yields the oxide-fluoride LagNi,Os 5F3 5. Inser-
tion/exchange of fluoride ions leads to an enhancement of the
structural distortion exhibited by the oxide starting material,
driving a change from an Amam, aac”aac’ lattice distortion
to a Pnam aac'/aa-(c") lattice distortion in the oxide-fluoride
phase. The introduction of a cooperative octahedral tilt around
the crystallographic z-axis leads to a local breaking of the in-
version symmetry of the host lattice on fluorination, although
the global inversion symmetry of the lattice is retained due to
an adternation in the ztilt direction in adjacent perovskite
sheets.

In awider context this study reaffirms previous observations
that topochemical fluorination acts to enhance the titling and
twisting distortions of n = 2 Ruddlesden-Popper phases, %%
and as aresult offers an aternative route, in addition to adjust-
ing the tolerance factor by cation substitution, to tune the co-
operative structural distortions of materials with this structure
type. If appropriate methods can be found to suppress the for-
mation of anti-ferroelectric phases, this facility to modify the
structural distortions of layered perovskites will be particularly
valuable in the directed search for magnetoelectric multiferro-
ic materials, where the requirement to have paramagnetic cen-
ters necessitates the inclusion of transition metal B-cations
with small ionic radii, which limits the minimum vaue the
structural tolerance factor can take, and effectively precludes
the stabilization of the highly-distorted frameworks required to
break structural inversion symmetry.
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