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Abstract

We present a comprehensive structural and magnetic characterisation of the barlowite

family of S = 1
2 kagomé magnets, Cu4(OH)6FX where X = Cl, Br or I. Through

high-resolution synchrotron X-ray and neutron powder diffraction measurements, we

reveal two sources of structural complexity within this family of materials, namely

compositional disorder of the halide species that occupy sites in between the kagomé

layers, as well as positional disorder of the interlayer Cu2+ ions that persists well into
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the Pnma structural ground state. We demonstrate that understanding these inherent

structural disorders is key, as they correlate with the degree of partial order in the

magnetic ground states of these quantum frustrated magnets.

Introduction

The discovery of naturally occurring mineral materials has for many decades provided a

rich source of inspiration for the synthesis of inorganic crystalline solids, thus allowing for

their ensuing materials properties to be explored1. This is especially so in the field of quan-

tum materials, whereby the structural arrangement of metal ion centres in mineral systems

and their corresponding interactions can give rise to fascinating and complex electronic and

magnetic phenomena2. Often, this complexity arises from the frustration of the magnetic

exchange interactions stemming from the underlying crystal structure. In the context of

highly frustrated magnetism, one of the most long-sought models is that of the kagomé anti-

ferromagnet, a two-dimensional array of corner-sharing equilateral triangles of antiferromag-

netically coupled magnetic moments3. In the quantum (S = 1
2
) limit of this model, a variety

of novel quantum states of matter—including quantum spin liquid (QSL) states4—have been

predicted to emerge due to the combination of low magnetic dimensionality, competing mag-

netic exchange interactions and quantum fluctuations. The drive to realise, understand and

exploit such quantum states of matter5 means that synthetic analogues of mineral systems

that contain kagomé networks of magnetic metal ions remain firmly in the spotlight6–9.

In this regard, the atacamite family of minerals is a significant class of materials that offers

a rich variety of structural and magnetic behaviours. There are three polymorphs within

the atacamite family with the general formula Cu4(OH)6Cl2: atacamite, botallackite and

clinoatacamite10. Botallackite has a layered monoclinic structure in which Cu2+ ions form

edge-sharing triangles, rather than a corner-sharing kagomé array. Atacamite and clinoat-

acamite, on the other hand, have orthorhombic and monoclinic structures, respectively, in
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which distorted kagomé layers are separated by interlayer Cu2+ and Cl− ions. However,

due to the presence of magnetic exchange interactions within and between the kagomé lay-

ers, both of these systems are more appropriately described in terms of a three-dimensional

pyrochlore model, rather than a two-dimensional kagomé one11–13. Helpfully, the clinoata-

camite structure is stable to the replacement of its Cu2+ ions by isovalent diamagnetic species

such as Zn2+, and this substitution occurs predominantly at the interlayer site. Such a sub-

stitution alters the structure of the parent compound and reduces the interlayer magnetic

exchange. In the case of Zn2+ substitution, the Zn-paratacamite series, ZnxCu4−x(OH)6Cl2,

is formed, which has trigonal R3̄m symmetry for x > 0.3314. Compositions of this symmetry

contain undistorted kagomé layers of Cu2+ separated by Cu2+/Zn2+ and Cl−, the latter being

covalently bonded to Cu2+ ions in the layer above and hydrogen bonded to hydroxide groups

in the layer below, leading to staggered stacking of the kagomé planes along the c axis. The

x = 1 end-member of the Zn-paratacamite series, ZnCu3(OH)6Cl2, is the mineral herbert-

smithite which, in theory, should contain magnetically decoupled and undistorted S = 1
2

kagomé layers. These structural features mean that—despite significant antiferrromagnetic

exchange interactions between the Cu2+ ions within the kagomé planes—herbertsmithite

lacks long-range magnetic order in its ground state, making it the first possible material

realisation of a QSL on a kagomé network. However, herbertsmithite is known to suffer from

Cu2+/Zn2+ site occupancy disorder15, which has made the characterisation of its magnetic

ground state challenging7,8,16,17. Such structural complexities within these mineral systems

thus provide the motivation for the discovery of alternative materials which may more clearly

represent the S = 1
2

kagomé antiferromagnet.

In recent years, the mineral barlowite, Cu4(OH)6FBr, has been hailed as a promising new

material in this regard18. Formed from kagomé layers of Cu2+ ions separated by a mixture

of Cu2+ and halide ions, F− and Br−, it is well established that barlowite orders antifer-

romagnetically below TN = 15 K17,19–25 with a magnetic structure determined by neutron
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diffraction26. Density-functional theory (DFT) calculations indicate that—akin to the phe-

nomena observed in the Zn-paratacamite series—replacement of the interlayer Cu2+ ions in

barlowite with Zn2+ could decouple the kagomé layers27, but with significantly increased

site selectivity28. The order of magnitude reduction in Zn2+/Cu2+ site occupancy disorder

predicted for Zn-barlowite compared with herbertsmithite is thought to stem from the dif-

ferences in their crystal structures. In barlowite, the presence of a mixture of halide species

leads to eclipsed stacking of adjacent kagomé layers, which in turn affects the local symmetry

at the interlayer Cu2+ site. DFT studies thus provide compelling impetus to explore bar-

lowite as a new route towards the QSL that may provide much needed insight into the role

of disorder in the ground state selection of the S = 1
2

kagomé antiferromagnet through care-

ful comparison to herbertsmithite. Indeed, experimental investigations of the Zn-barlowite

series have since pointed to the formation of a QSL phase at low-temperatures.29

Despite this promise, however, barlowite remains the subject of intense debate in the litera-

ture, with several conflicting reports of its crystal structure, all of which are characterised by

varying degrees of disorder on the interlayer Cu2+ site as represented in Fig. 1. In the widely

reported room-temperature structure, which is described by a hexgonal P63/mmc model,

the interlayer Cu2+ cations are disordered over three equivalent sites18,19,21,24,25,30, and the

ordering of this site occupancy upon cooling leads to a symmetry lowering of the average

crystal structure. There are two orthorhombic models that have been proposed to describe

the low-temperature structure emerging from this order-disorder transition, Pnma21,26 and

Cmcm22. In both structures, the interlayer Cu2+ ions order onto one site, but the structures

differ in the ordering schemes at the interlayer site. More recently, a third low-temperature

structure of barlowite has been reported with hexagonal P63/m symmetry, which appears

to be favoured under certain synthetic conditions30. A key difference in the synthetic routes

to samples of barlowite is the reagents used in the hyrdrothermal preparations. Samples

reported in the Cmcm space group are prepared from CuCO3·Cu(OH)2, NH4F and HBr22,
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where those reported in P63/m are prepared from CuBr2 and LiF24. In this low-temperature

hexagonal structure, the kagomé layers are formed from alternating equilateral and scalene

triangles, and it follows that the interlayer Cu2+ sites contain a mixture of ordered and dis-

ordered occupancies. One study ascribes the structural transition in barlowite to a dynamic-

to-static Jahn-Teller effect that can vary between different samples owing to the presence of

defects25. Intriguingly, the magnetic properties of barlowite appear to be highly dependent

on the precise crystal structure adopted at low temperature, indicating that each reported

structural model is characterised by its own magnetic ground state30. As a consequence, a

definitive understanding of the factors that drive this structural distortion and govern the

structural ground state of barlowite and its analogues is imperative.

Indeed, the structural complexity presented in barlowite raises the question as to whether one

can systematically tune its structure in order to rationalise the structure-property relation-

ships at play. Inspection of the crystal structure of barlowite yields one particularly promising

route to achieve this goal, which is to apply chemical pressure through the substitution of

the halide ions in between the kagomé layers as depicted in Fig. 2. In the room-temperature

P63/mmc structural model of barlowite, bromide ions sit on the 2c Wyckoff position, bond-

ing to three Cu2+ ions above and three below to complete the octahedral coordination of

the Cu2+ ions in the kagomé planes. Meanwhile, the fluoride ions hydrogen bond to six

surrounding hydroxide groups in the 2b position. Given the large void in which the bromide

ions sit at the 2c site—along with the high electronegativity of the fluoride ions in the 2b

position—substitution of Br− for Cl− or I− at the 2c site is the natural choice to apply both

negative and positive chemical pressure to the structure.

Thus, to address the complexities surrounding the structure and properties of barlowite,

here we present a comprehensive study of this material, Cu4(OH)6FBr, its chloride analogue

claringbullite, Cu4(OH)6FCl25,31,32, and a novel synthetic iodide analogue, Cu4(OH)6FI. We
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Figure 1: Conflicting structural models of barlowite. At room temperature, the struc-
ture of barlowite (Cu4(OH)6FBr) is widely reported in the P63/mmc model (top), which
contains Cu2+ kagomé layers in the ab plane and an additional Cu2+ site between the layers
that is disordered. Upon cooling, lower symmetry structures are reported to emerge. In the
Pnma structure (middle), the kagomé layers are formed from two Cu2+ sites, and the occu-
pation at the interlayer site is considered to be fully ordered.21,26 The alternatively proposed
structural models of barlowite (bottom) are Cmcm,22 which differs in its ordering scheme
to Pnma, and P63/m,30 which retains site occupancy disorder at the interlayer Cu2+ sites.
Partially shaded spheres indicate partial site occupancy due to site occupancy disorder.
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combine high-resolution synchrotron X-ray and neutron powder diffraction data for bar-

lowite and its halide analogues to elucidate the temperature-dependent structural behaviour

observed in these phases, revealing both positional and compositional disorder within their

ground state structures. Through magnetometry, heat capacity and high-flux powder neu-

tron diffraction measurements, we correlate this structural disorder to the complex behaviour

displayed in the magnetic ground state of this family.

Figure 2: Tuning the structure and properties of barlowite. (a) In between the
kagomé layers of barlowite are a disordered interplane Cu2+ site (represented by partially
shaded spheres) and a fluoride site at the 2b position, created by the surrounding hydroxide
groups. In barlowite, the second halide site, X, at the 2c position is occupied by bromide
ions, but substitution at this site for chloride or iodide can tune the structure by applying
negative or positive chemical pressure. (b) The refined room-temperature lattice parameters
of the P63/mmc model applied across the Cu4(OH)6FX reveals the expansion of the c
axis upon this substitution. Error bars representing the standard error of the fitted lattice
parameters are smaller than the data points shown.
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Experimental Section

Hydrothermal synthesis

Polycrystalline samples of deuterated Cu4(OD)6FX (X = Br, Cl, I) were synthesised via a

hydrothermal method. Barlowite (Cu4(OD)6FBr, referred to hereafter as FBr) was produced

by combining 4 mmol CuCO3·Cu(OH)2 (Alfa Aesar, Cu 55%), 12 mmol NH4F (Alfa Aesar,

98%) and 8 mmol CuBr2 (Sigma Aldrich, 99%) with 20 mL D2O (Sigma Aldrich, 99.9% D)

in a 50 mL PTFE-lined stainless steel autoclave. The sealed autoclave was heated to 200 ◦C

at a rate of 10 ◦C/min and held at temperature for 72 hours. After heating, the autoclave

was cooled to room temperature at 5 ◦C/min and the polycrystalline sample was collected

by filtration, washed with D2O and dried in air. Claringbullite (Cu4(OD)6FCl, referred to

hereafter as FCl) was synthesised by combining 2 mmol CuCO3·Cu(OH)2 (Alfa Aesar, Cu

55%), 4 mmol NH4F (Alfa Aesar, 98%) and 2 mmol CuCl2 (Acros Organics, 99%) with 10 mL

D2O in a 23 mL PTFE-lined stainless steel autoclave. The sealed autoclave was heated to

200 ◦C at a rate of 10 ◦C/min and held at temperature for 48 hours. After heating, the

autoclave was cooled to room temperature at 5 ◦C/min and the polycrystalline sample was

collected by filtration, washed with D2O and dried in air. Compared with the synthesis of

FBr, FCl required an excess of NH4F to avoid the formation of polymorphs of clinoatacamite

(Cu4(OH)6Cl2), which form when an excess of Cl− ions is present in the reaction mixture.

Finally, the iodide analogue (Cu4(OD)6FI, referred to hereafter as FI) was synthesised by

combining 2 mmol CuCO3·Cu(OH)2 (Alfa Aesar, Cu 55%), 2 mmol NH4F (Alfa Aesar, 98%)

and 0.2 mL HI (Sigma Aldrich, 58%) with 10 mL D2O in a 23 mL PTFE-lined stainless

steel autoclave. The sealed autoclave was heated to 140 ◦C at a rate of 10 ◦C/min and held

at temperature for 72 hours. After heating, the autoclave was cooled to room temperature

at 5 ◦C/min. This method resulted in a minor CuI impurity phase, which was removed by

stirring the sample in a dilute aqueous solution of ammonium hydroxide. Note that heating

to temperatures above 150 ◦C in the synthesis of FI failed to produce the desired product,
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leading to CuO and CuI instead. Each synthesis was repeated several times for sample scale

up, and the resulting samples were combined and ground thoroughly to produce sample

volumes adequate for powder neutron diffraction measurements. Batches of the same samples

were measured for all of the diffraction experiments included in this work. Magnetometry

and heat capacity measurements were performed on protonated samples synthesised via the

same routes reported here but with H2O rather than D2O as a solvent.

Structural characterisation

High-resolution powder x-ray diffraction (PXRD) data were collected on the I11 beamline of

the Diamond Light Source. Samples of FCl, FBr and FI were packed into borosilicate glass

capillaries and attached to a brass holder. Each sample was cooled using a Cryostream, and

data were collected with an X-ray wavelength λ = 0.826582 Å on the MAC detector at 90 K

and 300 K. For FBr, additional MAC measurements were conducted between 90 – 300 K in

20 K steps. For FCl and FI, additional data were collected between 90 – 300 K in 2 K steps

on the PSD detector. High-resolution powder neutron diffraction (PND) data were collected

on the HRPD instrument at the ISIS Neutron and Muon Source. Each sample (3.2 g FCl,

4.2 g FBr and 2.5 g FI) was packed into a aluminium alloy flat-plate holder with steel-framed

vanadium windows. Data were collected for each sample at 1.5 K and 300 K.

Magnetic characterisation

Temperature-dependent magnetic susceptibility data were collected on a Quantum Design

MPMS3 SQUID magnetometer in DC measurement mode. 40 mg samples of FCl, FBr

and FI were packed into gelatin capsules and loaded into plastic straw samples holders.

Data were collected in an applied field of 1 T between 2 – 300 K. Heat capacity data were

collected on pressed powder pellets of FCl (9.5 mg), FBr (26.4 mg) and FI (12.4 mg) in a

Quantum Design PPMS Dynacool in zero field between 2 – 300 K. An addenda for each was

measured and subtracted. Two data points per temperature were collected and averaged.
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High-flux PND data were collected on the D20 instrument at the Institut Laue-Langevin.

Each sample (3.1 g FCl, 4.2 g FBr and 1.2 g FI) was packed into a cylindrical vanadium

can of diameter 9 mm (FCl, FBr) or 6 mm (FI) and data were collected with a neutron

wavelength λ = 2.4188 Å and a monochromator take-off angle 42◦. Data were collected at

1.5 K, 10 K and 25 K for FCl, 1.5 K and 20 K for FBr, and 1.5 K and 25 K for FI.

Data analysis

Rietveld refinement of structural models to high-resolution powder diffraction data were

performed using the GSAS software suite. Symmetry-allowed magnetic models were gener-

ated using the MAXMAGN application on the Bilbao Crystallographic Server. Magnetic

structure refinement was performed against high-flux PND difference data sets contain-

ing only magnetic scattering in the FULLPROF software package. Curie-Weiss fitting of

temperature-dependent inverse molar magnetic susceptibility, χ−1m = T − θCW/C, was per-

fomed in the OriginPro software package to extract Weiss temperatures, θCW, and Curie

constants, C = NAµ0µeff
2/3kB, for each sample. OriginPro was also used to fit and sub-

tract an estimate of the lattice contribution to the total heat capacity of each sample,

Clat = αT 2 + βT 3, yielding an estimate of the magnetic heat capacity, Cmag, for each.

The magnetic entropy release, Smag, through the magnetic transitions of each sample was

calculated by integrating Cmag over 2 – 25 K.

Results & Discussion

Compositional disorder compounding structural complexity

As detailed above, the widely accepted structural model for barlowite at room temperature

is that described by the hexagonal space group P63/mmc shown in Fig. 1. Initial analysis of

the high-resolution neutron and X-ray powder diffraction data collected at 300 K across the

Cu4(OH)6FX series reveals that the diffraction patterns of each halide analogue can be in-
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dexed with the same P63/mmc space group. Fitting this structural model to the diffraction

data across the series, we observe that the hexagonal unit cell is predominantly expanded

along the c axis as the size of the halide occupying the 2c site increases from 1.81 Å for Cl−

to 2.2 Å for I−, with only a small increase in the ab plane as shown in Fig. 2b. However,

Rietveld refinement of this model to data collected at 300 K for FI reveals a particularly

poor fit, especially to the Bragg peaks of hk4n-type reflections. An example of this effect—

observed in both the high-resolution PXRD and PND data—is shown in Fig. 3. Inspection

of hk4n-type Bragg peaks of the FI system clearly reveals an asymmetric peak profile that

tails towards high Q.

An asymmetric peak profile of this kind often indicates a range of compositions of the main

phase of a polycrystalline sample33. In this family of layered materials, while there is little

variation of the in-plane a unit cell parameter with choice of halide X, the c parameter is

sensitive to the halide size and distribution in between the kagomé layers as shown in Fig.

2b. Thus, a likely explanation for the asymmetric shape of hkl peaks with high l indices

for FI samples is a variation in the F/I site occupancy ratio, giving rise to a distribution

of values for the c parameter, ranging from the majority phase fraction with the largest c

parameter to increasingly smaller amounts of phases with lower c parameters due to higher

F− content. Close inspection of laboratory powder X-ray diffraction data of single batches

of FI reveal the same pattern of asymmetric peak shapes, indicating that this feature in our

data does not simply stem from the combination of multiple synthesis batches. Thus, to

test our hypothesis of compositional variance, a Rietveld refinement of multiple P63/mmc

phases with differing c axis parameters was performed simultaneously to the 300 K X-ray

and neutron data of FI. This follows a similar approach to that of David et al.33, with the

combined refinements using X-ray and neutron data allowing good contrast between F− and

I−, giving confidence in the refined halide site occupancy ratios. Several measures were taken

to constrain this multi-phase refinement. First, the a and b unit cell parameters were fixed to
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Figure 3: Modelling compositional disorder in Cu4(OH)6FX. Rietveld refinement of
four P63/mmc models to powder diffraction data collected for FI at 300 K on (a) I11 and
HRPD (b) Bank 1 and (c) Bank 2. Tick marks for just one phase are included in the main
panels for clarity. The insets in (a) and (b) show the most prominent asymmetric hk4n
reflections in the data, with a comparison of single-phase and four-phase models. In (c) the
light grey regions in the data due to steel in the sample holder are excluded from the fit,
and the inset shows refined c axis parameters against the refined F− content.
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be equal across the phases, so that only the c parameter was allowed to vary for each phase.

Second, the atom positions and isotropic atomic displacement parameters, Uiso, were also

constrained across the phases, as well as peak profile parameters. Finally, for each phase,

the site occupancy ratio of F/I was refined across the two halide sites in the P63/mmc model,

with the constraint that each site must remain fully occupied. A high level of anion order

was found for the phase closest to ideal stoichiometry, with the 2b site fully occupied by F−

and the 2c site almost fully occupied by I−.

A total of four phases could be modelled effectively in this way. The refined structural model

is given in Table 1 along with the refined phase fractions and F/I occupancies of each of

the four phases. The results of this analysis indicate that there is a range of fluoride-rich

phases present within FI, in which excess fluoride ions occupy the 2c site. The inset to Fig.

3c demonstrates that the refined c axis parameter systematically decreases with increasing

fluoride content within a given phase. This analysis does not suggest since the presence of

four distinct phases within the FI sample, since further phases at intermediate compositions

can be included within the refinements but with increasingly insignificant improvements in

the quality of the fit. Instead, it offers an approximation for a phase continuum that appears

to be driven by compositional disorder arising between the kagomé layers that further com-

pounds the structural complexity within this family of materials. The multi-phase fitting

allows for a marked improvement to the quality of the Rietveld fit, with a total Rwp = 3.40 %

compared to Rwp = 6.16 % for the single-phase refinement. However, by itself, it cannot

explain whether the observed variation in c-axis parameters is due to compositional disorder

between the kagomé layers of individual crystallites—which could be considered a type of

stacking fault—or a compositional variance between different crystallites.

Nevertheless, the discovery of compositional disorder in FI led us to question whether the

same phenomenon might occur within FCl and FBr. Indeed, close inspection of the high-
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Table 1: Structural parameters obtained from the Rietveld refinement of the P63/mmcmodel
of FI to I11 and HRPD data collected at 300 K. The simultaneous analysis of X-ray and
neutron data sets allows for the refinement of both the deuterium fractional coordinates–not
possible through X-ray diffraction alone—and the F/I site occupancies, for which X-rays are
required as neutron scattering contrast is poor. The bottom table shows the phase fractions,
c axis parameters and F/I occupancies for each of the four refined P63/mmc phases. The
total statistical parameters for the combined fits are Rwp = 3.40 % and χ2 = 5.916.

Atom Site x y z Occupancy Uiso (Å2)

Cu1 6g 0.5 0 0 1 0.0099(1)
Cu2 6h 0.6304(1) 0.2609(2) 0.25 1

3
0.0086(4)

O1 12k 0.20321(7) 0.79679(7) 0.90863(7) 1 0.0095(2)
D1 12k 0.12548(7) 0.87452(7) 0.86814(8) 1 0.0247(2)
F1 2b 0 0 0.75 1 0.0174(4)
I1 2b 0 0 0.75 0 0.0174(4)
F2 2c 0.6667 0.3333 0.75 * 0.0129(1)
I2 2c 0.6667 0.3333 0.75 * 0.0129(1)

Phase number
* 1 2 3 4

Phase fraction (%) 46.3(1) 27.2(2) 16.1(2) 10.4(2)
c (Å) 9.49742(4) 9.48472(9) 9.4706(2) 9.4511(1)

F2 occupancy 0 0.04(1) 0.08(2) 0.19(3)
I2 occupancy 1 0.96(1) 0.92(2) 0.82(3)

resolution PXRD and PND data of both systems reveals a subtle asymmetry of the hk4n-type

reflections. As such, co-fitting the X-ray and neutron data collected at 300 K for each sample

was conducted using multiple P63/mmc phases, again constraining the model so that only

the c-axis parameters and F/X ratios were allowed to vary across the phases. The Rietveld

refinements of two P63/mmc phases are shown in the Supporting Information along with the

corresponding tabulated refinement results. The inclusion of a second phase improves the

hk4n peak fitting for both FCl and FBr, which is reflected in the total Rwp values decreasing

from 4.21 % to 3.63 % for FCl and 4.05 % to 3.54 % for FBr. Refinement of the F/X site oc-

cupancies for FBr reveals a ∼ 5% fluoride occupancy on the bromide site in the fluoride-rich

phase, leading to a contraction of the c axis parameter akin to the compositional disorder
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observed in FI. In FCl, on the other hand, ∼ 7 % chloride anions were found to occupy

the fluoride site of the second phase. There are two possible explanations for this observed

behaviour. First, perhaps the poorer X-ray contrast between F/Cl compared with F/Br

and F/I makes refining the occupancies more challenging for FCl. Alternatively, perhaps

the more comparable ionic radii of F− and Cl− means that chloride can indeed occupy the

fluoride ion site in FCl. Note that employing more than two P63/mmc phases in the analysis

of FCl and FBr led to an unstable refinement in both cases, implying that the compositional

disorder is more pronounced in FI.

Interestingly, this is not the first time that the compositional distribution of anions within

the Cu4(OH)6FX family has been called into question. In the original mineralogical study

of claringbullite (FCl), the chemical formula was reported as Cu4(OH)7Cl·H2O.31 This was

subsequently revised to Cu4(OH)6Cl[Cl0.29(OH)0.71], meaning that the 2b site was thought to

be occupied by a combination of Cl− and OH− ions rather than F−, and that a solid solution

of Cu4(OH)6+xCl2−x could exist.32 Following this, exploration into the methods required

to synthetically prepare FCl determined that a fluoride source is necessary, and from the

structural characterisation of synthetic samples, it was concluded that the 2b site was solely

occupied by F− based on refinement R-factors.34 Most recently, however, a revisited crystal-

lographic study of mineral samples of FCl determined a Cl:F:OH ratio of 0.98:1.12:5.90.35

Therefore, it is highly plausible that there exists a range of compositions with the formula

Cu4(OH)xFyClz where x + y + z = 8 for synthetic samples too, with the exact range of

compositions accessed governed by the synthetic conditions. Based on our current analysis,

we cannot rule out the possibility of hydroxide-halide site disorder within our samples, but

note that modelling such disorder is extremely challenging given the lack of neutron and

X-ray scattering contrast for O and F. However, across the Cu4(OH)6FX series, the halide

site selectivity driving the F/X disorder that we do observe is likely influenced by both the

relative ionic radii and electronegativity of the F/X species. Whilst the comparably large ra-
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dius and low electronegativity of the bromide ion mean that it is unlikely to occupy the small

hydrogen-rich pocket within which the fluoride ions lie, it is plausible that excess fluoride

could occupy the large space occupied by the bromide ions in the case of FBr. Meanwhile in

FI, the apparently more pronounced compositional disorder may stem from the larger ionic

radius of I−, imposing strain within the crystal structure and causing fluoride rich phases to

form more favourably than the stoichiometric FI phase.

Positional disorder driving the structural transition

Having established the room-temperature structure of the Cu4(OH)6FX series, we next ex-

plore the temperature-dependent behaviour to elucidate its structural ground state. In our

previous investigation of FBr, we established that below ∼ 250 K, samples of FBr prepared

via the synthesis method described in the Experimental Section adopt the orthorhombic

Pnma structure depicted in Fig. 1. Fig. 4 shows high-resolution PXRD data collected on

the I11 instrument for each member of the series upon cooling. Here, one can clearly observe

the development of additional Bragg peaks at approximately 266 K, 220 K and 274 K for

FCl, FBr and FI, respectively, which can be indexed with the orthorhombic Pnma space

group of the low-temperature structure determined previously for FBr. Fig. 4 also shows the

temperature evolution of the intensity of the most prominent orthorhombic distortion peak

(102), extracted by fitting a pseudo-Voigt function to the peak at every temperature point

measured and plotted relative to the intensity of the most intense (110) at 90 K for each

Cu4(OH)6FX analogue. These data show that the hexagonal to orthorhombic structural

transition occurs over a wide range of temperatures, particularly for FCl and FBr, where

the (102) peak intensity does not plateau within the temperature window accessible during

the I11 experiment. For FBr, the orthorhombic peak intensity is so weak that the MAC

detector—which requires longer counting times—was necessary to resolve the orthorhombic

distortion peaks clearly, resulting in fewer data points being taken. Despite this, it is clear

that while there is no systematic variation in the structural transition temperature across
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the Cu4(OH)6FX series, substitution of the larger halide species predominately at the 2c

site has a pronounced effect on the nature of the structural transition. A recent study into

the structural dynamics of FCl and FBr suggested that the temperature at which the hexag-

onal to orthorhombic transition begins to occur is related to anisotropic strain, whereby

the presence of a larger halide at the 2c site expands the lattice anisotropically along the

kagomé layer stacking direction. It was proposed that the increased anisotropic strain in FBr

compared with FCl would drive the structural transition to higher temperatures.25 However,

here it appears that the converse is true, indicating that additional factors must govern the

precise structural transition temperatures across the series, which stem from the synthesis

route, or the precise sample composition.

The first step in our analysis of the low-temperature diffraction data was to attempt the re-

finement of a single Pnma phase to each of the I11 datasets taken across the Cu4(OH)6FX

series. However, in each case, this led to a poor description of the data. For FCl, the ad-

dition of a second orthorhombic phase—akin to the two-phase hexagonal model developed

to fit the room-temperature data—did not adequately describe the data either. Instead, the

best fit to the 90 K data of FCl was obtained with the combination of orthorhombic Pnma

and hexagonal P63/mmc phases with structural parameters and profile parameters allowed

to refine independently across the two phases, but Uiso values constrained across like-atoms

to simplify the fitting procedure. This approach yields Rwp = 8.13 %—which is a marked

improvement on Rwp = 13.57 % for the single-phase Pnma model fit—and refined weight

fractions of 66.1(2) % and 33.9(2) % for the Pnma and P63/mmc phases, respectively. Anal-

ysis of the HRPD data collected for FCl at 1.5 K using the same two-phase model reveals

only a slight increase in the weight fraction of the Pnma phase to 68.1(2) %. Final Rietveld

fits and results are provided in the Supporting Information.

For the I11 and HRPD data collected on FBr at 90 K and 1.5 K, respectively, a similar
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Figure 4: Elucidating the structural ground state of Cu4(OH)6FX. The temperature-
dependent high-resolution PXRD data collected on I11 for (a) FCl, (b) FBr and (c) FI. All
three samples undergo a structural distortion to an orthorhombic Pnma phase, with the
most intense orthorhombic distortion peak (102) indicated in each data set by an asterisk.
(d) Plotting the (102) peak intensities (as a percentage of the most intense (110) peak) as
a function of temperature reveal the dynamics of the structural distortion across the series.
The solid line in (d) is a guide to the eye.

two-phase refinement also leads to an improved description of the data with refined weight

fractions of 65.0(4) % and 68.8(1) % for the Pnma phase at 90 K and 1.5 K, respectively.

Conversely, the datasets collected at 90 K and 1.5 K for FI both show two distinct or-

thorhombic (004) and (602) Bragg peaks, implying that the sample is fully orthorhombic

at both temperatures, which is in keeping with the plateau in the orthorhombic peak in-

tensity below 200 K presented for FI in Figure 4. However, the asymmetric peak profile

observed in the room-temperature data for FI is still present at low temperatures, but now
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for Bragg peaks with h4nl-type reflections as the kagomé layers are stacked along the b-axis

in the orthorhombic structure. Thus, below the structural transition at 274 K the data for

FI can be modelled using four Pnma phases with their F/I ratios fixed to the values de-

termined at 300 K. These fits and refined structures are given in the Supporting Information.

An important result to note here is that at no point in the temperature range measured

was it beneficial to use either the Cmcm or P63/m models reported in the literature and

depicted in Fig. 1 to fit the data for any members of the Cu4(OH)6FX series. This implies

that there is no significant region of temperature in which either of these phases are stable.

Instead, it appears that each analogue undergoes a gradual distortion to the orthorhombic

Pnma phase, but that for FCl and FBr, there is some remaining hexagonal phase at low

temperatures. Differences in the Pnma model determined here compared to the alterna-

tive Cmcm and P63/m models described in the literature lie predominantly in the ordering

scheme of the interlayer Cu3 site. In the Pnma structure determined here, the Cu3 ions

order cooperatively so that no two move towards each other, whilst in Cmcm they shift

towards each other in pairs. Meanwhile, in the P63/m structure depicted in Fig. 1, both

equilateral and scalene triangles emerge within the kagomé planes. As a result, there are

also two types of interlayer Cu site, one which is disordered over three sites, as in the room

temperature structure, and one which has a site preference. Potential energy surface (PES)

calculations for the Pnma structure have shown that, of the three possible directions that

the distortion can take, the energy barrier is much lower when the interlayer Cu2+ shifts in

the a direction away from the Cu1 site of the kagomé planes, meaning that there are two

energetically equivalent positions shifted towards the Cu2 site. In Cmcm, there is a small

preference for the Cu3 to shift solely to one site (towards Cu1).25 Thus, for the Pnma struc-

ture determined here for the Cu4(OH)6FX series, it is not immediately clear why the the

Cu2+ cations at the interplane site choose one of the two potential directions over the other.

However, this observation likely stems from a combination of the sterics involved in this
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positional displacement as well as Coulombic forces, making it electrostatically favourable

for the interlayer Cu2+ ions to shift away from each other with decreasing temperature as

the unit cell contracts.

Having determined that all three members of the Cu4(OH)6FX series undergo a structural

distortion upon cooling, it was clear from our analysis that the Rietveld analysis still did not

fully account for the additional orthorhombic peaks observed at low temperatures, especially

in terms of their broadness. An example of this effect is shown for FBr in Fig. 5, and we

propose that this intrinsic broadening of the orthorhombic peaks indicates residual positional

disorder at the Cu2+ interplane sites within the low-temperature structures of Cu4(OH)6FX.

Thus, to model this feature in the data, two additional interlayer sites (denoted Cu4 and

Cu5) were incorporated into the Pnma model and their positions and occupancies were

allowed to refine, whilst being constrained so that the sum of the interlayer Cu2+ site oc-

cupancies (Cu3, Cu4, Cu5) remained equal to one. For FI, the interlayer Cu2+ occupancies

were additionally constrained to be equal across the four orthorhombic phases. Figure 6

shows the interlayer Cu2+occupancies as a function of temperature for each member of the

Cu4(OH)6FX series. This analysis shows that for all three analogues there is a preference

for the interlayer copper to occupy the Cu3 site—one of the two sites which were shown

through PES calculations to be energetically favourable25 and describe the average Pnma

structure—but with some remaining Cu2+ occupying both of the additional interlayer sites.

In FCl, the refined occupancy of Cu3 is 0.950(7) at 90 K and, correspondingly, incorporating

this disorder does not significantly improve the Rietveld refinement to I11 data at 90 K

compared with a fully ordered model. In addition, it was not possible to refine the Cu4 and

Cu5 occupancies in HRPD data collected at 1.5 K, implying that at this temperature the

interlayer copper is fully ordered onto the Cu3 site. Conversely, in FBr a model including

disorder, leading to Cu4 and Cu5 occupancies of 0.144(5) and 0.146(6) at 90 K, respectively,

results in a redistribution of the intensity of the orthorhombic peaks which more closely
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matches the collected data, as is clear in the difference profile for this refinement shown

in Fig. 5. Even at 1.5 K, there appears to be some remaining interlayer disorder in FBr

which contributes to the low intensity of the orthorhombic peaks in the HRPD data at this

temperature. Meanwhile, the interlayer copper occupancies appear to plateau in FI below

200 K, in line with the temperature at which the orthorhombic peak intensities plateau, in-

dicating that the structural transition is driven by the order-disorder at the interplane sites.

The results of the final Rietveld fit to the low-temperature data of FBr are given in Table

2, with full details of the corresponding refinements of FCl and FI given in the Supporting

Information.

Magnetic disorder prevailing in the ground state

Finally, we turn our attention to elucidating the magnetic ground states of each of the

members of the Cu4(OH)6FX series to explore how the structural complexity induced by

competing compositional and positional degrees of freedom affects the magnetic properties

that emerge. The magnetic susceptibilities of each sample are presented in Fig. 7a, and each

demonstrate a sharp upturn in the susceptibility below 20 K indicating the onset of a mag-

netic phase transition. These are in accordance with previous magnetometry measurements

for FCl and FBr, for which sharp upturns in temperature-dependent magnetic susceptibility

data have been reported at TN = 17 K and TN = 15 K, respectively.21,26,36,37 Curie-Weiss

analysis of the high-temperature inverse susceptibility yields negative Weiss constants, θCW,

for each sample, indicating that antiferromagnetic exchange interactions dominate across the

series. As shown in Fig. 7b, the magnitude of |θCW| decreases from FCl to FI, likely indi-

cating an increasing contribution of a ferromagnetic component within the magnetic ground

states across the series. The effective magnetic moments, µeff , extracted for the Curie-Weiss

fits are also shown in Fig. 7b. These are ∼ 10 % larger than the expected spin-only value

of µeff = 3.46 µB per formula unit, but are in line with previously reported values and may
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Table 2: Results of the Rietveld refinement of the Pnma and P63/mmc models of FBr to
PXRD and PND data collected on I11 at 90 K and HRPD at 1.5 K, respectively. At 1.5 K,
the Pnma phase has a weight fraction of 65.0(4) % and a = 11.5298(2) Å, b = 9.2684(1) Å
and c = 6.705031(3) Å, while the P63/mmc phase has a = 6.66524(5) Å and c = 9.2629(1) Å.

Pnma 90 K
Atom Site x y z Occupancy Uiso (Å2)

Cu1 4a 0 0 0 1 0.00705(7)
Cu2 8d 0.2518(2) 0.5101(1) 0.2496(3) 1 0.00705(7)
Cu3 4c 0.1841(3) 0.25 0.0518(5) 0.710(5) 0.00705(7)
Cu4 4c 0.186(2) 0.25 0.920(3) 0.144(5) 0.00705(7)
Cu5 4c 0.123(2) 0.25 0 0.146(6) 0.00705(7)

F1 4c 0.5041(9) 0.25 0.001(2) 1 0.0112(6)
Br1 4c 0.3326(2) 0.25 0.5037(3) 1 0.0123(1)
O1 8d 0.2986(6) 0.0880(9) 0.011(1) 1 0.0019(3)
O2 8d 0.1059(7) 0.0922(8) 0.196(1) 1 0.0019(3)
O3 8d 0.4076(6) 0.58877(8) 0.304(1) 1 0.0019(3)

P63/mmc 90 K
Cu1 6g 0.5 0 0 1 0.00705(7)
Cu2 6h 0.6283(3) 0.2567(5) 0.25 1

3 0.00705(7)
O1 12k 0.2016(4) 0.7984(4) 0.9052(6) 1 0.0019(3)
F1 2b 0 0 0.75 1 0.0.0123(1)

Br1 2c 0.6667 0.3333 0.75 1 0.0123(1)

Pnma 1.5 K
Cu1 4a 0 0 0 1 0.0051(1)
Cu2 8d 0.2493(3) 0.5128(2) 0.2455(4) 1 0.0051(1)
Cu3 4c 0.1846(6) 0.25 0.059(1) 0.68(1) 0.0051(1)
Cu4 4c 0.189(2) 0.25 0.942(5) 0.19(1) 0.0051(1)
Cu5 4c 0.128(3) 0.25 0 0.131(9) 0.0051(1)

F1 4c 0.4991(5) 0.25 0.002(1) 1 0.0118(2)
Br1 4c 0.3302(3) 0.25 0.5042(8) 1 0.0055(2)
O1 8d 0.2971(3) 0.0948(4) 0.0050(7) 1 0.0060(1)
O2 8d 0.1044(4) 0.0972(4) 0.1944(6) 1 0.0060(1)
O3 8d 0.3996(4) 0.5874(4) 0.3020(6) 1 0.0060(1)
D1 8d 0.3755(3) 0.1406(4) 0.0040(8) 1 0.0198(1)
D2 8d 0.0608(4) 0.1331(4) 0.3131(6) 1 0.0198(1)
D3 8d 0.4374(4) 0.6364(4) 0.1898(6) 1 0.0198(1)

P63/mmc 1.5 K
Cu1 6g 0.5 0 0 1 0.0051(1)
Cu2 6h 0.6291(4) 0.2581(9) 0.25 1

3 0.0051(1)
O1 12k 0.2011(2) 0.7988(2) 0.9103(3) 1 0.0060(1)
D1 12k 0.1239(2) 0.8761(2) 0.8693(3) 1 0.0198(1)
F1 2b 0 0 0.75 1 0.0118(2)

Br1 2c 0.6667 0.3333 0.75 1 0.0055(2)
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Figure 5: Persisting disorder in the structural ground state of Cu4(OH)6FX. Two-
phase Rietveld refinement of Pnma (top ticks) and P63/mmc (bottom ticks) models to
powder diffraction data collected for FBr at (a) 90 K on I11 and 1.5 K on (b) Bank 1 and
(c) Bank 2 of HRPD. Insets show the effect of allowing positional disorder at the interplane
Cu2+ site of the Pnma phase.

indicate some orbital contribution to the effective magnetic moment.19
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Figure 6: Positional disorder driving the structural distortion in Cu4(OH)6FX. (a)
The refined interplane Cu2+ occupancies as a function of temperature for the Cu4(OH)6FX
series at 90 K. The temperature-dependence of these site occupancies for (b) FCl, (c) FBr
and (d) FI demonstrate the order-disorder transition driving the hexagonal to orthorhombic
structural distortion.

To complement the magnetic susceptibility measurements, heat capacity data collected be-

tween 2 − 300 K for each member of the Cu4(OH)6FX series are presented in Fig. 7c. In

the absence of suitable non-magnetic analogues, the lattice contribution to the total heat

capacity was approximated by fitting Clat = αT 2 + βT 3 to the data between 20 − 30 K,

following the approach of several previous studies on barlowite and claringbullite.19,21,22,24,36

An example of the fitting procedure employed is shown for data collected on FCl in Fig. 7d.

Upon subtraction of the estimated lattice contribution, the remaining magnetic heat capac-
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Figure 7: Magnetic characterisation of Cu4(OH)6FX. The (a) temperature-dependent
magnetic susceptibilities across the series reveal the onset of magnetic order from below
20 K. Curie-Weiss fitting the susceptibility data yields (b) Curie-Weiss constants, θCW, and
effective magnetic moments, µeff . The (c) total heat capacities of each member of the series
have been (d) fit (yellow solid line) to extrapolate (black dashed line) and subtract the lattice
contribution. From the resulting (e) magnetic heat capacity, we estimate the (f) magnetic
entropy release over the magnetic transitions of Cu4(OH)6FX. Molar magnetic susceptibil-
ities and molar heat capacities have been calculated using the stoichiometric formula mass
for each member of the Cu4(OH)6FX series.
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ity, Cmag, for each system is shown in Fig. 7e. The data demonstrate the presence of broad

anomalies below 20 K in all three analogues. In FCl and FI, two anomalies are apparent

at 5 K and 15 K (FCl) and 7 K and 13 K (FI), with the less prominent feature in each

data set present at higher temperature. In FBr, a single low-temperature broad anomaly

is centred at 6 K. The magnetic entropy, Smag, released across the magnetic transitions of

each member of the series has been estimated by integrating their respective magnetic heat

capacity over 2 − 25 K and is shown in Fig. 7f. The data show that the entropy released

through the magnetic transitions reaches only ∼ 18 % of the possible maximum entropy

release of 4Rln2 for systems containing four S = 1
2

moments per formula unit. It has been

hypothesised that the recovery of only ∼ 1
4

of the expected entropy in these systems is

associated with the ordering of interlayer Cu2+ ions22,24 while the missing entropy has been

attributed to the formation of dynamic magnetic moment correlations of the Cu2+ ions in the

kagomé planes.19 From our high-flux PND measurements detailed below, however, we know

that the magnetic transition below 20 K corresponds to a partial ordering of the magnetic

moments on each of the Cu2+ ions within the unit cells of each member of the Cu4(OH)6FX

series. As such, it is likely that the missing magnetic entropy stems from this partial order,

implying that the remaining entropy may reside below the 2 K limit of our measurements.

The missing entropy may also be hidden in the background subtraction of the data, but

note that attempts to fit the background contribution using a Debye model yield the same

estimates for the magnetic entropy release22.

Magnetic heat capacity data revealing two apparent transitions have been reported previ-

ously in the literature for both FCl and FBr.19,22,24,36 Interestingly, the Cmag determined here

for FBr resembles that of another sample reported in the P63/m structure, rather than the

Pnma structure presented here. In that case, the gradual incline in Cmag was attributed

to the short-range ordering of interlayer Cu2+ spins.19,22,24,36 However, this P63/m struc-

ture is characterised by disorder at the interlayer Cu2+ sites, and from our high-resolution
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structural study presented above, we now know that there can be residual disorder at the

interplane site of the Pnma structure of Cu4(OH)6FX too, and that this is most pronounced

in the FBr analogue. In FCl, the interlayer Cu2+ site of the Pnma structure is fully ordered,

but our high-resolution PXRD data suggests that the FCl sample contains 33.9(2) % of the

P63/mmc phase, which inherently contains interplane disorder. Meanwhile, FI presents an

intermediate degree of positional disorder at this site and PXRD data can be modelled using

only orthorhombic phases at low temperature, suggesting that this sample contains the least

interplane disorder overall in the series. Therefore, it appears that the higher-temperature

transition in Cmag is indeed associated with the ordering of interlayer Cu2+ moments and

that the prominence and temperature of this anomaly correlates with the degree of disorder

remaining on these interlayer sites at low temperature across the series. In turn, the dis-

crepancies in the heat capacity data reported in the literature for barlowite, even amongst

samples prepared by seemingly similar synthetic routes, may indicate the degree of the dis-

order at the interlayer site to which the magnetic behaviour appears highly sensitive.

Finally, in order to elucidate the magnetic structure adopted in the ground states of each

member we collected high-flux powder neutron diffraction data for each sample within the

Cu4(OH)6FX series on the D20 diffractometer. In our earlier study of the magnetic struc-

ture of the FBr analogue, we established the need for high-flux data collection, as well as the

importance of working with temperature-subtracted datasets to resolve the magnetic Bragg

peaks of these S = 1
2

systems.26 As such, Fig. 8 shows the PND data collected for each

sample at 1.5 K after subtraction of a data set collected above 20 K. Initial inspection of the

subtracted data reveals that the pattern of magnetic Bragg peaks is largely similar across

the series, but with subtle differences in peak intensities. Indeed, refinement of our previ-

ously established Pn′m′a magnetic model yields an excellent fit to all datasets, as shown in

Fig. 8. Note that, despite the need to include multiple structural phases to model our high-

resolution data discussed in the previous two sections, only one magnetic phase is necessary
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to model these data due to the relatively low resolution of D20 which, for example, does

not capture the peak profile asymmetry of the nuclear Bragg peaks observed in the HRPD

data. As such, the results presented here represent an average interpretation of the magnetic

structure of each sample.

Figure 8: Elucidating the average magnetic structures of Cu4(OH)6FX. Magnetic
Rietveld refinements of the Pn′m′a model to subtracted data collected on D20 for (a) FCl,
(b) FBr and (c) FI. Light grey regions of the collected data where strong nuclear Bragg peaks
exist were excluded from the refinements. The asterisk in (c) marks the (111) reflection.

A representative depiction of the magnetic structure adopted across the Cu4(OH)6FX series
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is shown for FCl in Fig. 9a. From our analysis, it is clear that the magnetic structures of

each analogue can be described by a system of magnetic moments that lie predominantly

within the kagomé planes, with an antiferromagnetic canting of the moments on the Cu2 site

towards the b-axis and a ferromagnetic canting of the moments on the Cu3 site towards the

c-axis. However, careful comparison of the refined moments shown in Figs. 9b and c, reveals

two key differences in the magnetic structures across the series. First, the magnitude of the

ordered moments on all three Cu2+ sites is significantly larger in FCl and FI than FBr. This

suggests that the moment magnitudes are correlated with the remaining interlayer disorder

within the Pnma structure, which follows from our discussion of the heat capacity data

presented in Fig. 7. FCl and FI have a higher degree of interlayer site order, which appears

to facilitate longer-range magnetic order and larger ordered moment sizes. Second, while the

magnetic ground states of each analogue possess the same pattern of antiferromagnetically

and ferromagnetically canted moments, the magnitude of the latter is much larger in FI.

This gives rise to the intense (111) magnetic Bragg peak apparent in the diffraction data of

FI, which is not resolved for FCl or FBr and stems from the z-component of the Cu3 site

moment of FI only.

The magnetic structure of FCl at 10 K—in between the two transitions observed within

its magnetic heat capacity data—can also be described by the Pn′m′a magnetic model but

with reduced moment sizes on each of the Cu2+ sites compared to the 1.5 K refinement,

as can be seen in Figs. 9b and c. Comparing the refined moments sizes of FCl at 1.5 K

and 10 K, it appears that the magnitude of the Cu3 site moment along the a axis increases

most significantly on cooling to below the 5 K magnetic transition, indicating that it is the

ordering of interlayer Cu2+ moments that drives this transition. Interestingly, the ordered

moment sizes on all sites of each system are substantially reduced from the expected µsat =

1 µB for S = 1
2
, indicating that strong magnetic frustration prevails in the low-temperature

structures of Cu4(OH)6FX leading to a partially ordered magnetic ground state. In addition,
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analysis of the magnetic Bragg peak profiles also indicates that the extent of the magnetic

correlations within the ground state are limited. From the full-width-at-half-maxima of the

(001) magnetic Bragg peaks of FCl and FI, magnetic correlation lengths of 149.4(1) Å and

155.4(1) Å can be estimated for each, respectively. For FBr, a broader magnetic Bragg peak

profile implies a shorter correlation length of 119.2(1) Å. This is further evidence of the

correlation between the degree of positional disorder at the interplane site and the magnetic

ground state within the Cu4(OH)6FX series, indicating that the greater degree of interplane

site disorder remaining in FBr at low temperatures disrupts long-range magnetic order.

Figure 9: Comparing the magnetic ground states across Cu4(OH)6FX. (a) A rep-
resentative visualisation of the Pn′m′a magnetic structure adopted across the series at low-
temperatures. In this case, the magnetic structure for FCl is shown. While the average
magnetic structure is maintained across the series, the (b) and (c) moment sizes vary and
correlate with the degree of positional disorder at the interplane Cu2+ site.
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Conclusions & Outlook

In summary, this work provides a comprehensive investigation of the synthesis, crystal and

magnetic structures of the barlowite family of S = 1
2

kagomé magnets, revealing the com-

plex interplay between structural and magnetic (dis)orders within these systems. Barlowite,

Cu4(OH)6FBr, claringbullite, Cu4(OH)6FCl, and their novel iodide analogue, Cu4(OH)6FI,

each adopt a structure containing kagomé layers of Cu2+ ions, which at room temperature

can be described using a hexagonal P63/mmc model. Upon cooling, each member of the

series undergoes a structural distortion driven by the partial ordering of Cu2+ ions at the

interplane site. The crystal structures of the samples reported here are best described below

the transition by an orthorhombic Pnma model, however, the high-resolution powder X-ray

and neutron diffraction data presented here have revealed residual disorder at the interplane

site of this orthorhombic model. Indeed, a key conclusion of this work is that there are

two distinct sources of structural complexity within the family of materials, as summarised

in Table 3. First, across the series there is evidence for the presence of multiple compo-

sitional phases within powder samples, giving rise to a systematic peak profile asymmetry

in high-resolution powder diffraction data that can be ascribed to compositional disorder

of the halide species between the kagomé layers. This is particularly pronounced for FI,

and so may be driven by the anisotropic strain imposed on the lattice by the larger ionic

radius of the iodide anions in comparison to its chloride and bromide analogues. Second,

while the presence of positional disorder of the Cu2+ ions at the interplane site of the hexag-

onal room-temperature structure of this series was previously well-established, refinement

of interlayer Cu2+ occupancies within the low-temperature Pnma phase demonstrates that

such positional disorder remains on the interlayer site at 1.5 K, particularly in FBr. This

leads to another important conclusion of this work, which is that understanding this struc-

tural disorder is key, as it is highly correlated to the magnetic ground state properties of

the Cu4(OH)6FX series. Both magnetic heat capacity data and high-flux powder neutron

diffraction measurements reveal that the extent of long-range magnetic order is governed by
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the degree of interlayer Cu2+ disorder prevailing in the structural ground state. The average

magnetic structures of the Cu4(OH)6FX series are well described by the Pn′m′a magnetic

space group, but with ordered moment sizes and magnetic correlation lengths inversely pro-

portional to the degree of positional disorder at the interplane site. Across the series, the

reduced ordered moment sizes are evidence of only partial magnetic order in the ground state.

Table 3: The degree of compositional disorder between the halide ions between the kagomé
layers of Cu4(OH)6FX is most pronounced for the system with the largest halide species, FI.
However, the residual positional disorder at the interplane Cu2+ site in the low-temperature
orthorhombic structure is most pronounced for FBr. The positional disorder correlates most
strongly with the degree of partial magnetic order observed at low temperatures.

Disorder Induced Complexity in Cu4(OH)6FX

Degree of compositional disorder FI > FBr ≈ FCl

Degree of positional disorder FBr > FCl > FI

Degree of magnetic disorder FBr > FCl > FI

The various forms of disorder reported here—as well as the competing structural phases

reported in the literature for members of the Cu4(OH)6FX series—are important reminders

of the need for careful control and reporting of synthetic conditions in future studies of

these compounds. Sample dependence and its strong correlation to magnetic ground state

properties is an increasingly prevalent theme in the study of frustrated quantum magnets38,

and future work on the barlowite family of S = 1
2

kagomé magnets should aim to gain

an understanding of how the various reported structures and structural defects form in

situ. The diffraction-based study presented here provides a comprehensive understanding of

the average crystal and magnetic structures within this family of materials. However, this

study also represents the limit of what we can understand of the fascinating and complex

structure-property relationships within the Cu4(OH)6FX series from this average-structure

perspective. Whilst there will undoubtedly be value in further single-crystal diffraction
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studies of barlowite and its analogues, future studies should also make use of local structure

techniques, such as NMR spectroscopy and total scattering, to gain clearer insight into the

compositional and positional disorders present within these systems. Combining this with

experiments that will capture the details of the partial disorder present within the magnetic

ground states of Cu4(OH)6FX alluded to through the high-flux neutron diffraction data

present here—in particular, inelastic and diffuse neutron scattering measurements—will ul-

timately yield a deeper understanding of the relationship between structural and magnetic

(dis)orders in this family of materials. Finally, we hope that this study also serves as moti-

vation for further computational studies of the Cu4(OH)6FX series to determine the relative

stability of the various proposed structures of barlowite and its halide analogues, and how

the magnetic exchange pathways vary across the series.
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