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The Co,_4Cu,(OH)AsO4 (x=0 and 0.3) compounds have been synthesized under mild hydrothermal
conditions and characterized by X-ray single-crystal diffraction and spectroscopic data. The hydroxi-
arsenate phases crystallize in the Pnnm orthorhombic space group with Z=4 and the unit-cell
parameters are a=8277(2)A, b=8559(2)A, ¢=6.039(1)A and a=8.316(1)A, b=8.523(2)A,
c=6.047(1) A for x=0 and 0.3, respectively. The crystal structure consists of a three-dimensional
framework in which M(1)Os-trigonal bipyramid dimers and M(2)Og-octahedral chains (M=Co and Cu)
are present. Co,(OH)AsO4 shows an anomalous three-dimensional antiferromagnetic ordering influ-
enced by the magnetic field below 21 K within the presence of a ferromagnetic component below the
ordering temperature. When Co?* is partially substituted by Cu?*ions, Co;;Cug3(OH)AsO,, the
ferromagnetic component observed in Co,(OH)AsO4 disappears and the antiferromagnetic order is
maintained in the entire temperature range. Heat capacity measurements show an unusual magnetic
field dependence of the antiferromagnetic transitions. This A-type anomaly associated to the three-
dimensional antiferromagnetic ordering grows with the magnetic field and becomes better defined as
observed in the non-substituted phase. These results are attributed to the presence of the unpaired

electron in the dx?>—y? orbital and the absence of overlap between neighbour ions.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The chemistry of transition metal phosphate and arsenate
minerals has been traditionally considered as an interesting field
of research for solid-state physicists and chemists. Many natural
or synthetic phases present structures, which can give rise to
potential applications and original physical properties such as
magnetic, heterogeneous catalysis, ion exchange, optical or ther-
mal expansion [1-5]. For example, the natural or synthetic
Cu,(OH)PO4 phosphate can be used as a good catalyst for the
catalytic oxidation of organic substrates by HO, and both
catalytic activity and selectivity in the oxidation of olefins and
alcohols by molecular oxygen under air have been observed [6,7].

The adamite-type, M>(OH)XO,4 [M=Zn, Mn, Co, Ni, Cu; Mg, Mn,
etc.; X=P and As] [8-17] family, have been known as minerals for
a long time but some of them have not been prepared in the
laboratory as pure phases although different synthetic methods
were used. Unfortunately, in many of these natural or synthetic
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phases, even if good crystals for X-ray structure determination
were obtained, the study of physical-chemical properties has not
been possible due to the presence of impurities or mixed phases
[12-19]. The My(OH)AsO, crystal structure [20] consists of a
condensed framework of a vertex and edge-sharing |MOg|,
|MOs| and |AsO4| subunits (see Fig. 1). In the structure the metal
ions can be sited in two different topologies: the octahedral and
trigonal bipyramidal. The edge-sharing [M(2)O4(OH),] octahedra
give rise to linear chains propagated along the c axis whereas the
edge-sharing [M(1)0O4(OH)] trigonal bipyramids constitute
dimeric entities. The chain of octahedral, the dimeric units, and
the tetrahedral groups share corners, thereby forming a three-
dimensional network. In the case of Co,(OH)AsO,4, the structure
was solved by Seller et al. [19] from single-crystal data but the
final position of the hydrogen ions was not reported. Recently,
neutron powder-diffraction measurements were performed to
obtain both nuclear and magnetic structures of this compound
and an interesting incommensurate—-commensurate magnetic
phase transition was observed [21].

As a part of our recent research in the magnetic behaviour of
adamite-type compounds, we have observed that the cobalt-based
Coy(OH)X0,4 (X=P and As) compounds present fascinating mag-
netic phenomena for insulators [22]. For instance, coexistence in
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Fig. 1. Schematic drawing of the Co,_,Cu,(OH)AsO4 (x=0 and 0.3) crystal structure
view along the |01 0| direction. Polyhedra are occupied by the M(II) ions (M=Co
and Cu) and the AsO,4 groups are represented by tetrahedra. Big circles correspond
to the oxygen atoms, and small circles show the hydrogen atoms.

the Co,(OH)PO4 magnetic frustration system of an antiferromag-
netic ordering and a spin-glass behaviour at low temperatures [23],
field-induced magnetic transitions in the Co,(OH)AsO4 phase [21]
or evolution from commensurate to incommensurate antiferro-
magnetic structure in the Coy(OH)(PO4);_xAsO4)y solid solution
[24]. Furthermore, the partial substitution of transition metal ions
in the non-substituted cobalt hydroxi-phosphate showed the
evolution of a three-dimensional antiferromagnetic system in the
Co, _xCu,(OH)PO,4 solid solution [25] up to a spin-gap system in
the Cuy(OH)PO, phase [26], a spin-glass-like state in the
(Co,Ni),(OH)PO4 phases below 10 K [27] and higher ferromagnetic
interactions at lower temperatures in Co;;Mng3(OH)PO4 coexist-
ing with a similar spin-glass-like state [28]. As was observed in the
homologous phosphate phase [25], the spin decompositions origi-
nated by the partial substitution of Co?>* (§=3/2) by Cu?* (§=1/2)
in the Co,(OH)AsO,4 phase could give rise to interesting variations
in their complex physical properties.

In this work, we report on the synthesis, single crystal
structure, spectroscopic characterization and magnetic properties
of a new cobalt-copper compound, Co;7Cup3(OH)AsO,4, together
with a comparative study with the isomorphous non-substituted
Coy(OH)AsO4 phase.

2. Experimental
2.1. Synthesis and structural characterization

Recently, hydrothermal techniques have been successfully used
to prepare hydroxi-arsenates of transition metal ions [26,29-32].
In this sense, the Co,_,Cu,(OH)AsO,4 (x=0 and 0.3) compounds
were obtained starting from stoichiometric precursors, (Co,Cu)s
(AsQ4), - 8H,0, that were prepared following a synthetic method
previously described [33]. Long reaction times were needed due to
the low solubility of the hydrated arsenates. The mixtures were
added to a volume of 100 mL of water/ammonia (~5%) and stirred
up to homogeneity. The washed precursors were placed in a PTFE
lined stainless steel pressure vessel and heated at 170 °C for 5 days,
followed by slow cooling to room temperature. The pH of the
mixtures did not show any appreciable change during the hydro-
thermal reactions and remained at approximately 7 for x=0, and
8 for x=0.3. In both compounds, blue single crystals together with

similar colour powdered samples were obtained. The contents of
cobalt, copper and arsenic were determined by inductively coupled
plasma atomic emission spectroscopy (ICP AES) performed with an
ARL Fisions 3410 spectrometer. The results were consistent with
the Coy_xCu,(OH)AsO,4 (x=0 and 0.3) stoichiometries.

The X-ray powder diffraction data were used to evaluate the
purity of the arsenate products obtained in the synthesis. The powder
diffraction patterns were recorded on a Panalytical X'Pert-MPD X-ray
diffractometer in Bragg-Bentrano geometry, using graphite-mono-
cromated Cu-Ko radiation. The data collection took place in the
10-90° 20, every 0.02°, with 16 s per step. The data were fitted using
the pattern matching routine of the programme FULLPROF [34], in
orthorhombic cells with the Pnnm space group, as previously
determined from single crystal data by Riffel et al. [20] for the
Coy(OH)AsO,4 phase. In the single-crystal X-ray diffraction, the data
were collected at room temperature on an Oxford diffraction XCALI-
BUR2 using the graphite-monochromated Mo-Ko radiation.

2.2. Physicochemical characterization techniques

The thermogravimetric (TGA) and differential thermal analysis
(DTA) of Co,_,Cu,(OH)AsO4 (x=0 and 0.3) were performed on a
computer-controlled Perkin-Elmer TGA-DSC System 7 thermoba-
lance. 20 mg of each sample were heated in air with a heating rate
of 5°Cmin~"' from 30 to 800 °C. The decomposition curves reveal
an initial ( = 0.1% and 0.5% for x=0 and 0.3, respectively) weight
loss associated with water absorbed on the surface from the
atmosphere, and at 660 and 680 °C, respectively, a second step
(~3.5% and 4.4%) attributed to the loss of water obtained from
the decomposition of two formula units. The decomposition
reaction can be described as follows:

2[Coy _xCu,(OH)AsO4] - [1 —(2x)]Co0+(2x)CuO
+ CO3(ASO4)2 +H,0

At temperatures above 700 °C additional weight losses were
not observed on the thermogravimetric curve. These results are in
good agreement with those obtained for other hydroxi-phosphate
and arsenate related compounds [23,25,30].

Spectroscopic measurements of Co, _, Cu,(OH)AsO,4 (x=0 and
0.3) were studied by both infrared and diffuse reflectance data.
The IR spectra (KBr pellets) were obtained with a MATTSON 1000
FT-IT spectrometer in the 400-4000 cm ! range. The absorbance
spectra of the polycrystalline samples were registered at room
temperature by diffuse reflectance technique on a Cary 2415
UV-vis-IR spectrometer in the 5000-50000 cm~! range.

Magnetic susceptibility measurements of polycrystalline sam-
ples were performed using a Quantum Design MPSM-7 SQUID
magnetometer whilst heating from 2 to 300K in an applied
magnetic field of 1 kOe, after cooling either in the presence (field
cooling-FC) or absence (zero field cooling-ZFC) of the applied field.
Magnetization as a function of field (H) was measured using the
same MPSM-7 SQUID magnetometer in the range —7 <H/T <7 at
5 K after cooling the sample in zero field. Heat capacity measure-
ments were carried out with a standard QD PPMS device by a
traditional relaxation method using a two-tao model. The weight of
the samples were 11.2 and 10.7 mg for x=0 and 0.3, respectively,
obtained by compressing the original polycrystalline powder. In
order to assure good thermal contact, the sample was glued to the
sample-holder using Apiezon N grease. Data were collected with
zero field and under an applied field of 90 kOe from 1.8 to 300 K.
The addenda (sample-holder plus grease) was measured at differ-
ent magnetic fields prior to the sample measurements and then
subtracted from the total heat capacity in order to get the sample
heat capacity.
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2.3. Single-crystal X-ray diffraction

Prismatic single crystals of the Co,_,Cu,(OH)AsO4 (x=0 and
0.3) compounds with dimensions 0.11 x0.07 x0.05 and
0.13 x 0.07 x 0.05 mm for x=0 and 0.3, respectively, were care-
fully selected under a polarizing microscope and mounted on
glass fibre. Details of crystal data, intensity collection and some
features of the structure refinement are reported in Table 1. 3083
reflections were measured for the cobalt hydroxi-arsenate phase
in the range 4.93° < 0 < 26.04°, which were considered as inde-
pendent 427 (Ri,c 0.0540) applying the criterion I>2 a(I). For
Coq 7Cug3(OH)AsO,4, the number of measured reflections was
3955 (3.42° < 0 <31.90°) with 742 reflections being independent
(Rint 0.0339). Corrections for Lorentz and polarization effects were
carried out and also for absorption with the empirical ¥ scan
method [35] using the XRAYACS programme [36]. The structures
were solved by direct methods and refined by the full-matrix
least-squares procedure based on F2, using the SHELXL 97
computer programme [37] belonging to the WINGX software
package [38]. The scattering factors were taken from Ref. [39].
The quality of the crystals allowed us to determine the hydrogen
positions in the structure. The coordinates of hydrogen atoms
were calculated from different Fourier maps. The metal ions (Co
and Cu) were coupled refined and oxygen atoms were assigned
anisotropic and isotropic thermal parameters for Coy(OH)AsO4
and Co;7Cug3(OH)AsO,, respectively (see Table 2). The results
obtained for non-sustituted phase are in good agreement with the
crystal structure solved by Seller et al. [19] and high resolution
neutron powder diffraction [21]. Final R factors were R1=0.021
(all data) [wR2=0.040] for x=0 and R1=0.027 (all data)
[wR2=0.051] for x=0.3. Maximum and minimum peaks in final
difference synthesis were 0.701, —0.757eA~3 and 1.604,
—1.080e A3 for x=0 and 0.3 composition, respectively. The
goodness of fit on F2 was 0.903 for Coy(OH)AsO4 and 0.975 for
Coq7Cup3(OH)AsO,4. All drawings were made using the ATOMS
programme [40]. Fractional atomic coordinates and equivalent
isotropic thermal parameters are shown in Table 2. In the

Table 1
Crystal data, details of data collection, and structure refinement for the Co,_,
Cu,(OH)AsO4 (x=0 and 0.3) hydroxi-arsenates.

Formula HAsCo0,05 HAsCo; 7Cug 305
Molecular weight  273.79 27517
(gmol~1)

Crystal system Rhombic Rhombic

Space group Pnnm (no. 58) Pnnm (no. 58)

a (A) 8.277(2) 8.3156(9)

b (A) 8.559(2) 8.523(2)

c (A) 6.0387(10) 6.0468(7)

V(A2 427.8(2) 428.6(1)

V4 4 4

Pealc 4251 4.265

F (000) 512 514

T, K 293 293

u (mm~1) 15.337 15.637

Radiation, /(Mo 0.7107 0.7107

Ko) (A)

Range of 0 (deg.) 4.93° < 0>26.04° 3.42°<0>31.90°

Limiting indices —10<h<10, -9<k<9, —-11<h<11, —-12<k<?9,
-7<l<7 —-8<I1<8

R [I=20(I)] R1=0.021, wR2= 0.040 R1=0.027, wR2= 0.051

R [all data] R1=0.041, wR2= 0.044 R1=0.044, wR2=0.056

Goodness of fit 0.903 0.975

*RU= ([ Fo| = |Fel) |/ 52 [Fol s wR2 = 5= |wi Fo 2 )7 /57 i Fo 2]
w=1/((6%||Fo|2) +xp)? |: where p = |(|Fo|?) +2Fo *| /3

where x= 0.0399 for Co,(OH)AsO4 and x=0.0264 for Co;;Cug3(OH)AsO,.

Table 2
Occupation factor (K), Fractional atomic coordinates and equivalent isotropic
parameters Ueq for Co,(OH)AsO4 and Co; 7Cug3(OH)AsO4 (ESD in parenthesis).

Atom K xla y[b z[c Ueq ( Ay @
Co,(OH)AsO4

Co(1) 0.50 0.3654(1) 0.3652(1) 0.5000 0.93(1)
Co(2) 0.50 0.5000 0.0000 0.2468(2) 0.93(1)
As 0.50 0.2476(1) 0.2449(4) 0.0000 0.68(1)
0o(1) 0.50 0.1026(5) 0.1075(6) 0.0000 1.05(1)
0(2) 0.50 0.4232(4) 0.1475(6) 0.0000 1.61(1)
0(3) 1.00 0.2285(3) 0.3621(5) 0.2229(5) 1.05(1)
0(4) 0.50 0.3904(5) 0.1277(7) 0.5000 1.94(1)
H 0.50 0.3974(5) 0.1075(6) 0.5000 1.00
Co1.7Cug 3(OH)AsO4

Co(1) 0.38(1) 0.3668(1) 0.3657(1) 0.5000 1.34(1)
Cu(1) 0.12(1) 0.3668(1) 0.3657(1) 0.5000 1.34(1)
Co(2) 0.44(3) 0.5000 0.0000 0.2474(1) 1.34(1)
Cu(2) 0.06(1) 0.5000 0.0000 0.2474(1) 1.34(1)
As 0.50 0.2470(1) 0.2453(1) 0.0000 1.46(1)
0(1) 0.50 0.1058(4) 0.1062(4) 0.0000 1.28(1)
0(2) 0.50 0.4237(4) 0.1468(4) 0.0000 1.28(1)
0(3) 1.00 0.2269(3) 0.3625(3) 0.2235(4) 1.28(1)
0(4) 0.50 0.3924(4) 0.1288(4) 0.5000 1.28(1)
H 0.50 0.3944(8) 0.1002(9) 0.5000 1.00

? Ueq=(1/3) (U11+Uz2+Uss).

Co1.7Cuo3(OH)AsO, compound, the results of the structural
refinement show a preference of the Cu(ll) ions for the penta-
coordinated position. The Cu(ll) cation occupies approximately
24(2)% of the M(1)-0s sites, whereas only 12(2)% of the M(2)-0Og
polyhedra are occupied by this cation; see Table 2. Selected bond
distances are given in Table 3.

3. Results and discussion
3.1. Crystal structure

The crystal structure of the Co,_xCu,(OH)AsO, (x=0 and 0.3)
compounds along the [0 1 0] direction is illustrated in Fig. 1. The
topological description of Co;,Cugs (OH)AsOy, is similar to that of
Co,(OH)AsQ4, with the partial Co(1) and Co(2) substituted by
Cu(1) and Cu(2), respectively. Of the two different crystal metal
positions, M(1) is fivefold coordinated by O(1), O(3) and O(4)H
oxygen atoms in approximately trigonal bipyramidal geometry,
and M(2) exhibits a distorted octahedral geometry, coordinated
by O(2), O(3) and O(4)H oxygen atoms (see Table 3). The
octahedra sharing the O(2)-0(2) and the O(4)H-0O(4)H edges give
rise to linear chains propagated along the z-axis. In addition,
the two trigonal bypiramids constitute a dimer sharing the
0O(1)-0O(1) edge. The chain of octahedra, the dimeric unit and
the AsO, tetrahedral groups share corners thereby forming a
three-dimensional network (see Fig. 1).

In the Co;7Cug3(OH)AsO, phase, the cobalt and copper
M(2) atoms are set out in elongated octahedra, with two long
apical bond distances, M(2)-0(3)' of 2.226(1) A, and four shorter
equatorial links, M(2)-0(2) of 2.074(2)A and M(2)-O(4)H of
2.064(2) A (see Table 3). The main structural difference between
the doped and undoped compounds occurs in the M(2)O4OH),
(M=Co and Cu) octahedral distortions. The doped phase exhibits
a higher distortion in the equatorial plane O(2), O(2), O(4)H, and
O(4)H due to the Jahn-Teller effect of the Cu(Il) ion giving rise to
higher angle values, [M(2)-0(4)H-M(2)] and [M(2)-0(2)-M(2)],
in the octahedral chains. The M(1) atoms are fivefold coordinated
by oxygen atoms, where the equatorial M(1)-0(1)" and M(1)-
0(3) bond distances are 2.065(3) and 2.037(2) A, respectively,
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Selected bond distances for Co,(OH)AsO4 and Coq 7Cug3(OH)AsO4 (ESD in parenthesis). Symmetry code: i=Y2—x,y—1/2, Va—z; ii=1/2—X, Va+y, 1/2—z; iii=x—1/2, V2—y,
z—1/2;iv=—%, -y, 1—z; v=x—1/2, Va—y, 1/2—2z; vi=—x, -y, —2z; vii=X, y,—z; viii=x,y, 1/2—z.

M(2)04(OH), octahedron

M(1)04(OH) trigonal bipyramid

AsQ4 tetrahedron

x=0 x=0.3 x=0 x=0.3 x=0 x=0.3
Bond distances (A)
M(2)-0(2) 2.082(4) x2  2.074(2)x2  M(1)-O(4)H 2.044(6) 2.029(3) As-0(1) 1.680(5) 1.682(3)
M(2)-0(4)H 2.059(4) x2  2.064(2)x2  M(1)-0(1) 2.090(6) 2.065(3) As-0(2) 1.676(4) 1.693(3)
M(2)-0(3) 2234(3)x2  2.226(1)x2  M(1)-0(1)i 1.977(4) 1.984(3) As-0(3) 1.685(3)x2  1.689(2) x2
M(1)-0(3) 2.023(3)x2  2.037(2) x2

Bond angles (deg.) AsOy4 tetrahedron
0(2)-M(2)-0(2) 87.0(1) 86.5(1) O(1)H-M(1)-0(1)' 75.9(3) 76.8(3) 0(1)-As-0(2) 105.7(2) 104.5(2)
0(2)-M(2)-0(3)H 97.0(1) 96.9(2) 0(1)H-M(1)-0(3) 94.8(2) x2 94.3(2) x2 0(1)-As-0(3) 110.4(1) x2 110.7(1) x2

0(2)-M(2)-0(3)" 89.8(2) 89.6(3) 0(1)i-M(1)-0(4)t 166.9(4) 167.7(4) 0(2)-As-0(3) 112.2(3) x2 112.4(4) x2
0(2)-M(2)-0(4)' 171.1(2) 171.6(2) 0(1)"-M(1)-0(3) 123.9(3)x2  1246(2)x2  0O(3)-As-0(3)"il  105.9(4) 106.1(2)
O(3)H-M(2)-0(3)H"!  170.6(2) 170.9(4) 0(3)"-M(1)-0(4) 92.5(1) x2 92.6(3) x2

0(3)H-M(2)-0(4)' 81.3(2) 82.0(2)
0(3)H-M(2)-0(4)" 91.8(2) 91.3(2)
0(4)'-M(2)-0(4)" 85.8(2) 85.7(1)

whereas the apical M(1)-0(1)% and M(1)-0(4)H bond distances
are 1.984(3) and 2.029(3) A, respectively. No major differences
between the O-M-0 bond angles of the two crystal structures
were detected (see Table 3). This result is probably due to the
small copper ion occupation (12% of the M(2)-Og polyhedra). As
was observed in the octahedral geometry, the Co;,Cugs com-
pound presents a lower degree of distortion of the M(1)O4(OH)
polyhedra. The copper occupation (24% of the M(1)-Os polyhedra)
does not seem to be enough to produce greater M(1)-0 distances,
which are normally associated to the Jahn-Teller effect.

On the other hand, the axial direction of the octahedra, O(3)-
M(2)-0(3), shows different tilt angles with respect to the x-axis,
34.93° and 36.44° for x=0 and 0.3, respectively. These factors
cause the decrease of the b parameter together with an increase
in the a parameter for the doped phase (see Table 1) is in good
agreement with that observed in the Co,_,Cu,(OH)PO4 solid
solution [25]. In addition, the distorted trigonal bipyramidal
geometry in both compounds presents two types of similar
distances, one of them with four distances of approximately
2.04 A and another one close to 1.99 A (see Table 3). The M(1)-
O(1)-M(1) angle in the dimers is almost similar (104°) in both
compounds. Finally, the arsenate group partakes in four As-O-
[2 x M] bonds [each bond links to two M(1) and/or M(2)], result-
ing in a condensed structure without any identifiable channels or
pores. The three As-O bond distances in the Co;7Cug3(OH)AsO4
phase are slightly higher than that of the non-substituted
cobalt hydroxi-arsenate compound, but their O-As-O angles are
similar in both compounds and near to the theoretical 109°
tetrahedral angle.

3.2. Spectroscopic measurements

The IR spectra of the title compounds show three distinct
features corresponding principally to the vibrations of the hydro-
xide and arsenate groups [31,41,42] (Supplementary material,
Fig. S.1). In both phases there is a sharp band at approximately
3540 cm~! together with a broad band between 3300 and
3500 cm~! attributed to a bridging O-H group. The bands
observed in the 700-1000 cm ™! region are due to the stretching
vibration modes of the AsOz~ groups. The asymmetrical stretch-
ing mode [v.s (As-0)] appears at frequencies 840 and 825 cm ™!
for Cop(OH)AsO4 and at 830 and 810 cm~! for Coq,Cugs(O-
H)AsO4. The symmetrical stretch [vs (As-0)] is detected at
frequencies 620 and 610 cm~! for the cobalt and cobalt-copper
phases, respectively. The small shift of all these signals at lower

wavelengths in the substituted arsenate is probably due to the
presence of Cu(Il) ions in the structure is in good agreement with
the structural results were higher As-O distances were observed
(see Table 3). The asymmetrical deformation vibrations [J,s(O-
As-0)] of both compounds show practically the same aspect ratio
with signals at 540 and 490 cm ! for the cobalt hydroxi-arsenate
and at 535 and 485 cm~! for the cobalt-copper phase. These
bands appear at frequencies similar to those observed for other
arsenate phases but at frequencies lower than those observed for
the homologous hydroxi-phosphates, as correspond to shorter
P-0 bond distances in the latter compounds [30,31,41,42].

The absorption bands observed in the diffuse reflectance
spectra of Co,_, Cu,(OH)AsO,4 (x=0 and 0.3) correspond to the
two different chromophores of the Co(Il) ions, with octahedral
and trigonal bipyramidal symmetries (Supplementary material,
Fig. S.2). For the CoOg chromophore of Co,(OH)AsO,, the three
spin-allowed transitions *T;g— *Tag, “Azg and *Ty4(P) appear at the
following frequencies: v;=7700, v,=15500 and v3=18020 cm~!
[29] near to the two observed in the cobalt-copper substituted
phase (v,=16100 and v3=18120cm~!). The Dq and B Racah
parameters, calculated by fitting the experimental frequencies to
an energy level diagram for an octahedral d” system [43], for the
non-substituted phase are 770 and 815 cm ™!, respectively. How-
ever, the deformation of the cobalt absorption bands due to the
presence of copper ion in octahedral geometry, with spin-allowed
chromophore transition “B;(dx*—y?)—“A”; at frequency of
8550 cm~!, complicates the determination of the Dq and B
parameters in Co; ;Cug3(OH)AsO4. The effects of the low symme-
try and the spin-orbit coupling for the Co(Il) ions (A= —180 cm !
for the free ion) in an octahedral geometry remove the degen-
eracy of the cubic T4 term, resulting in a doubled ground state.
In this way, the system may be described as having an effective
spin S=% at low temperatures (T < 30K). The CoOs trigonal
bipyramidal chromophores of Co,(OH)AsO, exhibit bands at
frequencies 5500, 6250, 7000, 10870, 16000 and 19800 cm '
attributed to the 4A’, —4A”1, 4A”5; *E”; *E'; *A’5(P) and “E”(P) spin-
allowed transitions [29]. In the Co;,Cug3(OH)AsO4 phase only
bands at frequencies of 6950, 10700 and 19850 cm~! were
observed (Supplementary material, Fig. S.2).

In both hydroxi-arsenate phases the position of these bands
are in the ranges usually found for octahedral and trigonal
bipyramidal coordinated Co(Il) compounds [23,24]. The assign-
ments are in good agreement with those obtained from electron
spin resonance spectroscopy carried out in the Zny(OH)PO4 and
Mg,(OH)AsO,4 isomorphous phases doped with Co(lII) ions [23,43].
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3.3. Magnetic measurements

DC magnetic susceptibility measurements from 2 to 300 K at
1 kOe after cooling in absence (zero field cooling, ZFC) of the
applied field for Coq7Cug3(OH)AsO,, together with the magnetic
data of the non-substituted phase are shown in Fig. 2. The molar
magnetic susceptibility of Co;;Cug3(OH)AsO4 increases from
room temperature as the temperature decreases and reaches a
rounded maximum at approximately 40 K. At low temperatures,
another magnetic signal at 20 K appears and a new inflection
point close to 7K is observed. This magnetic behaviour is
significantly different from those observed in the Co,(OH)AsO4
compound (see Fig. 2), where the y, arrives at a rounded
maximum at approximately 30 K, followed by a strong increase
in magnetic signal below 19 K and a new inflection point close to
6 K [21]. This effect can be attributed to the spin changes on the
magnetic behaviour as a result of the substitution of Co?>* (S=3/2)
by Cu?*(5=1/2) ions [44]. The comparison with its homologous
hydroxi-phospate Co;-Cup3(OH)PO4, compound shows significant
differences where only one maximum at 65K associated to the
three-dimensional antiferromagnetic interactions appears [25].

At temperatures higher than 100 K, the magnetic susceptibility
data of Co;,Cug3(OH)AsO4 follow a classical Curie-Weiss law
with an extrapolated Curie temperature, 0p,, near —64 K and Curie
constants of 3.05 emu K/mol Oe. These values are close to —62 K
and 3.26 emu K/mol Oe obtained in the Co,(OH)AsO4 compound
and other cobalt-based Cox(OH)(PO4); _x(AsO4)x phases [24]; this
is consistent with the results reported in the literature for high
spin d” Co?* ions [45]. The negative Weiss temperature together
with the decrease of the effective magnetic moment observed
when the temperature is lowered indicates that the major
magnetic interactions are antiferromagnetic. The change of cur-
vature of the susceptibility at Ty ~ 20 K in Coq 7Cug3(OH)AsO4 can
be attributed to the onset of AF order, as will be described later
from heat capacity data. These magnetic results are in good
agreement with those of the non-substituted phase, where an
exhaustive description can be found in Ref. [21].

The temperature dependence of the ZFC-FC curve in
Coq.7Cug3(OH)AsO, phase is reversible and follows the same
pathway independently of how the temperature is approached
[see inset of Fig. 2]. On the other hand, the data of Co,(OH)AsO4
do not show any difference above 15 K. Below this temperature,
the curves show a small splitting attributed to the existence of a
small ferromagnetic component [21]. These results indicate that
the introduction of Cu(Il) (S~ %) ions favours the spin decom-
pensations in the Co;,Cug3(OH)AsO4 phase, giving rise to the
breakdown of ferromagnetic coupling observed in the Co,(O-
H)AsO,4 compound [24].
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Fig. 2. Thermal evolution of the molar magnetic susceptibility () at 1 kOe for
Co2(OH)AsO4. The inset shows low temperature ZFC-FC measurements at 1 kOe.
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Fig. 3. Magnetization vs. applied magnetic field at 5 K for Co; ;Cug3(OH)AsO,4 and
Co,(OH)AsO, (inset).
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Fig. 4. Specific heat of Co,;Cug3(OH)AsO, between 1.8 and 160 K. Experimental
data (blue full dots), estimated phonon contribution (black solid line), and
magnetic contribution (red dots). Upper and lower insets show the magnetic
specific heat of Co(OH)AsO, and Co;;Cup3(OH)AsO,4, respectively, between
1.8 and 70 K. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

The magnetic field dependence of magnetization at 5K is
shown in Fig. 3. As can be seen, the magnetization curve of
Co; 7Cug3(OH)AsO, phase shows a linear dependence in the
whole applied field range studied. Furthermore, the magnetiza-
tion shows an absence both of a ferromagnetic component [in
good agreement with dc magnetic susceptibility measurements
(see inset of Fig. 2)] and metamagnetic transition, in the entire
applied field investigated. In contrast, the dependence on the
magnetization with applied magnetic field in the non-substituted
arsenate follows, between 3.5 and 40 kOe, a process in stages
characteristic of a metamagnetic transition (see inset Fig. 3) and a
small irreversibility with Hy,.x of 4.5 kOe [21]. Finally, it is worth
mentioning that the value of magnetization at 70 kOe is lower
than the non-substituted phase (0.4 pig/M ion) and quite different
from the theoretical saturation magnetic moment for this com-
pound (3.0 pg/mol). Besides, at 70 kOe, the saturation is not
reached indicating the existence of a strong anisotropy as was
observed in the homologous (Co,M),(OH)PO4 (M=Mn, Ni and Cu)
hydroxi-phosphates [24-28].

3.4. Heat capacity measurements

The specificcheat measurements of Coq7Cug3(OH)AsO,
between 1.8 and 150 K in the absence of an external magnetic
field are shown in Fig. 4. An enlargement around the magnetic
transition for the non-substituted phase has also been included
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for comparison (see inset of Fig. 5). Calorimetric measurements of
both hydroxi-arsenate compounds reveal a small maximum
(ACp,=2 and 0.2 J/JKmol) centred at 18.6 and 19.8 K for x=0 and
0.3, respectively (see Fig. 5). This anomaly does not have the
typical appearance of a second order transition of A, but it can be
associated with the establishment of a three-dimensional anti-
ferromagnetic ordering. Besides, the temperatures at which these
anomalies appear are consistent with a rounded maximum
(T~ 20 K) observed in the magnetic susceptibility measurements
of Co;7Cug3(OH)AsO, (see Figs. 2 and 5).

On the other hand, no anomalies were observed above 30 and
below 10K (see Fig. 4), which prompted us to propose that the
magnetic contributions at around 40-7 K detected in the mag-
netic susceptibility measurements (see Fig. 2) are not of a long-
range type (implying a disordered magnetism). Finally, above the
magnetic transition, the molar heat capacity (C,) increases con-
tinuously due to the phonon contribution and does not show any
tendency to saturation even up to room temperature, where the
value of C, is 160 and 166 J/Kmol for x=0 and 0.3, respectively.
These values are well distant from the expected amount accord-
ing to the Dulong and Petit law (near to 225 J/kmol) [46].
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Fig. 5. Enlargement around the Neel temperature of specific heat as a function of
temperature in the presence of external magnetic fields (H <90kOe) of
Co1.7Cup3(0OH)AsO,4 and Co,(OH)AsO, (inset).

Table 4

This result is probably due to the presence of light atoms with
very high excitation energy [21,23].

The experimental magnetic heat capacity (Cpmag) contribution
in Co;7Cug3(OH)AsO, was obtained subtracting the inferred
phonon contribution (Cppno) from the measured specific heat
(see the lower inset of Fig. 4). The exact calculation of Cpppo is
difficult due to the absence of a suitable non-magnetic isomor-
phous compound. As it was satisfactorily used for Coy(OH)AsO4
[21], an estimation of Cpphe Was obtained using the Debye model
[47] and considering the existence of two Debye temperatures,
the smaller one (6,) associated to the heavy ions (n;) such us Co,
Cu and As and the higher one (6,) associated to the O and H light
ions (9-n;). The best fit to the experimental data for T> 60K is
obtained for 6;=264K, 6,=980K and n;=3.6 ions, showing a
decrease of the Debye temperature with respect to the non-
substituted phase (0;=270K, 6,=1048 K) in good agreement
with the hydroxi-phosphate (Co,Cu),(OH)PO, solid solution [25].
Besides, apart from the small maximum (smaller that the non-
substituted phase) associated with the three-dimensional mag-
netic order observed around 19 K, another anomaly like a shoulder
circa 30 K appears in both title compounds (see insets of Fig. 4).
This kind of broad maximum, also shown in magnetic measure-
ments, could come from different origins: (i) bidimensional mag-
netic ordering, (ii) short-range magnetic interactions or (iii) a
crystalline electrical field [21]. One effect of this maximum is that
the magnetic entropy (not shown) tends to saturate well above the
magnetic transition, at around 60K in both compounds, with
values of 8.2 and 7.3 ]J/kmol for Co,(OH)AsO, and Co;;Cug;s
(OH)AsQ4, respectively.

The results of the heat capacity measurements of Co; ;Cug3(O-
H)AsO, carried out in the presence of several magnetic fields are
shown in Fig. 5. The curves reveal that the anomaly around 19 K,
associated to the three-dimensional ordering, grows and moves
toward higher temperatures (circa 1.5K) as the applied field
increases thus becoming better defined. This anomalous magnetic
behaviour is not expected in antiferromagnetic transitions where
the anomaly, due to the effect of the magnetic field, becomes
rounder and decreases in height. In our case, as was observed in
Co,(OH)AsO4 (see inset of Fig. 5), it could be associated with the
induction of commensurability in an incommensurate magnetic

Selected geometrical parameters obtained from single crystal X-ray diffraction, bond lenghts (A) and angles (deg) related to the possible magnetic superexchange
pathways for Co,(OH)AsO,4 and Co; 7Cug3(OH)AsO4 phases.

Co,(OH)AsO4 Direct distance M-M (A) Length of exchange pathway Angles (deg.)

M-0-M M-0-As 0-As-0 As-0-M
M(1)-0(1)-M(1) 3.20 4.10 104.6
M(1)-0(1)-As-0(3)-M(1) 5.57 7.53 127.0 1104 128.0
M(1)-0(4)H-M(2) 3.65 4.12 124.4
M(1)-0(3)-M(2) 3.56 4.25 114.6
M(1)-0(3)-As-0(2)-M(2) 3.56 7.51 128.0 112.0 124.6
M(2)-0(4)H-M(2) 3.06 4.16 943
M(2)-0(2)-M(2) 2.98 4.11 93.8
M(2)-0(2)-As—0(3)-M(2) 5.93 7.61 125.0 112.2 117.3
Co1.7Cup3(OH)AsO, Direct distance M-M (A) Length of exchange pathway Angles (deg.)

M-0-M M-0-As 0-As-0 As-0-M
M(1)-0(1)-M(1) 3.19 3.98 103.2
M(1)-0(1)-As-0(3)-M(1) 5.49 7.40 127.5 1108 127.6
M(1)-0(4)H-M(2) 3.65 411 124.8
M(1)-0(3)-M(2) 3.57 4.26 115.2
M(1)-0(3)-As-0(2)-M(2) 3.65 7.45 127.5 1124 125.0
M(2)-0(4)H-M(2) 3.08 4.16 96.2
M(2)-0(2)-M(2) 3.02 4.10 95.5
M(2)-0(2)-As-0(3)-M(2) 5.95 7.64 124.9 1124 1174
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structure by the effect of the magnetic field [21]. In fact,
preliminary neutron diffraction data confirm the existence of an
incommensurate magnetic structure in Co, ;Cug3(OH)AsO,4 at low
temperatures.

3.5. Magnetostructural correlations

The main magnetic exchange pathways present in the title
compounds are shown in Table 4 and Fig. 6. For both hydroxi-
arsenates, direct interactions are not negligible taking into account
their shorter metal-metal distances, between 2.9 and 3.6 A. Con-
sidering the angles in Co; 7Cug3(OH)AsOg4, both ferro and antiferro-
magnetic interactions should be observed [48]. However, the
nature of some magnetic interactions can be modified favouring
the antiferromagnetic pathways due to the substitution of approxi-
mately 15% of Co(ll) (d”) (S=3/2) by Cu(Il) (d®) (§=1/2) in the
Co,(OH)AsO, framework [21] and the slight preference of the Cu®*
ions for the M(1) trigonal bypiramidal dimers.

On the other hand, considering that the unpaired electrons in the
Co?* and Cu?* ions are in the d and d,._ ,2 orbitals, respectively,
the propagation of the magnetic interactions is disfavoured in the
dimers and both the ferromagnetic component and the geometrical
spin frustration decrease in the Co;;Cug3(OH)AsO4 phase. In con-
trast, a spin frustration between chains and dimers in Co,(OH)AsO,4
together with the appearance of ferromagnetic arrangements
between the Co(2) octahedral chains and Co(1) trigonal bipyramidal
dimers along the c-axis-modulated antiferromagnetic between sub-
nets in direction b are observed [21].

The possible exchange pathways in the Cos_Cuy(OH)AsO,4
(x=0 and 0.3) phases are (i) direct interactions involving M(1) and
M(2) sublattices, which should lead to antiferro-magnetic cou-
plings; (ii) superexchange M-O-M interactions from edge-sharing

Fig. 6. Schematic view of the exchange pathways for Co, _xCu,(OH)AsO4 (x=0 and
0.3). Orbitals involved in the pathways via oxygen bridges of edge-sharing, vertex
oxygen bridges, and arsenate groups are represented.

both in the [M(1),-0g(OH);] trigonal bipyramidal dimers and
[M(2)-04(0OH);] octahedral chains, whose angles range from
103.2° to 104.6° and from 93.8° to 96.2°, respectively, leading to
ferromagnetic interactions in both compounds (see Table 4); (iii)
superexchange M(1)-0(3)-M(2) and M(1)-0(4)H-M(2) interactions
between dimers and their neighbouring chains that could give rise
to ferro or antiferro-magnetic couplings depending on the magnetic
exchange angle and favouring the antiferromagnetic ones with the
presence of Cu(ll). The connecting point of the polyhedra through
the OH group, M(1)-0(4)H-M(2), shows angles close to 125° for
both compounds giving rise to antiferro-magnetic couplings. These
results are in good agreement with those obtained by high resolu-
tion neutron powder diffraction of the Co,(OH)AsO,4 phase [21].

It is worth mentioning that the M(1)-0(3)-M(2) (M=Co and
Cu) magnetic exchange pathway (for ferromagnetic interactions
through the xz plane) is being considered essential in the
competition between dimers and chains in order to lead a
magnetic frustration system with an incommensurate phase with
antiferromagnetic interactions sinusoidal amplitude modulated
in the Co,(OH)AsO4 phase [21]. As can be seen in Table 4, the
substitution of up to 15% of Co®* by Cu?*, Co;,Cug3(OH)AsOy,
does not affect this orthogonal accidental angle, M(1)-0(3)-
M(2) angle value of 115.2° enough, to force changes in the sense
of the magnetic interactions. Moreover, the substitution of AsOz~
by PO3~ anions in the Co,(OH)XO, (X=P and As) phases sub-
stantially modifies the magnetic exchange Co(1)-0(3)-
Co(2) angle from 114.6° to 107° for the arsenate and phosphate,
respectively, ensuring the cooperativeness of the freezing process
associated to a spin glass-like state of the Co,(OH)PO,4 phase [23].

A final possible exchange pathway is (iv) superexchange
antiferromagnetic interactions through the |AsO4| groups, which
are linked to the |M(1)Os| and |M(2)Os| polyhedra in three
dimensions. The superexchange M-0-As-O-M interactions (see
Fig. 6) could lead to a frustration in the structure, which can
favour an incommensurate magnetic structure at low tempera-
ture, as previously discussed. This last pathway also allows one to
propagate the magnetic interactions giving rise to a complex
three-dimensional magnetic system.

4. Conclusions

A new compound, Co;;Cugs3(OH)AsO4, with adamite-type
structure has been synthesized under hydrothermal conditions
and characterized by single crystal X-ray diffraction. The distribu-
tion of the Cu(ll) ions in the M(1) and M(2) sites shows a
preference (66%) for the trigonal bipyramid dimers. Single crystal
X-ray diffraction data of Co;;Cug3(OH)AsO4 show that a distor-
tion of the octahedral subunit is greater than the non-substituted
phase due to the presence of Cu(ll). This factor causes the
decrease in b parameter together with an increase in a parameter
is in good agreement with the Co,_,Cu,(OH)PO,4 solid solution.
The magnetic behaviour of the Co;;Cug3(OH)AsO4 phase shows
the existence of predominant antiferromagnetic interactions. The
spin decompensation originated by the substitution of Co®*
(5§=3/2) by Cu?* (§=1/2) play an important role in the irrever-
sibility process, with their effect on the ZFC-FC measurements
being clearly different from that observed in Coy(OH)AsO4. This
fact gives rise to a disappearance of any ferromagnetic compo-
nent, although the 3D ordering is maintained. It can be explained
by both the presence of the Cu*? (d°) ions in the octahedral and
bipyramid trigonal geometries decreasing frustration between
them and the presence of the unpaired electrons in the d.._,.
orbitals. Specific heat data for the Co;;Cug3(OH)AsO, phase
support the evidence of the three-dimensional antiferromagnetic
ordering between M?* (M=Co and Cu) ions in the low
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temperature transition and the existence of a strong magnetic
anisotropy. Besides, an unusual effect in the specific heat with the
magnetic field is observed. The weak maximum associated to the
three dimensional ordering grows with the field, it becoming
better defined. A possible explanation for this behaviour is that
the effect of the magnetic field is to induce a change in the type of
magnetic structure from incommensurate to commensurate, as
was observed in the non-substituted phase.
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