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A new copper selenite chloride Cu5(SeO3)4Cl2 has been prepared by chemical vapor transport reactions. Its crystal
structure was determined by single-crystal X-ray diffraction. The title compound crystallizes in themonoclinic space group
P21/c with the unit cell parameters a = 10.9104(8) Å, b = 8.3134(6) Å, c = 7.5490(6) Å, β = 90.715(6)�, Z = 2, and R1 =
0.0383. Bond valence sum calculations indicate that the cations have the oxidation state Cu(II) and Se(IV), respectively.
Three crystallographic different copper atoms, having different coordination polyhedra, [CuO5], [CuO6], and [CuO3Cl2],
are connected by corner and edge sharing to form a framework that can be described asmetal-oxygen slabs connected
by Cl atoms via edge sharing [CuO3Cl2] polyhedra. The two crystallographic different selenium atoms both have [SeO3E]
coordination, where E is the 4s2 lone pair on Se(IV); they are isolated from each other and do bond to the Cu-coordination
polyhedra only. The magnetic properties of the Cu2þ ions with effective spin S = 1/2 moments are dominated by
antiferromagnetic interactions. For temperatures T < Tc ∼45 K, N�eel magnetic ordering is observed with small
ferromagnetic canted moments. We attribute these to antisymmetric Dzyaloshinskii-Moriya (DM) spin exchange which
is allowed by the low symmetry spin exchange paths along the distorted transition metal oxyhalide coordinations.

Introduction

The crystal chemistry of oxohalides comprising a p-element
having a stereochemically active lone pair (such as Sb3þ,
Se4þ, Te4þ, etc.) and a late transition metal has proven to
be rich, and a number of such compounds have previously
been described, e.g., CuSb2O3Br,

1 Ni5(SeO3)4X2 (X = Cl,
Br),3,4 and Fe3Te3O10Cl.

5 The presence of a stereochemically
active lone pair will allow for asymmetric or one-sided
coordination around the lone-pair cation. It does not parti-
cipate in bonding and occupies a volume similar to that
of an oxygen atom6 and is, thus, large enough to open up
the crystal structure significantly. The role of lone-pair

distortions in structural chemistry has been addressed by
several workers over the past six decades.7-14

Most commonly, the lone-pair cations only coordinate
oxygen while late transition metal cations bond to both
oxygen and halide ions in oxohalide compounds. This is due
to the stronger Lewis acidity of the lone pair cation compared
to the late transitionmetal cation.A result is that both the lone
pairs and the halide ions act as “chemical scissors” opening up
the crystal structure and reducing its dimensionality. Further,
this is a reason why many such compounds exhibit a layered
crystal structure where the lone pairs and the halides protrude
from the layers and only weak van der Waal bonds connect
the layers as, e.g., with Ni5(TeO3)4Cl2

15 or porous structures
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where the lone pairs instead occupy space in the pores
that also face the halide ions, e.g., Co7(TeO3)4Br6.

16 Several
oxohalide compounds have unusual magnetic properties
that result from spin frustration due to the topology of the
compounds: FeTe2O5Cl,

17,18 Cu4Te5O12Cl4,
19 and Cu2Te2-

O5Cl2.
20

In thiswork,we report the synthesis andmagnetic properties
ofCu5(SeO3)4Cl2which constitute a newoxohalide compound
in the system Cu2þ-Se4þ-O-Cl. There are previously many
oxohalides described in the same systemand surprisinglymany
of them are minerals from Kamchatka and some of them are
synthetic compounds: R-Cu5(SeO3)2O2Cl2,

2,21 β-Cu5(SeO3)2-
O2Cl2,

22 R-Cu9Se4O14Cl6,
23 β-Cu9Se4O14Cl6,

24 R-Cu3(SeO3)2-
Cl2,

25β-Cu3(SeO3)2Cl2,
26 and themixedCuþ/Cu2þ compound

Cu5(SeO3)OCl5.
27

Experimental Section

Single crystals of Cu4Se5O12Cl2 have been grown by a
standard chemical vapor phase method. Mixtures of high
purity CuO (Alfa-Aesar, 99.995%), CuCl2 (Alfa-Aesar,
99.995%), and SeO2 (Alfa-Aesar, 99.999%) powder inmolar
ratio 3:2:5 were sealed in quartz tubes with electronic grade
HCl as transport gas for the crystal growth. The quartz
ampules employed were 250 mm in length with a diameter
of 34 mm. The ampules were placed horizontally into a
tubular two-zone furnace and heated very slowly with a rate
of 25 �C/h to 450 �C. For the growth of single crystals, the
optimum temperatures at the source and deposition zones
have been established as 450 and 300 �C, respectively. After
6 weeks, several green platelet shaped crystals of Cu4Se5-
O12Cl2 andCuSe2O5were observed (roughly 10%of the bulk
powder). Thin crystals of the title compound of up to 5 mm
in length were obtained. The elemental composition of all
heavy elements in the synthesis product was confirmed using
energy-dispersive spectrometry (EDS) in a scanning electron
microscope (SEM, JSM-7000F).
Single crystal X-ray data were collected at 293 K on an

Oxford Diffraction Xcalibur 3 diffractometer system using
graphitemonochromatizedMoKR radiation, λ=0.71073 Å.
Integration of the reflection intensities and absorption correc-
tion were performed using the software provided by the
diffractometer manufacturer. The structure was solved by
Direct Methods, using the SHELXTL crystallographic soft-
ware package.28 The selenium and copper atoms were first
located, whereas the chlorine and oxygen atoms were found in
the difference Fourier maps. All atoms were refined with
anisotropic temperature factors. Details of the final refinement
are compiled in Table 1. Atomic coordinates and equivalent
isotropic displacement parameters are reported in Table 2.
Selected bond lengths and angles are listed in Table 3. The
structural drawings aremadewith the programDIAMOND.29

A number of small single crystals were collected, crushed,
and checked with a Panalytical X’Pert PRO powder diffract-
ometer. The diffraction peaks on experimental and simulated
XRD patterns corresponded well in Bragg angle and inten-
sity, indicating the purity of the as-synthesized samples. The
material used for magnetic and heat capacity measurements
was selected from the same batch of small single crystals.
Magnetic susceptibilities of a crystal (∼1 mg, field aligned

along the crystal plate that is the (010) plane) were measured
asa functionofmagnetic fieldand temperaturewithaMPMS
SQUID magnetometer (Quantum Design, San Diego, CA)
The heat capacities were determined in a PPMS system

Table 1. Crystal Data and Structure Refinement Parameters for Cu5(SeO3)4Cl2

empirical formula Cu5(SeO3)4Cl2
formula weight 896.44
temperature (K) 293(2)
wavelength (Å) 0.71073
crystal system monoclinic
space group P21/c
a (Å) 10.9104(8)
b (Å) 8.3134(6)
c (Å) 7.5490(5)
β (�) 90.715(6)
volume (Å 3) 684.66(8)
Z 2
densitycalc, (g cm-3) 4.348
absorption coefficient (mm-1) 18.721
F (000) 822
crystal size 0.2530 � 0.1144 � 0.0374
θ range for data collection (�) 4.11-26.35
index ranges -13 e h e 13, -10 e k e 8,

-9 e l e = 9
reflections collected 4423
independent reflections 1367 [R(int) = 0.0826]
data/restraints/parameters 1367/0/107
refinement method full-matrix least-squares on F2

goodness-of-fit on F2 1.009
final R indices [I > 2σ(I)]a R1 = 0.0383

wR2 = 0.0904
R indices (all data) R1 = 0.0427

wR2 = 0.0924
largest diff. peak and hole (e Å-3) 1.697 and -1.044

a R1=
P

||Fo|- |Fc||/
P

|Fo|;wR2={
P

[w(Fo
2-Fc

2)2]/
P

[w(Fo
2)2]}1/2.

Table 2. Atomic Coordinates (�104) and Equivalent Isotropic Displacement
Parameters (Å2 � 103) for Cu5(SeO3)4Cl2

atom x y z U (eq)a

Se(1) 8206(1) 9036(1) 34(1) 11(1)
Se(2) 3790(1) 6871(1) 1663(1) 10(1)
Cu(1) 6327(1) 6280(1) 1577(1) 13(1)
Cu(2) 5000 5000 5000 11(1)
Cu(3) 1412(1) 5036(1) 788(1) 14(1)
Cl(1) -376(2) 3801(2) 1586(2) 19(1)
O(1) 7873(5) 10088(6) 1871(6) 23(1)
O(2) 7803(4) 7109(5) 604(6) 17(1)
O(3) 6981(4) 5337(5) 3791(5) 15(1)
O(4) 4765(4) 5363(5) 2401(5) 13(1)
O(5) 4986(4) 7664(5) 429(5) 13(1)
O(6) 2994(4) 5941(5) 25(5) 14(1)

aNote:U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.
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(QuantumDesign, San Diego, CA) in the temperature range
1.8 K e T e 250 K on a sample of ∼1.1 mg of randomly
oriented crystallite polycrystalline sample. The addenda heat
capacities of a minute amount of Apiezon N grease used to
thermally couple the sample to the platform and the heat
capacity of the platform were determined in a separate run
and subtracted.
Raman scattering experiments were performed in quasi

backscattering geometry using a λ=532 nm laser line with a
power ofP=2mW.A single crystalline sample was installed
into a He-cooled closed cycle cryostat with a temperature
range of 3.5-300 K.
The spectra were collected via aDilor-XY-500 triple spectro-

meter bya liquidnitrogen cooledHORIBAJobinYvonCCD
(Spectrum One CCD-3000 V).

Results and Discussion

Crystal Structure. The new copper selenite chloride
Cu5(SeO3)4Cl2 crystallizes in the monoclinic space group
P21/c. The unit cell is a=10.9104(8) Å, b=8.3134(6) Å,
c=7.5490(5) Å, and β=90.71(1)�. EDS analysis on some
selected single crystals confirmed the stoichiometry of
atoms heavier than oxygen and gave a mean composition
of 45.9 at% Cu, 34.7 at% Se, and 19.5 at% Cl in good
agreement with results from the refinement of the single
crystal diffraction data: 45.5 at% Cu, 36.4 at% Se, and
18.2 at% Cl. Bond valence sum (BVS) calculations ac-
cording to Brown and Altermatt30 support that the Se

and Cu ions have the charge þ4 and þ2, respectively;
see Supporting Information.
The crystal structure can be described as a three-

dimensional framework of corner and edge sharing Cu-
coordination polyhedra. There are three crystallographi-
cally different Cu atoms having distorted coordination
polyhedra. Cu1 has a 5-fold [Cu1O5] distorted square
pyramid, where atomsO2, O3, O4, andO5 form the basal
square plane with Cu-Obond distances ranging between
1.907(4) Å to 2.045 Å and O6 at the apex with a longer
bonding distance 2.333(4) Å. Cu2 bonds to six oxygen
atoms to form [Cu2O6] Jahn-Teller distorted octahedra.
The two longer Cu-Obond distances are 2.374(5) Å, and
the other four bonds are in the range 1.969(4)-1.998(5)
Å. Cu3 is surrounded by three oxygen and two chlorine
atoms to form a [Cu3O3Cl2] distorted square pyramid;
O1, O6, Cl1, and Cl1 occupy the plane positions, and the
O2 atom is located at the apex.
The [Cu2O6] polyhedra connect to four [Cu1O5]: to two

by corner sharing and to two by edge sharing, resulting in
a copper oxide slab parallel to (011). The [Cu1O5] poly-
hedra further connect to a [Cu3O3Cl2] by an O2 3 3 3O6
edge completing a layer. The layers are connected by two
[Cu3O3Cl2] units that have a common edge Cl1 3 3 3Cl1, to
form [Cu2O6Cl2] dimers that bridge the layers to build up

Table 3. Selected Bond Lengths (Å) and Angles (�) for Cu5(SeO3)4Cl2
a

Se(1)-O(1) 1.682(4) Se(2)-O(6) 1.690(4)

Se(1)-O(3)#1 1.705(4) Se(2)-O(4) 1.732(4)

Se(1)-O(2) 1.717(4) Se(2)-O(5) 1.743(4)

Cu(1)-O(2) 1.907(4) Cu(3)-O(1)#4 1.923(5)

Cu(1)-O(3) 1.972(4) Cu(3)-O(6) 1.975(4)

Cu(1)-O(4) 1.974(4) Cu(3)-O(2)#2 2.245(4)

Cu(1)-O(5) 2.045(4) Cu(3)-Cl(1) 2.2917(18)

Cu(1)-O(6)#2 2.333(4) Cu(3)-Cl(1)#6 2.3188(17)

Cu(2)-O(5)#3 1.969(4) Cu(2)-O(4)#5 1.998(4)

Cu(2)-O(5)#4 1.969(4) Cu(2)-O(3)#5 2.374(5)

Cu(2)-O(4) 1.998(4) Cu(2)-O(3) 2.374(5)

O(1)-Se(1)-O(3)#1 96.9(2) O(6)-Se(2)-O(4) 102.3(2)

O(1)-Se(1)-O(2) 102.7(2) O(6)-Se(2)-O(5) 99.4(2)

O(3)#1-Se(1)-O(2) 102.8(2) O(4)-Se(2)-O(5) 89.1(2)

O(2)-Cu(1)-O(3) 99.86(19) O(1)#4-Cu(3)-O(6) 85.06(19)

O(2)-Cu(1)-O(4) 175.65(19) O(1)#4-Cu(3)-O(2)#2 107.20(19)

O(3)-Cu(1)-O(4) 83.34(18) O(6)-Cu(3)-O(2)#2 80.01(17)

O(2)-Cu(1)-O(5) 103.70(18) O(1)#4-Cu(3)-Cl(1) 96.03(15)

O(3)-Cu(1)-O(5) 146.33(17) O(6)-Cu(3)-Cl(1) 175.61(13)

O(4)-Cu(1)-O(5) 74.65(16) O(2)#2-Cu(3)-Cl(1) 95.61(12)

O(2)-Cu(1)-O(6)#2 79.12(17) O(1)#4-Cu(3)-Cl(1)#6 152.77(15)

O(3)-Cu(1)-O(6)#2 90.60(16) O(6)-Cu(3)-Cl(1)#6 92.02(13)

O(4)-Cu(1)-O(6)#2 97.98(16) O(2)#2-Cu(3)-Cl(1)#6 98.89(13)

O(5)-Cu(1)-O(6)#2 117.14(16) Cl(1)-Cu(3)-Cl(1)#6 88.94(6)

O(5)#3-Cu(2)-O(5)#4 180.00(4) O(4)-Cu(2)-O(3)#5 106.81(16)

O(5)#3-Cu(2)-O(4) 90.66(17) O(4)#5-Cu(2)-O(3)#5 73.19(16)

O(5)#4-Cu(2)-O(4) 89.34(17) O(5)#3-Cu(2)-O(3) 87.47(16)

O(5)#3-Cu(2)-O(4)#5 89.34(17) O(5)#4-Cu(2)-O(3) 92.53(16)

O(5)#4-Cu(2)-O(4)#5 90.66(17) O(4)-Cu(2)-O(3) 73.19(16)

O(4)-Cu(2)-O(4)#5 180.000(1) O(4)#5-Cu(2)-O(3) 106.81(16)

O(5)#3-Cu(2)-O(3)#5 92.53(16) O(3)#5-Cu(2)-O(3) 180.0

O(5)#4-Cu(2)-O(3)#5 87.47(16)

aNote symmetry transformations used to generate equivalent atoms:
#1x,-yþ 3/2, z- 1/2; #2-xþ 1,-yþ 1,-z; #3x,-yþ 3/2, zþ 1/2; #4
-xþ 1, y- 1/2,-zþ 1/2; #5-xþ 1,-yþ 1,-zþ 1; #6-x,-yþ 1,-z.

Figure 1. (a) Polyhedron view of the Cu5(SeO3)4Cl2 crystal structure
along [001]. The pink [Cu1O5] and dark blue [Cu2O6] polyhedra together
form Cu-O slabs that are connected by light blue [Cu3O3Cl2] polyhedra.
O atoms are red; Cl atoms are green; Se atoms are orange. (b) A copper
oxide slab along [100].

(30) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244–247.
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the three-dimensional framework; see Figure 1a,b. The
two crystallographically different Se atoms both have a
one-sided 3-fold coordination [SeO3E]. (E is the 4s2 lone
pair on the selenium atom.) The [SeO3E] groups connect
by corner and edge sharing to the copper oxohalide
framework. However, the [SeO3E] polyhedra are isolated
from each other, in analogy with earlier observations that
such polyhedra do not polymerize.31

Magnetic Properties. Figures 2 and 3 display the mag-
netic susceptibility and heat capacity data of Cu5(SeO3)4-
Cl2. Field-cooled magnetization measurements in low
fields (0.1 T) reveal spontaneous polarization below a
critical temperature of Tc ∼ 45 K with an almost linear
increase of the magnetization below Tc and a saturation
at low temperatures. The spontaneous magnetization
is readily suppressed by increasing the magnetic field.
At fields above∼4 T, saturation occurs and the suscepti-
bility becomes independent of the applied magnetic
field.

Above Tc, the inverse magnetic susceptibility grows
almost linear with increasing temperature with a slight
negative curvature immediately above Tc. Above 150-
200 K, the inverse susceptibility follows an extended
Curie-Weiss law behavior according to (1)

χmol ¼
C

ðT -ΘÞþ χ0 ð1Þ

with the Curie-Weiss temperature Θ and the Curie con-
stant C. The temperature independent term, χ0 = χdia þ
χVV, accounts for the diamagnetic susceptibility of the
closed electron shells of all constituents and for tempera-
ture independent paramagnetic Van Vleck contributions
of the Cu2þ ion. The diamagnetic susceptibility of the
electrons in closed shells can be estimated by summing the
increments of the ions as tabulated, e.g., by Selwood32

(Cu2þ: -11 � 10-6 cm3/mol; SeO3
2-: -44 � 10-6 cm3/

mol; Cl-: -26 � 10-6 cm3/mol). This results in a total
diamagnetic contribution of χdia=-283� 10-6 cm3/mol
per formula unit. The paramagnetic Van Vleck contri-
butions per Cu2þ cation are of the order of ∼þ50 �
10-6 cm3/mol.33,34

The Curie constant is related to the effective magnetic
moment, μeff/μB = g[S(S þ 1)]1/2 of the Cu2þ cations
according to (2).

C ¼ NA

V

μeff
2

3kB
ð2Þ

For Cu2þ with a 3d 9 configuration and one hole in the
3d shell (S = 1/2), one expects g-factors between ∼2.05
and ∼2.25, enhanced over the free-electron g-factor due
to spin-orbit coupling effects, depending on the direction
of the applied magnetic field.33 When fitting the experi-
mental data for temperatures above ∼150 K with χ0=
χdia þ χVV ≈ -35 � 10-6 cm3/mol (per Cu atom) as
estimated above, we arrived at negative Curie-Weiss
temperatures of-151(4) K, indicating predominant anti-
ferromagnetic spin-exchange interaction, and at an effec-
tive moment of the order of 2.19 μB corresponding to a
g-factor of 2.25(2).
The heat capacity shows a λ-type anomaly at 44.1(2) K

indicating long-range ordering in good agreement with
the magnetic susceptibility measurements. The entropy
removed in the magnetic ordering amounts to only about
9(2)% of the total entropy expected for a S=1/2 system,
implying that the essential fraction of the entropymust be
removed in short-range ordering processes above the
N�eel temperature. However, the typical broad maximum
in the magnetic susceptibility due to such correlations is
not visible. The negative Curie-Weiss temperature im-
plies predominant antiferromagnetic spin exchange inter-
action. On the other hand, a closer inspection of the
interconnectivity of the magnetic Cu cations via the
anions, Cl and O (see Figure 4), reveals that the Cu(1)
and Cu(2) atoms connect via O anions with bonding
angles typically in excess of 90�, leading to antiferromag-
netic superexchange interaction. TheCu(1)-Cu(2) oxygen

Figure 2. Magnetization (per Cu atom)measured by cooling the sample
in fields of 0.1, 1, and 4 T as indicated. The inset displays the inverse
magnetic susceptibility per Cu atom. The (red) solid line represents an
extendedCurie-Weiss law according to eq 1 with fitted parameters: χ0=
þ19(2) � 10-6 cm3/mol, g= 2.25, and θ= -151(4) K.

Figure 3. Heat capacity of Cu5(SeO3)4Cl2 (per formula unit Cu-
(SeO3)0.8Cl0.4). The inset shows Cp/T vs T. The entropy contained in
the anomaly at 44.1(0.2)K amounts to about 0.5(1) J/mol 3Kor 9(2)%of
the entropy expected for a S= 1/2 system.

(31) Mao, J.-G.; Jiang,H.-L.; Kong, F. Inorg. Chem. 2008, 47, 8498–8510.

(32) Selwood, P. W.Magnetochemistry, 2nd ed.; Interscience: New York, 1956.
(33) Lueken, H., Magnetochemie; Teubner Verlag, Stuttgart, and Leipzig,

1999.
(34) Banks, M. G.; Kremer, R. K.; Hoch, C.; Simon, A.; Ouladdiaf, B.;

Broto, J.-M.; Rakoto, H.; Lee, C.; Whangbo, M.-H. Phys. Rev. 2009, B80,
024404.
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slabs interact via Cu(3)-Cl bidentate bonds with Cu-
Cl-Cu bonding angles of ∼91�. Such bonding angles
typically support ferromagnetic spin-exchange interaction
and, thus, could be the origin of the ferromagnetic con-
tributions in the overall spin exchange.35

Field dependent magnetization measurements at 1.87 K
show a hysteresis of the magnetization with a typical
hysteresis loop of a ferromagnetic material; see Figure 5.
The symmetric hysteresis loop closes above/below fields
of 0.5T/-0.5T, respectively. Above these field values,
the magnetizations are linear and largely independent of
the history. The hysteresis points to weak ferromagnetic
behavior with a saturation moment of ∼0.01 μB, with
a canting angle of less than a degree, assuming an ordered
moment of 1 μB per Cu atom.

Raman Scattering. In Figure 6, we give an overview of
the Raman spectra taken at different discrete tempera-
tures ranging from 3 to 295 K. The spectra were collected
on platelike single crystals in x(yy)x polarization, i.e., in
parallel light polarization with x and y both within the ab
plane. The displayed regime covers the frequencies from

25 to 725 cm-1. Four further phononmodes are observed
at higher energies (742, 802, 848, and 854 cm-1). Theywill
be neglected in the following, as they do not show any
anomalies in the temperature range covered.
Cu5(SeO3)4Cl2 crystallizes in the monoclinic space

group P21/c. Symmetry analysis yields a total of ΓRaman =
33*Ag þ 33*Bg Raman active modes, with

Ag ¼
a d 0

d b 0

0 0 c

0
BB@

1
CCA and Bg ¼

0 0 e

0 0 f

e f 0

0
BB@

1
CCA

In our spectra, we observe 33 phonon modes in good
agreement with the above analysis. These modes are attrib-
uted to Ag symmetry. Despite several checks, we could not
resolve the Bg modes, which we attribute to the platelike
sample geometry. In the temperature range 200-100 K,
several Ag modes exhibit a splitting with decreasing tem-
perature (observed at 125, 317, and 710 cm-1). The inset of
Figure 6 gives, as an example, the temperature dependence
of the mode at 317 cm-1. This effect may indicate struc-
tural distortions or a pronounced anharmonicity, which
could be related to a coupling to the spin system. In order
to search for a structural transformation, we performed
low temperature single crystal XRDmeasurements at T=
100 K. However, crystallographic changes from the room
temperature structurewere not detected, indicating that the
ordering induced lattice deformation might be of minor
magnitude. Because of the small sample mass, our heat
capacity data are increasingly noisy above∼100K, limiting
a conclusive statement from this technique. Nevertheless,
no indication of a structural phase transition between 150
and 200 K has been observed.
The polyhedra [Cu2O6] and their connections to

[Cu1O5] are rather distorted and do not contain inversion
centers (see Figure 4). From general symmetry grounds,
antisymmetric Dzyaloshinskii-Moriya (DM) spin ex-
change is, therefore, allowed which leads to weak ferro-
magnetic moments in applied magnetic fields as observed
in themagnetizationmeasurements. As the strength of this
interaction is intimately related to the Cu-O bond length

Figure 4. Connection of the different Cu-polyhedra [Cu1O5], [Cu2O6],
and [Cu3O3Cl2]. The Cu-O-Cu angles are >90� while the Cu-Cl-Cu
angles are ∼90�; see text for discussion on how the magnetic properties
may correlate with the superexchange angles.

Figure 5. Hysteresis loop measured at 1.87 K. The arrows indicate the
direction of field change.

Figure 6. Raman spectra of Cu5(SeO3)4Cl2 obtained in the temperature
range 3-295K in parallel polarization. The inset gives the frequency shift
of the mode at 317 cm-1 that splits with decreasing temperature.

(35) Bencini, A.,; Gatteschi, D. EPR of Exchange Coupled Systems;
Springer Verlag: Berlin, Heidelberg, 1990.
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and angles, it also enhances spin-phonon interactions.
As an example, we refer to the chain system KCuF3

36

where ESR evidence coupled spin-lattice fluctuations and
phononmodes show related shoulders and weak splittings
in Raman scattering experiments.37 In this respect, Cu5-
(SeO3)4Cl2 shares some similarities with KCuF3, as both
weak ferromagnetic moments and weak lattice distortions
coexist. Further experimental studies beyond the scope of
the present investigation are needed to substantiate this
interpretation. It is noted that the occurrence of antisym-
metric DM spin exchange and the related spin phonon
interaction may also induce a coupling of dielectric and
magnetic properties in the form of magnetocapacitance, a
larger dependence of the dielectric constant on the mag-
netic field, or even multiferrocity with coexisting sponta-
neous ferroelectric and ferromagnetic moments. As an
example, we mention the structurally closely related sys-
tem FeTe2O5Br

17 that showsmultiferroic behavior.18 Cu5-
(SeO3)4Cl2 may similarly be a candidate for such a cou-
pling of ferroelectric and magnetic order parameters.

Summary and Conclusions

The new copper selenite chloride Cu5(SeO3)4Cl2 crystal-
lizes in the monoclinic space group P21/c. The crystal
structure can be described as a three-dimensional framework
of corner and edge sharing Cu-coordination polyhedra:
[CuO5], [CuO6], and [CuO3Cl2]. The Se atoms have a one-
sided 3-fold coordination [SeO3] that connect to the Cu-
polyhedra by corner and edge sharing but are isolated from
each other in analogy with earlier observations that such
polyhedra do not polymerize. The coordination polyhedra
arrange so that oxide layers are formed that extend parallel to
the (100) plane. The oxide layers are bridged to build up the
three-dimensional framework by that [CuO3Cl2] unit from
different layers having a common Cl 3 3 3Cl edge.
Most compounds described in the Cu2þ-Se4þ-O-Cl

system are three-dimensional framework systems like the
present one where the framework is made up of corner and
edge sharing Cu-polyhedra and the [SeO3] polyhedra do not
polymerize.2,21-25,27 The only phase that is layered with only
weak Van der Waal interactions in between the layers is
β-Cu3(SeO3)2Cl.

26 For corresponding compoundswithTe4þ,
it is much more common with layered structures with weak

interactions in between the layers and rarer with three-
dimensional framework structures.
Field-cooled magnetization measurements in low-fields

(0.1 T) reveal a spontaneous polarization below a critical
temperature of Tc∼ 45 K with an almost linear increase of the
magnetization below Tc and saturation at low temperatures.
In good agreement with this indication for long-range order,
the heat capacity shows a λ-type anomaly at 44.1(2) K. An
analysis of the high temperature magnetic susceptibility leads
to a negative Curie-Weiss temperature of-151(4) K, indicat-
ing predominant antiferromagnetic spin-exchange interaction
and at an effectivemoment of the order of 2.19 μB, correspond-
ing to a g-factor of 2.25(2). The reduction of the ordering
temperature compared with the mean exchange interaction is
attributed to the reduced connectivity and distorted exchange
paths.
Field dependent magnetization measurements at 1.87 K

reveal a slight hysteresis with a hysteresis loop which closes
above/below fields of 0.5T/-0.5 T, respectively. The hyster-
esis is ascribed to weak ferromagnetic behavior with a satu-
rationmoment of∼0.01 μB and a canting of the Cumoments
with a canting angle of less than a degree. We attribute this
canting to Dzyaloshinskii-Moriya (DM) spin exchange
based on distorted [Cu2O6] polyhedra and their connections
to [Cu1O5] that do not contain inversion centers. The
evidence for structural distortions seen as a splittingof several
phononmodes inRaman scattering in the temperature range
100-200 K could also be related to DM interaction. How-
ever, we found no evidence for significant crystallographic
changes in low temperature single crystal XRD measure-
ments. Concluding, new copper selenite chloride Cu5(SeO3)4-
Cl2 is both from structural chemistry as well as froma physics
point of view an interesting compound and well comparable
to earlier found lone pair oxohalides.
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