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Abstract

Here we discuss magnetic hybrid coordina-
tion frameworks in relation to the realiza-
tion of new geometrically frustrated magnets.
In particular, we present the nuclear and
magnetic structures of one such system —
the Fe?T-based oxalate fluoride framework,
KFe(Cy04)F — through analysis of powder
neutron diffraction and muon spectroscopy
data. KFe(Cy0O4)F retains an orthorhombic
C'mc2; structure upon cooling to 2 K composed
of quasi-one-dimensional iron fluoride chains
connected into a distorted triangular network
via oxalate anions. Previous magnetometry
measurements of KFe(C,04)F indicate that it
is a strongly interacting system with a Weiss
constant # ~ — 300 K that undergoes a mag-
netic ordering transition at T ~ 20 K, yielding
a frustration index f = |0|/Ty = 15 reflective of
high spin frustration. We determine the nature
of this frustrated antiferromagnetic ordering be-
low T, and show that the resulting magnetic
structure is best described by a model in the
C'mc’2| magnetic space group.

Introduction

In crystalline solids, magnetic frustration arises
through the competition of exchange interac-
tions between magnetic moments, and is com-
monly observed in materials in which the geom-
etry of the magnetic lattice affords such com-
peting exchange. For example, materials in
which antiferromagnetically coupled ions form
layers of edge-sharing or corner-sharing trian-
gles (see Figure 1) often exhibit unconventional
magnetic ordering at low temperatures as a
result of their ensuing geometric frustration.®
In some cases, for instance, in the presence
of quantum fluctuations, frustrated magnets
may evade magnetic ordering at any measur-
able temperature, giving rise to the tantalis-
ing possibility of observing novel emergent phe-
nomena in so-called spin liquid ground states.??3
There is a handful of canonical examples of in-
organic solids based on frustrated architectures
of magnetic rare-earth? and transition metal
ions®® that has been instrumental in devel-
oping our current understanding of unconven-
tional magnetic states of matter, such as spin
ices, glasses and liquids.! However, several cru-
cial challenges remain in the field of highly frus-
trated magnetism, including understanding the
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Figure 1: (a) The competing interactions of antiferromagnetically coupled spins on a triangular
plaquette can result in a range of frustrated topologies that may be realized in hybrid coordination
frameworks, such as (b) edge-sharing triangular'*'" and (c) kagome?'?? lattices. Materializations
of three-dimensional frustrated lattices, such as the (d) pyrochlore? lattice of corner-sharing tetra-
hedra, are rare amongst hybrid materials, however, there are also unique examples of (e) breathing
kagome 3?34 lattices, composed of alternately sized equilateral corner-sharing triangles, (f) star,?

(g) distorted triangular®>*! and (h) distorted kagome lattices

solids.

interplay between chemical and magnetic dis-
order,” revealing the properties of materials in
the limit of strong spin-orbit coupling,® and uti-
lizing external variables such as magnetic field
and applied pressure to test the robustness of
the quantum disordered phases that can arise in
frustrated magnets.® Furthermore, there is of-
ten still a disconnect between our understand-
ing of certain archetypal models of geometric
magnetic frustration from state-of-the-art the-
ory ¥ and experiment ! owing to the complexity
of such systems. Therefore, in order to address
these challenges and make new advances, differ-
ent materializations of geometrically frustrated
magnets are still sorely needed.

In this regard, hybrid coordination frame-
works offer a versatile playground in which to
explore magnetic frustration. A range of or-
ganic components are available which are able
to both facilitate exchange between inorganic
magnetic ions, or aid in separating magnetic
components to control the overall magnetic di-
mensionality, and their open frameworks are of-
ten more easily tuned by modest and exper-

35:39 in hybrid coordination framework

imentally feasible magnetic fields and applied
pressures than their purely inorganic counter-
parts. An early connection to the field of co-
ordination chemistry was made by Harrison, '?
who drew inspiration from the concept of struc-
tural building units (SBUs) widely employed in
the reticular synthesis of hybrid porous materi-
als'® for the design and synthesis of new frus-
trated magnets. Indeed, there are now sev-
eral interesting examples of coordination frame-
works where metal ions form geometrically frus-
trated lattices, such as the two-dimensional tri-
angular lattice of edge-sharing triangular pla-
quettes.'* 18 For example, in lanthanide-based
(Ln) Ln(HCO,)s;, the formate ligands con-
nect the rare-earth metal ion centres into a
frustrated triangular arrangement.'”'® Analy-
sis of diffuse neutron scattering data suggests
that these materials resemble a one-dimensional
chain above their magnetic ordering transition
temperatures, a feature which is thought to con-
tribute to their functional magnetocaloric prop-
erties. Indeed, the use of organic components
in hybrid magnets enables access to a range



of frustrated topologies, from one-dimensional
chains®?® to two-dimensional corner-sharing
triangular networks, referred to as kagome lat-
tices,21?2 and even three-dimensional struc-
tures composed of frustrated subunits® (see
Figure 1). More complex structures such
as mixed triangular-kagome and star-like lat-
tices have been observed in Mn- and Fe-based
carboxylate frameworks, respectively.?%?® Of-
ten, the resulting topology is highly depen-
dent on the metal centre, as has been demon-
strated in M|C(CN);l,, where M = Fe, Cr,
V, which can crystallise in both triangular
and kagome arrays.?>2?¢ Similarly, the different
bridging modes of short organic linkers can in-
fluence one lattice type over another. For ex-
ample, the different coordination modes of the
squarate dianion (C40,4)?~ have been utilised in
Co3(OH)4(C404)9- xH,0, which displays spin-
idle behaviour above its transition tempera-
ture.'® Depending on the level of hydration,
Co*" ions decorate a triangular lattice but
have been shown to be highly one-dimensional
through inelastic neutron scattering.?

One of the key advantages of hybrid sys-
tems, as opposed to purely inorganic materi-
als, is the ability to modify the organic compo-
nent to control and isolate the dimensionality
of the magnetic sublattice.?® One such exam-
ple is in the metal-organic framework (MOF)
[Cuz(CO3)5(bpe)s|(ClOy),, where bpe is 1,2-
di(4-pyridyl)ethane and Cu** ions form two-
dimensional kagome layers.?® Here, it has been
demonstrated that by altering the nature of the
pillaring pyridyl ligand it is possible to tune
the resulting magnetic frustration.3%3! In a sim-
ilar vein, we recently developed an ionother-
mal synthesis strategy to uncover a family of
hybrid vanadium oxyfluorides,®? in which the
inter-layer separation between slabs of breath-
ing V4 /V3T kagome bi- and tri-layers can be
tuned through a choice of organic cation, re-
sulting in the realisation of a unique spin liquid
ground state. 3334

More recently, we have continued our de-
velopment of solvothermal synthesis methods
to prepare a distinct family of hybrid materi-
als containing triangular layers composed of
[Fe(Cy04)]00-* The versatile oxalate linker,

C,0,27, is capable of facilitating both fer-
romagnetic and antiferromagnetic superex-
changes through magnetic centres via different
bridging modes, and has been utilised exten-
sively in the exploration of magnetic frame-
works. 293541 Depending on whether the ox-
alate linkers in our systems connect through
cis or syn-anti modes, or a mixture of the
two, the Fe*" ions may arrange in either a
distorted kagome or triangular lattice, which
is ultimately controlled by the inter-layer ion
that links the [Fe(Cy04)]o layers together. As
such, the inter-layer interactions, as well as
the intra-layer topology, may be tailored by
modifying the ion that separates the trian-
gular layers. One particularly intriguing ma-
terial discovered during our initial study is
KFe(C,0,)F, in which the fluoride ion connects
together distorted triangular [Fe(CyOy)|oo lay-
ers as shown in Figure 2. From a frustrated
magnetism perspective, KFe(Cy04)F is inter-
esting as it manifests the effects of competing
exchange interactions in a number of different
ways. In our earlier report of KFe(C,O,)F,%
Curie-Weiss analysis of the magnetic suscepti-
bility data measured above 100 K gave a Weiss
constant 6 ~ — 300 K and revealed that as the
sample is cooled below 100 K a broad max-
imum develops in the data, indicative of the
onset of short-range correlations. When the
sample is further cooled below 20 K, a sharp
upturn in the magnetic susceptibility suggests
that KFe(C,0,)F undergoes a transition to a
long-range magnetically ordered ground state.
A summary of these results are shown in Fig-
ure S1 of the Supporting Information. Given
this rich temperature-dependent magnetic be-
haviour, further investigation of the properties
of this frustrated framework material is war-
ranted. Here we present a detailed nuclear and
magnetic structural study of KFe(Cy04)F by
powder neutron diffraction to understand the
nature of its frustrated magnetic ground state,
complemented by muon spectroscopy measure-
ments.



structure of

The crystal
KFe(C,0,)F viewed in the be-plane, where Fe*™
ions, shown in brown, are connected via ox-
alate ligands and form distorted edge-sharing

Figure 2: (a)

triangles. K ions are shown in purple and
occupy interlayer positions. (b) Along the a-
axis, chains of corner sharing Fe?t octahedra
are formed via F~ linkers, shown in green. K
ions have been omitted here for clarity.

Experimental Section

A 1-g yellow-orange colored, polycrystalline
sample of KFe(C,0,)F was prepared via a hy-
drothermal synthesis method. Commercially
sourced Fe(C,04)-2H,0, C,H,0,, KBF, and
K,CO; were sealed in a 23-mL Teflon-lined
stainless steel autoclave with distilled water in
al:3:2:4 molar ratio and heated at 160°C
for 2 days. After heating, the autoclave was
removed from the oven and cooled to room-
temperature, with the solid product collected

by filtration and washed with distilled water
and acetone. Time-of-flight powder neutron
diffraction (PND) data were collected on the
General Materials (GEM) diffractometer at the
ISIS Neutron and Muon Facility at the Ruther-
ford Appleton Laboratory. Data were collected
on the 1-g sample at regular temperature in-
tervals between 1.5 — 150 K. Nuclear and mag-
netic structure refinements were completed us-
ing the GSAS*?* and FullProf* packages, re-
spectively. Muon spin relaxation (uSR) mea-
surements were performed on the same powder
sample packed to a density of 170 mg/cm? in an
aluminum sample plate in zero field (ZF) and in
an applied longitudinal field (LF) of 0.01 T at
temperatures between 10 —200 K on the MuSR
spectrometer at ISIS. Supplementary data were
collected on the General Purpose Surface-Muon
(GPS) instrument at the Paul Scherrer Insti-
tute. Data were analyzed in the Windows Muon
Data Analysis (WiMDA) program. Magnetiza-
tion data as a function of field were recorded at
2 and 300 K between applied fields of —5 — 45
T in a Quantum Design Magnetic Properties
Measurement System (MPMS).

Results and Discussion

Figure 3 shows the PND data collected on the
GEM diffractometer at 150 K. Through a multi-
bank refinement of the orthorhombic Cmc2;
model shown in Table 1 — previously deter-
mined by single-crystal X-ray diffraction3® —
we confirm that this is the correct description
of the structure of KFe(Cy0,)F at this temper-
ature. All fractional coordinates were indepen-
dently refined (Table 1) along with anisotropic
thermal parameters (Table 2) to give an over-
all R,, = 2.45 % and x* = 1.329. A com-
parison of the R,, and x? values obtained
from Rietveld refinements using anisotropic and
isotropic thermal parameters is shown in Table
S1 of the Supporting Information, which indi-
cates that the former is significant in improv-
ing the overall quality of the fit. The result-
ing crystal structure is shown in Figure 2 and
consists of Fe?" ions connected via oxalate lig-
ands in both c¢is and syn-anti conformations to
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Figure 3: Rietveld refinement of the C'mc2; structural model to PND data collected on each bank
of the GEM diffractometer at 150 K. Data points are shown in blue, the fitted curves are shown in
pink and Bragg peak positions are represented by black tick marks.

Table 1: Nuclear structure parameters obtained
from Rietveld refinement of the C'mc2; model
to PND data collected at 150 K. Refined lattice
parameters are a = 7.740(1) A, b = 11.864(2)
A and ¢ = 10.409(2) A (overall R,,—2.45%,
* = 1.329).

Atom Site x Y z
Fe 8b 0.2493(2) 0.42646(7) 0.1543(1)
K1l 4a 0.5 0.3296(4) 0.8678(4)
K2 4a 0.0 0.6605(4)  0.3471(4)
O1 8 0.2447(4) 0.5108(1) 0.4583(1)
02 8 0.2633(4) 0.3532(1) 0.3407(1)
O3 8 0.2802(3) 0.3900(1) 0.6741(1)
O4 8 0.2860(3) 0.2343(1) 0.5601(2)
Cl 8 0.2603(3) 0.4083(1)  0.4455(1)
C2 8 0.2783(3) 0.3371(1) 0.5710(1)
F1 4a 0.0 0.4552(2)  0.1829(3)
F2 4a 0.5 0.3992(3) 0.1301(2)

form eclipsed layers of distorted edge-sharing
triangles in the be-plane. The distortion of
the Fe?*-based triangular network manifests as
a lateral slanting of the triangular plaquettes,
giving rise to three distinct in-plane nearest-
neighbor Fe?' exchange pathways of 5.489(2)
A and 5.932(2)A via two Fe-O-C-O-Fe syn-
anti bonding modes and 6.680(1) A through a
Fe-O-C-C-O-Fe cis linkage. Perpendicular to
the triangular planes, the octahedral coordina-
tion of the Fe?" ion centres is completed via [~
ion linkers, giving rise to quasi-one-dimensional
Fe-F-Fe chains that run along the a-axis. The
bond distances, Fe-F1 1.982(2) A and Fe-F2
1.983(2) A, and angles, Fe-F1-Fe 153.6(2)° and
Fe-F2-Fe 156.1(2)°, within these chains imply
that strong antiferromagnetic exchange correla-
tions will dominate along the a-axis. We find
that this C'mc2; model is appropriate to de-
scribe the structure of KFe(CyO4)F to at least



Table 2: Anisotropic thermal parameters obtained from Rietveld refinement of the C'mc2; model

to PND data collected at 150 K.

Uaniso (AQ)

Atom Uy U Us3 Uiz Uiz U3

Fe 0.0150(6) 0.0075(4)  0.0037(4)  0.0016(5) 0.0009(3)  0.0016(5)
K1 0.0063(11) 0.0231(14) 0.0024(12) 0.0 0.0 —0.0108(14)
K2 0.0063 0.0231 0.0024 0.0 0.0 —0.0108
O1 0.0439(5)  0.00455(27) 0.00288(26) 0.0012(6) 0.0049(6)  —0.00164(25)
02 0.0439 0.00455 0.00288 0.0012 0.0049 —0.00164
03 0.0439 0.00455 0.00288 0.0012 0.0049 —0.00164
04 0.0439 0.00455 0.00288 0.0012 0.0049 —0.00164
Cl 0.0253(6) 0.00417(34) 0.0052(4)  0.0004(6) —0.0022(6) —0.00120(29)
C2 0.0253 0.00417 0.0052 0.0004 —0.0022 —0.00120
F1 0.0042(10) 0.0513(16)  0.0120(10) 0.0 0.0 0.0053(10)
F2 0.0042 0.0513 0.0120 0.0 0.0 0.0053

1.5 K with an isotropic reduction of lattice con-
stants and thermal parameters observed upon
cooling, as shown in Figure S3 of the Support-
ing Information.

Figure 4(a) shows the muon decay asymme-
try of positive muons implanted in KFe(Cy,0,)F
in an applied longitudinal field of 0.01 T. Such
a weak longitudinal field acts to decouple the
muon spin from the nuclear fields within a sam-
ple, so that the muon spin directly probes the
electronic magnetism arising from any unpaired
electrons in a system. We find that a simple
stretched exponential model is appropriate to
describe the time dependence of the asymme-
try, A(t), data shown in Figure 4(a),

A(t) = Agexp(—At)* + Ap (1)

where Ay and Ap are the initial and background
asymmetries and A and « are the muon spin re-
laxation rate and stretching component, respec-
tively. The temperature evolution of A\ and «
are shown together in Figure 4(b). Above 100
K, the muon asymmetry data follow a simple
exponential decay with a = 1, typical of the
muon spin relaxation caused by electronic spin
fluctuations in a paramagnetic state. However,
as the sample is cooled below 100 K, « tends to-
wards ~ %, indicating the onset of a spin freez-
ing transition, or the development of a more

complex distribution of internal fields at lower
temperature.*> Concomitantly, one can observe
a substantial loss of initial asymmetry in the
data shown in Figure 4(a) upon cooling. This
implies that a significant internal field develops
in KFe(Cy0,)F, causing a rapid depolarization
of the muon spin that is beyond the time res-
olution afforded by the pulsed muon beam on
the MuSR spectrometer, which is of the order
of 10 MHz. To account for this in our mod-
elling of the data, we fixed Ay to its full, high-
temperature value, and as such, observe a criti-
cal divergence of A below 20 K. Taken together,
this suggests that the peak previously observed
at the same temperature in the magnetic sus-
ceptibility marks the onset of long-range mag-
netic order .

To understand the nature of this long-range
magnetic order, we now turn to our low-
temperature PND data. As shown in Figure
5, upon cooling below 20 K we observe the
evolution of additional magnetic scattering in-
tensity in the same reflection positions as al-
lowed nuclear Bragg peaks in the C'mc2; struc-
ture. In particular, the (111) and (110) mag-
netic Bragg peaks are clearly visible below 20
K in Figure 5. A set of possible magnetic space
groups for the resulting k = (0,0,0) propa-
gation vector and C'mc2; nuclear space group
was generated using the Baslreps and [SODIS-
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Figure 4: (a) The time dependence of the muon
decay asymmetry measured in KFe(C,O4)F in
an applied longitudinal field of 0.01 T between
100 — 200 K on the MuSR spectrometer. Solid
lines are fits to the data of the stretched expo-
nential decay function described in the text. (b)
The temperature dependence of the stretched
exponential fit parameters A, the muon spin
relaxation rate, and «, the stretching compo-
nent. The dotted vertical line marks the mag-
netic transition temperature at 20 K.

TORT* programs. The four possible sym-
metry allowed irreducible representations are
mI'y, mI'y, mI's, mI'y in Miller-Love notation*7,
which correspond to magnetic space groups
Cmc2y, Cm'd2y, Cmd2] and Cm/c2], respec-
tively. Full details of the magnetic structure
models and a comparison of their fit to data col-
lected at 1.5 K on GEM Bank 3 are given in the
Supporting Information. We find that the mI's
mode, corresponding to the C'mc’2| magnetic
space group, gives overwhelmingly the best fit
to the data, which is shown in Figure 6(a). In

o
»
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Figure 5: The evolution of the (111) and (110)
magnetic Bragg peaks in the powder neutron
diffraction data of KFe(Cy0O,)F below 20 K.

this fit, the magnetic moment components were
refined along the b- and c-axis directions, yield-
ing m, = 3.41(4) pp and m, = 1.02(8) ug,
respectively. Refinement of the magnetic mo-
ment along the a-axis did not considerably im-
prove the fit at 1.5 K (x* = 3.22 compared to
x? = 3.28 for Bank 3), and resulted in an unsta-
ble refinement at temperatures higher than 16
K. As such, the moment along the a-direction
was fixed to zero, giving a total moment magni-
tude of 3.56(4) pp at 1.5 K, which is in keeping
with the ji value expected for an Fe?* ion.
Figure 6(b) shows the temperature dependence
of the total ordered moment extracted from our
Rietveld analysis, which can be modelled with
a critical law,

wT) = poll = (T/Ty))” (2)

giving an estimate for Ty ~ 18.5 K and a
critical exponent [ = 0.3 typical of three-
dimensional ordering.

The resulting magnetic structure is shown in
Figure 7. It can be visualized as chains of an-
tiferromagnetically coupled Fe?*moments that
run along the [100] direction (Figure 7(a)) —
likely mediated through the Fe—F-Fe superex-
change interaction — that are arranged on the
distorted triangular lattice in the be-plane (Fig-
ure 7(b)). The moments point predominantly
towards the b-axis with a small antiferromag-
netic canting towards c. Such an antiferro-
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Figure 6: (a) Corefinement of the nuclear

(Cme2y, top ticks) and magnetic (C'mc'2], bot-
tom ticks) structures to PND data collected on
bank 3 of GEM at 1.5 K (R, = 6.28%, x> =
3.281). (b) Temperature variation of the refined
Fe?* magnetic moment. The dashed blue line
is a guide to the eye, showing the critical be-
haviour of the magnetic moment as a function
of temperature.

magnetic structure is consistent with isother-
mal magnetization data measured below Ty,
which do not indicate any significant hystere-
sis, but instead show a primarily linear response
of a three-dimensional antiferromagnetic struc-
ture, as shown in the Supporting Information.

Conclusions

In conclusion, we have discussed the search for
new paradigms in exotic magnetic ground states
that emerge in geometrically frustrated mag-
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Figure T: The structure  of

magnetic
KFe(C,0,)F is composed of (a) antiferro-
magnetically coupled chains that run along the
[100] direction mediated through fluoride ion
(green spheres) superexchange, which are (b)
packed onto the distorted triangular layers in
the be-plane.

nets in the context of the design and synthesis
of novel inorganic-organic coordination frame-
works. In particular, we have examined our re-
cent work on how one can design chemically
tailorable magnetic exchange interactions in a
variety of layered frustrated spin systems us-
ing different molecular building blocks. We
have presented PND and pSR data for one
such system, KFe(C,0,)F, which presents com-
peting one- and two-dimensional antiferromag-
netic exchange pathways. We confirm that the
crystal structure of KFe(C,O,)F is best de-
scribed in the C'mc2; space group and is com-
posed of quasi-one-dimensional Fe—F-Fe chains
that run along the a-axis and form quasi-two-
dimensional distorted triangular layers in the
be-plane via oxalate linkers with both c¢is and



syn-anti bridging modes active. Through anal-
ysis of uSR and PND data we observe criti-
cal magnetic behaviour at Ty ~ 18.5 K, below
which the system adopts an antiferromagnetic
structure described by the Cmc’2] magnetic
space group. A key feature of the magnetic
structure of KFe(CyO4)F is the antiferromag-
netic spin chains that run along the a-axis. This
implies that the strongest exchange interactions
in KFe(C,0,)F are antiferromagnetic and medi-
ated through the fluoride anions. As such, one
has to bear in mind that the reduced magnetic
ordering transition temperature of KFe(Cy0,)F
in comparison to its Weiss constant may ulti-
mately reflect the low-dimensionality of the sys-
tem, rather than pronounced geometric mag-
netic frustration associated with the triangular
|Fe(Cy04)] layers. Therefore, insightful future
studies on this system will include calculation
of the various in-chain and in-plane nearest-
neighbor exchange couplings, in addition to in-
elastic neutron scattering to determine the na-
ture of the spin Hamiltonian.

Supporting Information Avail-
able

The following files are available free of charge.

e KFe(C,0,)F-Supporting-Information.pdf:
this file contains supporting information
regarding nuclear and magnetic structure
models and refinements, supplementary
1SR data, and isothermal magnetization
data for KFe(C,0,)F at 2 K and 300 K.

o KFe(Cy0,)F-150K.cif:  this crystallo-
graphic information file contains the re-
fined structural model for KFe(CyO4)F
at 150 K from Rietveld analysis of PND
data.

o KFe(Cy0,)F.mcif: this magnetic crystal-
lographic information file contains the re-
fined magnetic structure of KFe(CyO,)F
obtained from analysis of PND data col-
lected at 1.5 K.

e DOI:10.5286/ISIS.E.92919513: this link
provides access to raw PND data collected

for KFe(Cy04)F on the GEM diffractome-
ter at the ISIS Neutron and Muon Facil-

1ty.

e DOI:10.5286/ISIS.E.87814807: this link
provides access to raw uSR data collected
for KFe(Cy04)F on the MuSR spectrom-
eter at the ISIS Neutron and Muon Facil-

1ty.

All other requests for data or information
should be made to the corresponding author.
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TOC Synopsis:

We present powder neutron diffraction and
muon spectroscopy data for the Fe(IT)-based
oxalate fluoride hybrid framework solid,
KFe(C,0,)F. We show that its structure is com-
posed of distorted triangular planes of Fe(II)
moments connected via fluoride anions that
mediate strong antiferromagnetic exchange in-
teractions. Below Ty, our data and analysis
reveal that a frustrated canted antiferromag-
netic ordering of spins emerges.
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