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ABSTRACT: A new spin-1/2 frustrated antiferromagnet,
Cu9O2(VO4)4Cl2, was synthesized via chemical vapor transport
method that emulates mineral formation in volcanic fumaroles.
Cu9O2(VO4)4Cl2 is the first copper oxychloride vanadate obtained
in the ternary CuO−V2O5−CuCl2 anhydrous system. Copper ions
constitute a three-dimensional complex framework with a
topological structure novel for synthetic compounds but similar
to that in the fumarolic mineral yaroshevskite. All of the oxygen
atoms except for the O7 site are strongly bonded in the VO4
tetrahedra. The O7 site belongs to an additional oxygen atom (Oa)
being tetrahedrally coordinated by four Cu atoms, thus forming the
OCu4 tetrahedra. The structural formula can be represented as
Cu3[Cu6O2](VO4)4Cl2 highlighting oxocentered units in the
structure. IR spectra reveal several absorption bands at 526, 578,
and 601 cm−1 interpreted as a characteristic feature of the OCu4
tetrahedra. Cu9O2(VO4)4Cl2 reveals ferrimagnetic behavior with the
Curie temperature TC = 24 K and the uncompensated moment of
Mr ∼ 1.9 μB/f.u.

■ INTRODUCTION

Copper(II) oxysalt minerals have been of great interest for
chemists and physicists, especially in the light of novel
magnetic phenomena arising from complex networks of
spin-1/2 Cu2+ ions.1 The disadvantage of minerals is the
presence of impurities that hamper or even preclude the study
of physical properties on natural samples. However, the
discovery of minerals with new structures and chemical
compositions facilitates identification of new chemical
compounds that can be later prepared in the lab and put
under scrutiny of the physical characterization. This approach
“from minerals to materials”2−6 avoids the trial and error
method, often used in an exploratory synthesis, and it may be
advantageous over computational predictions of thermody-
namic stability that can be biased by inaccuracies of the
computational methods.
A large number of Cu2+ oxysalt minerals are found in nature

in the fumaroles with highly oxidizing environments, e.g., on
the Tolbachik volcano.7 Most of these minerals are formed as a
result of natural gas transport reactions, i.e., exhalation
processes. A typical characteristic of the exhalative copper
minerals is the presence of additional oxygen atoms forming
oxocentered OCu4 tetrahedra.8 It is noteworthy that such

oxygen atoms are strong Lewis bases. The OCu4 complexes
can polymerize via common edges and vertices into structural
units of different dimensionality in the structures of exhalative
minerals.
The OCu4 tetrahedron also represents the simplest

frustrated unit, since it contains four spin triangles with
potentially competing magnetic interactions. Many of the
copper oxysalt minerals containing the OCu4-based structural
fragments demonstrate frustrated antiferromagnetism.9−11 One
of the most impressive examples is averievite Cu5O2(VO4)·
nMClx (M = Cu, Cs, Rb, K) discovered more than 20 years
ago12 in the fumaroles of the Tolbachik volcano. Synthetic
analogues of this mineral have recently received attention as
spin-liquid candidates.13

To date, copper oxychloride−vanadates without additional
cations have not been reported as synthetic compounds,
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although a few more complex copper vanadate−chlorides
containing alkali14,15 or/and barium16,17 metals have been
prepared. Herein, we report on the synthesis of
Cu9O2(VO4)4Cl2, the first copper oxychloride vanadate
obtained in the ternary CuO−V2O5−CuCl2 anhydrous system,
and discuss its structural, magnetic, and other properties.

■ METHODS
Synthesis. By analogy with the mineral yaroshevskite18 that forms

upon high-temperature exhalative processes occurring in the fumarole
fields of Tolbachik volcano, crystalline samples of Cu9O2(VO4)4Cl2
were obtained by the gas-transport reactions from the mixture
containing 0.0583 g of CuO (Sigma-Aldrich 99.995%), 0.005 g of
V2O5 (Sigma-Aldrich 99.6%), and 0.0962 g of CuCl2 (Sigma-Aldrich
99%). All of the reagents were predried at 100 °C for 5 h and further
rapidly mixed and ground in an agate mortar in air for approximately
5 min. This method resembles crystal growth processes from volcanic
gases.19−22 Precursors were predried at 100 °C for 2 h and further
rapidly mixed and ground in an agate mortar in air for 5 min. The
reaction mixture was loaded into a quartz ampule (ca. 15 × 0.9 cm),
which was evacuated (10−2 mbar) and further sealed. The ampule was
placed horizontally in a tubular furnace Nabertherm and heated up to
600 °C with a rate of 60 °C/h and further held at this temperature for
6 h. The temperature gradient between the source (hot) and
deposition (cold) zones of the tube in the furnace was about 50 °C.
Then it was slowly cooled with the rate of 5 °C/h down to 550 °C
and held for 24 h. Finally, the furnace was slowly cooled to room
temperature with the rate of 5.8 °C/h. Well crystalline single-phase
aggregates (confirmed by powder X-ray analysis) consisting of black
opaque crystals of Cu9O2(VO4)4Cl2 with a metallic luster (Figure 1)

were observed in the deposition zone of the tube, while dark-red
crystals of β-Cu2(V2O7)

23 occurred in the source zone. In the course
of the gas transport reactions, chloride species transport metals from
the source zone to the deposition zone under the action of a
temperature gradient. Cu9O2(VO4)4Cl2 is sensitive to air moisture
and light-blue thin films of Cu(OH)Cl24 start to appear on the crystal
faces after 1 week of exposure to air. To prevent decomposition upon
hydration, the sample should be kept in an oven at 100 °C or in a
glovebox. The yield of the synthesis of Cu9O2(VO4)4Cl2 is about 41%.
Chemical Composition. One crystal (Figure 1) was mounted in

epoxy resin and polished with successively decreasing oil suspensions
of diamond powders with a finishing size of 0.25 μm.
Cu9O2(VO4)4Cl2 has been analyzed by energy-dispersive (ED) and
wavelength-dispersive (WD) spectrometry. The analyses were
obtained using a Hitachi S-3400N scanning electron microscope
equipped with an Oxford Instruments X-Max 20 energy dispersive

spectrometer (ED, N = 10). The ED spectra were obtained under
following conditions: 20 kV accelerating voltage; 1.8 nA beam
current; defocused beam (5 μm spot size); acquisition time 30 s per
spectrum. The spectra were processed automatically using the
AzTecEnergy software package using the TrueQ technique. Synthetic
V metal (V Kα), Cu metal (Cu Kα), and KCl (Cl Kα) were used as
standards. Cu9O2(VO4)4Cl2 is stable under electron beam; no surface
damage was observed after analyses. The empirical formula calculated
on the basis of 18 anions (16O + 2Cl) per formula unit is
Cu9.05O2(V3.98O16)Cl2.

Single Crystal X-ray Diffraction. A single crystal of
Cu9O2(VO4)4Cl2 selected for X-ray diffraction (XRD) data collection
was mounted on a thin glass fiber and tested on a Bruker APEX II
DUO X-ray diffractometer with a Mo−IμS microfocus X-ray tube (λ
= 0.71073 Å) operated at 50 kV and 0.6 mA. More than a hemisphere
of three-dimensional XRD data was collected with frame widths of
0.5° in ω and a 20 s count time for each frame. The collected data
were integrated and corrected for absorption using a multiscan type
model using the Bruker software. Initial atomic coordinates for the
crystal structure of Cu9O2(VO4)4Cl2 were taken from the structure of
the previously reported mineral yaroshevskite.18 The crystal structure
was further refined in the P1 space group to R1 = 0.028 (wR2 = 0.051)
for 1705 reflections with |Fo| ≥ 4σF by using the SHELXL program.25

All of the atoms were refined anisotropically. R1 is significantly
reduced in the obtained structure refinement of the synthetic material
comparing to the structure of the mineral. We may suggest that the
disorder of one of Cu sites was not taken into consideration in the
refinement of the mineral crystal structure. Although this disorder
may also be a characteristic feature of the synthetic material. Main
crystallographic information is summarized in Table 1. Selected

interatomic distances for all atoms are given in Table 2. CCDC-
1915553 (CSD, Cambridge) contains the supplementary crystallo-
graphic information for synthetic Cu9O2(VO4)4Cl2.

Powder X-ray Diffraction. XRD pattern used for profile
matching analysis was recorded in the 2θ range of 5−100° with a
step size of 0.01° using a a Rigaku “MiniFlex II” diffractometer (CoKα
radiation, λ = 1.7889 Å). The profile matching analysis was carried

Figure 1. Prismatic crystals of Cu9O2(VO4)4Cl2 (left) and BSE image
of the individual crystal (right). Opened ampule with β-Cu2(V2O7)
and Cu9O2(VO4)4Cl2 (below).

Table 1. Single Crystal and Structure Refinement Data for
Synthetic Cu9O2(VO4)4Cl2

crystal data Cu9O2(VO4)4Cl2

sp. gr. P1
a [Å] 6.472(4)
b [Å] 8.343(6)
c [Å] 9.206(7)
α [deg] 105.177(12)
β [deg] 96.215(11)
γ [deg] 107.642(11)
V [Å3] 447.6(5)
Z 1
ρcalc [g·cm−3] 4.209
μ [mm−1] 12.816

data collection
θ range [deg] 2.34−27.99
hkl limits −8 → +8

−10 → +11
−12 → +12

total refln 5036
unique refln (Rint) 2165 (0.0334)
unique refln F > 4σF 1705

refinement
R1 [F > 4σF], wR2 [F > 4σF] 0.0282, 0.0508
R1 all, wR2 all 0.0445, 0.0558
GoF 0.993
Δρmax, Δρmin [e·Å−3] 0.834, −0.648
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out in the JANA2006 crystallographic system.26 The background was
fitted using Chebyshev polynomial function, and the peak shapes were
described by a pseudo-Voigt function. The refined unit-cell
parameters in the space group P1 are a = 6.476(2) Å, b = 8.344(2)
Å, c = 9.2071(2) Å, α = 105.172(3), β = 96.211(4)°, γ = 107.648(3),
and V = 447(1) Å3. The final observed, calculated, and difference
powder XRD patterns resulting from the profile matching procedure
are plotted in Figure 2.
Infrared Spectroscopy (FTIR). In order to obtain infrared (IR)

absorption spectrum (Figure 3), powdered sample of
Cu9O2(VO4)4Cl2 was mixed with dried KBr, pelletized, and analyzed
using an ALPHA FTIR spectrometer (Bruker Optics) with a
resolution of 4 cm−1 and 16 scans. The IR spectrum of an analogous
pellet of pure KBr was used as a reference.

The IR spectrum of Cu9O2(VO4)4Cl2 contains two groups of
strong bands (in the ranges 450−620 and 700−960 cm−1) that
correspond to Cu−O and V−O stretching vibrations, respectively.
Weak absorptions below 450 cm−1 are due to O−V−O bending
vibrations.27 Only very weak peaks corresponding to overtones and
combination modes are observed above 1000 cm−1.

In the VO4 tetrahedra, V−O bonds are substantially covalent and
have relatively high force constants as compared with force
characteristics of ionic bonds. For this reason, stretching vibrations
of the VO4

3− groups can be considered nearly independent of other
lattice vibrations of the crystal. IR bands of V−O stretching vibrations
of weakly distorted VO4

3− groups are usually observed in the range
790 to 900 cm−1.27 In the case of Cu9O2(VO4)4Cl2, a stronger
splitting is observed in this spectral region which reflects a significant
distortion of the VO4 tetrahedra and the absence of degeneration of
V−O stretching modes. This compound has 8 degrees of freedom
related to V−O stretching coordinates. Consequently, the number of
IR active bands should be 8. This is in a good agreement with the
observed spectrum, where 6 absorption maxima, a well-pronounced
shoulder at 770 cm−1 and a less distinct inflection point at ∼830 cm−1

are observed in the wavenumber range 700−960 cm−1.
Bands of Cu−O stretching lattice modes cannot be assigned to

isolated Cu−O bonds. However, contribution of different Cu−O
bonds to different normal vibrations can be tentatively supposed
based on indirect considerations. In the range 450 to 620 cm−1, five
absorption maxima are observed. Three of them (at 526, 578, and 601
cm−1) are close to the absorption bands at 520, 580, and 612 cm−1 in
the IR spectrum of the mineral ericlaxmanite Cu4O(AsO4)2, in which
all Cu2+ cations are a part of oxocentered tetrahedra. One can suppose
that this triplet is a characteristic feature of the OCu4 tetrahedra.
Under this assumption, the other two bands (at 470 and 488 cm−1)
are to be tentatively assigned to Cu−O stretching vibrations
predominantly involving O atoms other than O7.

Thermal Analysis (TG + DSC). Thermal analysis was performed
on a NETZSCH STA 429 CD. Measurements were performed at 40−
860 °C. Here, 1.35 mg of the powder sample was used and placed in
an alundum crucible with a lid. The heating rate was 10 °C/min.
Cu9O2(VO4)4Cl2 does not demonstrate significant mass loss in the
whole temperature range (Figure 4). The maximum observed at 800
°C is due to the melting of the sample.

Magnetization Measurements. The magnetic characterization
of Cu9O2(VO4)4Cl2 was performed on a polycrystalline sample using
the MPMS SQUID VSM magnetometer from Quantum Design in the
temperature range of 1.8−400 K and in magnetic fields up to 7 T.

Ab Initio Calculations. Magnetic exchange couplings in
Cu9O2(VO4)4Cl2 were obtained from density-functional band-
structure calculations performed in the FPLO code28 using
generalized gradient approximation (GGA) for the exchange-
correlation potential.29 Individual exchange parameters Ji normalized

Table 2. Selected Bond Lengths (in Å) in the Structure of
Cu9O2(VO4)4Cl2

k

atoms atoms

Cu1−O8 1.906(3) Cu5−O7a 1.922(3)
Cu1−O6 1.910(3) Cu5−O7e 1.922(3)
Cu1−O5 1.954(3) Cu5−O6a 1.999(3)
Cu1−O7 1.972(3) Cu5−O6e 1.999(3)
Cu1−O5a 2.571(1) Cu5−Cl1d 2.937(1)

Cu5−Cl1f 2.937(1)
Cu2−O1 1.940(3)
Cu2−O3b 1.967(3) Cu6A−O9g 1.875(3)
Cu2−O2 1.967(3) Cu6A−O9h 1.875(3)
Cu2−O3 2.047(3) Cu6A−O4a 2.048(3)
Cu2−Cl1 2.566(2) Cu6A−O4i 2.048(3)
Cu3−O7 1.915(3) Cu6B−Cl1d 2.044(13)
Cu3−O2 1.926(3) Cu6B−O9h 2.065(14)
Cu3−O9c 1.944(3) Cu6B−O4i 2.142(14)
Cu3−O4 1.992(3)

V1−O5a 1.669(3)
Cu4−O7d 1.916(3) V1−O4j 1.738(3)
Cu4−O7e 1.916(3) V1−O3j 1.748(3)
Cu4−O8d 1.993(3) V1−O2 1.765(3)
Cu4−O8e 1.993(3)
Cu4−Cl1d 2.915(1) V2−O1 1.656(3)
Cu4−Cl1e 2.915(1) V2−O8d 1.717(3)

V2−O6a 1.730(3)
V2−O9 1.757(3)

kSymmetry transformations used to generate equivalent atoms are
shown in footnotes a−j. a−x, −y + 1, −z. b−x + 1, −y + 1, −z − 1. cx,
y + 1, z. d−x + 1, −y + 1, −z. ex, y − 1, z. fx − 1, y − 1, z. g−x, −y, −z.
hx, y, z + 1. ix, y − 1, z + 1. j−x, −y + 1, −z − 1.

Figure 2. Results of the profile matching analysis of Cu9O2(VO4)4Cl2
from the powder XRD data.

Figure 3. Infrared (FTIR) spectrum of Cu9O2(VO4)4Cl2.
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per bond were extracted by a mapping procedure from total energies
of four collinear spin configurations, as explained in ref 30. The unit
cell doubled along the a direction was used. Strong correlation effects
in the Cu 3d shell were taken into account on the mean-field level via
GGA+U with the on-site Coulomb repulsion parameter Ud = 9.5 eV
and Hund’s coupling Jd = 1 eV.31,32

■ RESULTS AND DISCUSSION
Structure Analysis. The crystal structure of

Cu9O2(VO4)4Cl2 contains six symmetrically independent Cu
sites (Figure 5) with different coordination environments. All

of the copper sites have four Cu−O bonds ≤2.05 Å, thus
forming CuO4 squares with different degree of distortion. The
refinement showed that the Cu6 site is split over Cu6A and
Cu6B with s.o.f. = 92% and s.o.f. = 8%, respectively. Addison
tau-parameter has been used to describe the distortion around
Cu1 and Cu2 sites. Values of τ = 0.20 and τ = 0.35 for Cu1 and
Cu2 sites, respectively, were calculated. The Cu1O4 square is
complemented by the long Cu1−O5 bond of 2.571(1) Å, thus
forming a distorted tetragonal pyramid. In a similar manner,

the Cu2O4 square is also complemented by the fifth Cu1−Cl1
bond of 2.566(2) Å. Cu4 and Cu5 sites coordination
environments are complemented by two apical Cl− anions
each. As a result, an elongated [CuO4Cl2] octahedron is
formed for both of these sites. The [CuO4Cl2] octahedra are
distorted owing to the Jahn−Teller effect.33 The coordination
environment of Cu6A site is a regular square, whereas the
coordination of the very sparsely occupied 6B site is much
more irregular.
Two symmetrically independent tetrahedral V sites are

occupied by V5+. V−O bond lengths and angles fall within the
range typically observed in vanadate structures. All of the
oxygen atoms except for O7 are each strongly bonded in the
VO4 tetrahedra. The O7 site belongs to an additional oxygen
atom8 (Oa) being tetrahedrally coordinated by four Cu atoms
each (Figure 6). The O7 atom is tetrahedrally coordinated by
Cu1, Cu3, Cu4 and Cu5 atoms, thus forming an O7Cu4
oxocentered tetrahedron. The average ⟨O7−Cu⟩ bond length
in Cu9O2(VO4)4Cl2 is 1.931 Å.

Figure 4. TG and DSC curves for Cu9O2(VO4)4Cl2.

Figure 5. Coordination environments of Cu2+ cations in the structure
of Cu9O2(VO4)4Cl2 (Note: Cu6A site S.O.F. = 92%; Cu6B site S.O.F.
= 8%). Cu−O and Cu−Cl bonds >2.5 Å are shown by orange dotted
lines. Symmetry transformations used to generate equivalent atoms:
(a) −x, −y + 1, −z; (b) −x + 1, −y + 1, −z − 1; (c) x, y + 1, z; (d)
−x + 1, −y + 1, −z; (e) x, y − 1, z; (f) x − 1, y − 1, z; (g) −x, −y, −z.
(h) x, y, z + 1; (i) x, y − 1, z + 1; (j) −x, −y + 1, −z − 1; (k) −x + 2,
−y, −z − 1; (l) x + 1, y − 1, z; (m) x + 1, y, z − 1; (n) x − 1, y + 1, z;
(o) −x, −y + 2, −z; (p) −x + 1, −y + 2, −z.

Figure 6. Two symmetrically independent VO4 tetrahedra in the
structure of Cu9O2(VO4)4Cl2(top). The coordination of the addi-
tional O7 atom and the Cu−Cu distances (blue) in the Cu4
tetrahedron (bottom). Displacement ellipsoids are drawn at 80%
probability level. Symmetry transformations used to generate
equivalent atoms are given in the Figure 5 caption.
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In the Cu9O2(VO4)4Cl2 structure, the OCu4 tetrahedra
share common corners, thus forming [O2Cu6]

8+ single chains
shown in Figure 7. Each of the OCu4 tetrahedra is bidentate.

The topology of the [O2Cu6]
8+ chain in Cu9O2(VO4)4Cl2 is

very similar to the [Si2O6]
4− silicate chain in the minerals of

the pyroxene group,34 where each SiO4 tetrahedron is replaced
by an oxocentered OCu4 tetrahedron. The [O2Cu6]

8+ chains in
Cu9O2(VO4)4Cl2 are known in Cu2+ oxysalts20,35 and can be
described as fragments of kagome-nets.36 Note that Cu2 and
Cu6 do not form Cu−Oa bonds with additional oxygen atoms,
and thus are not parts of the oxocentered tetrahedra. The
structural formula of Cu9O2(VO4)4Cl2 can be then written as
Cu3[Cu6O2](VO4)4Cl2 highlighting the oxocentered units in
the structure.
All of the Cu-centered polyhedra form complex copper

oxide framework in Cu9O2(VO4)4Cl2 (Figure 8, 9) with voids
filled by the VO4

3− and Cl− anions. Copper oxide framework
(Figure 9a) can be split into chains (Figure 9b) formed by
Cu2-, Cu3- and Cu6-centered squares and layers (Figure 9c)
formed by Cu1-, Cu4- and Cu5-centered polyhedra.

Magnetism. Above 200 K, Cu9O2(VO4)4Cl2 shows
paramagnetic behavior with the linear temperature dependence
of the inverse susceptibility (Figure 10). The fit with the
Curie−Weiss law χ = C/(T − θ) returns the antiferromagnetic
Curie−Weiss temperature θ = −95 K and Curie constant C =
3.55 emu K/mol that corresponds to the paramagnetic
effective moment of μ = 1.78 μB/Cu in good agreement with
1.73 μB expected for an individual spin-1/2 Cu2+ ion and
confirms that above 200 K all Cu2+ spins fluctuate randomly.
Below 50 K, the susceptibility becomes field-dependent

(Figure 10). In lower fields, it shows an abrupt increase that
signals the development of an uncompensated magnetic
moment and coincides with the hysteretic behavior of the
field-dependent magnetization measured at 2 K (Figure 11).
This behavior should be contrasted with the linear magnet-
ization curve at 50 K. From the peak in Fisher’s heat capacity
d(χT)/dT we estimate the transition temperature of TC = 24 K
(Figure 10). The linear regime of the low-temperature M(H)
curve between 4 and 7 T can be extrapolated to zero field
yielding the uncompensated moment of Mr ∼ 1.9 μB/f.u. Only
a narrow hysteresis associated with this uncompensated
moment can be seen in the data. The coercive field is 7 mT
at 2 K.
The finite value of Mr can be caused by a spin canting in an

otherwise antiferromagnetic state or by several ferromagnetic
sublattices that are antiferromagnetically coupled but carry
different magnetic moments and do not compensate each
other. With six nonequivalent Cu sites, the Cu9O2(VO4)4Cl2
structure contains dozens of possible exchange pathways, yet
our microscopic analysis shows that only eight of them give
rise to strong magnetic couplings with absolute values in excess
of 50 K (Table 3). The first six couplings (J1−J6) are
nonfrustrated and form layers in the ac plane (Figure 12a).

Figure 7. General projection of the [Cu6O2]
8+ cationic chain in the

Cu9O2(VO4)4Cl2 structure. Displacement ellipsoids are drawn at 80%
probability level.

Figure 8. General projections of the crystal structure of Cu9O2(VO4)4Cl2 along the b and a axes. The Cu−Cl bonds are not shown for clarity. The
Cu6 sites are represented as fully ordered. VO4 tetrahedra = blue; CuOn polyhedra = sky blue; OCu4 tetrahedral units = red.
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These six couplings would produce collinear ferrimagnetic
order with opposite spin directions on the Cu1, Cu2, Cu4, and
Cu5 sites on one hand and the Cu3 and Cu6 sites on the other.
The resulting net magnetization of Mr/Ms =

1/3 exceeds the
experimental value of Mr/Ms ∼ 0.21 by about 50%. However,
anisotropic nature of the system may require fields above 7 T
in order to reach full net magnetization for some of the field
directions.37 This will reduce the Mr value measured on a
polycrystalline sample.
Another possible explanation for our experimental Mr value

is spin canting. Indeed, antiferromagnetic couplings J7 and J8
are incompatible with the ferrimagnetic order driven by the
other six couplings. This frustration scenario resembles the
mineral francisite and its synthetic analogs, Cu3Bi(SeO3)O2X

(X = Cl, Br).37,38 Their magnetic model entails competing
nearest-neighbor ferromagnetic (J1

(F)) and second-neighbor
antiferromagnetic (J2

(F)) couplings, with the superscript F
standing for “francisite”. Whereas J1

(F) would stabilize
ferromagnetic order within the Cu planes, the couplings J2

(F)

Figure 9. Copper-oxide framework (a) in Cu9O2(VO4)4Cl2. The
framework can be split into chains (b) formed by Cu2-,Cu3- and
Cu6A-centered squares and complex layers (c) formed by Cu1-, Cu4-
and Cu5-centered squares and distorted tetragonal pyramids. The
low-occupied Cu6B sites are not shown for clarity. Symmetry
transformations used to generate equivalent atoms are given in Figure
5 caption.

Figure 10. Temperature-dependent magnetic susceptibility of
Cu9O2(VO4)4Cl2 measured in the applied fields of 0.1 and 5 T.
The insets show the Curie−Weiss fit of the 5 T data and Fisher’s heat
capacity d(χT)/dT calculated based on the 0.1 T data.

Figure 11. Field-dependent magnetization of Cu9O2(VO4)4Cl2
measured at 2 and 50 K. The dashed line is the extrapolation to
zero field that yields the uncompensated moment Mr ∼ 1.9 μB/f.u.
The inset shows the magnified view of the narrow hysteresis observed
at 2 K.

Table 3. Magnetic Exchange Couplings in Cu9O2(VO4)4Cl2
Obtained by the GGA+U Mapping Procedurea

Cu atoms dCu−Cu (Å) Ji (K)

J1 Cu1−Cu4 2.814 −78
J2 Cu3−Cu6 2.821 −90
J3 Cu1−Cu5 2.834 −83
J4 Cu2−Cu3 3.230 140
J5 Cu3−Cu4 3.315 175
J6 Cu1−Cu3 3.465 255
J7 Cu1−Cu1 5.629 65
J8 Cu1−Cu1 5.668 60

aOnly the couplings with absolute values in excess of 50 K are listed.
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oppose parallel spin alignment and lead to a canted magnetic
order,39 which is well documented experimentally.37,38 The
size of the net moment within each Cu plane is then controlled
by the ratio between J1

(F) and J2
(F) and may not be a simple

fraction of Ms. A similar canting scenario can be envisaged in
our case, where J1 and J3 act as J1

(F) and would cause parallel
spin alignment of Cu1, Cu4, and Cu5 along the ribbon shown
in Figure 12b, whereas J7 and J8 act as J2

(F) and oppose this
order.
Distinguishing between these scenarios, ferrimagnetic order

with strongly anisotropic magnetization vs spin canting,
requires dedicated work on single crystals of Cu9O2(VO4)4Cl2
and goes beyond the scope of our present study. Nevertheless,
already with the data at hand we can conclude that magnetic
order in Cu9O2(VO4)4Cl2 is impeded, with the ratio |θ|/TC ∼ 4
indicating sizable frustration and/or a low-dimensional nature
of the spin system. Our microscopic analysis supports magnetic
low-dimensionality, because the couplings in the ac plane are
much stronger than those along the b direction (Figure 12a).
We also identify the competition between nearest-neighbor
ferromagnetic and second-neighbor antiferromagnetic cou-
plings as the plausible mechanism of frustration in this
compound.

■ CONCLUSION
The novel compound Cu9O2(VO4)4Cl2 was synthesized via a
chemical vapor transport reaction in evacuated silica tubes that
emulates natural mineral formation through fumarolic
processes. The three-dimensional complex copper oxide
substructure is made up of CuO4 squares, for some of them
complemented by the additional longer Cu−O bonds. The
OCu4 tetrahedral units are polymerized into [O2Cu6]

8+

cationic chains. The refinement of the triclinic crystal structure
of Cu9O2(VO4)4Cl2 showed the presence of disorder for one of
the Cu sites. Such a disorder was not previously reported in the
structure of the natural sample.
Cu9O2(VO4)4Cl2 undergoes a magnetic transition at 24 K

and develops a sizable net magnetization Mr/Ms ∼ 0.21. The
|θ|/TC ∼ 4 ratio shows that magnetic order sets in at a
temperature much lower than the energy scale of magnetic
couplings. This indicates that low-dimensionality and

frustration, both pinpointed by our microscopic analysis,
should be important ingredients of the Cu9O2(VO4)4Cl2
physics.
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