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The Co,(OH)(PO4)1_x(AsOy4)x [0=x=1] solid solution was
prepared by hydrothermal synthesis and, polycrystalline
samples characterized by X-ray powder diffraction and spec-
troscopic measurements. The cell parameters of the iso-
structural phosphate-arsenate phases follow Vegard's law in
the whole range of composition. The IR spectra are charac-
teristic of three distinct features corresponding principally to
the vibrations of both the hydroxide and tetrahedral (XO,4)*"
(X =P, As) groups together with the evolution of the intensity
of stretching [v,s (X-O)] vibration modes corresponding to the
PO, and AsO, tetrahedra in the solid solution. Diffuse reflec-
tance data show bands belonging to the octahedral and trigo-
nal bipyramidal geometries of the Co?* ions with a high de-

gree of covalence in the Co-O bonds of the arsenate phases.
Magnetization measurements of Co,(OH)(POy); «x(AsOy)y
[0=x=1] show the existence of antiferromagnetic interac-
tions with the presence of a ferromagnetic component below
the ordering temperature. Ty decreases from 71 to 19K as
the arsenate amount is increased. ZFC-FC curves show irre-
versibility just below Ty for Coy(OH)(POy)1_(AsOy)x [x = 0.1-
0.75]. The magnetic behavior of Co,(OH)(PO4)0.1(AsOy4)o.0 is
completely different from the rest of the hydroxyphosphate—
arsenate members and similar to that observed in the un-
doped arsenate compound where an incommensurate mag-
netic phase is observed.

Introduction

Mineral solid-state chemistry offers an important contri-
bution to materials science in the search for systems with
new and useful physical properties. The phosphate and ar-
senate minerals crystallize in different structures, sometimes
containing several non-equivalent sites for the metals. The
stoichiometries and a wide variety of structural types can
make them an appropriate domain to study the relation-
ships between the magnetic properties and the crystal pack-
ing features.'") Moreover, the great ability of phosphate
and arsenate frameworks to stabilize different oxidation
states favors the formation of anionic constructions with a
high degree of mechanical, chemical and thermal sta-
bility.>4

The minerals of the olivine group, with formula ABXO,,
where the phosphate and arsenate anions are mainly tetra-
hedral ligands have been known about for a long time.!
The adamite family, with formula [M,(O/OH)(XOy)], be-
longs to this group and takes its name from the natural
compound Zn,(OH)AsO,4.[®71 The mineral phases such as
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eveite, Mn,(OH)AsO,,®! libethenite, Cu,(OH)PO,,! zinc-
olibethenite; (Cu,Zn),(OH)PO,!? and synthesized com-
pounds such as (Mg Ni),(OH)AsO4 1 Coy,(OH)PO,,!?
Zn,(OH)PO,!'?! and Co,(OH)AsO,3 belong to this family.
In the past, the difficulty in obtaining these compounds as
pure phases had hindered the study of the physical proper-
ties, but in recent years hydrothermal techniques have been
successfully used to prepare them in the laboratory.l'¥]

The crystal structure of the Co,(OH)XO, (X = P,
As)l'213] phases can be described as formed by two crystal-
lographically distinct metal ions: Co(1) is fivefold coordi-
nated by O atoms in approximately trigonal-bipyramidal
geometry, with one of the apical positions occupied by OH
group; Co(2) is in octaedrally distorted geometry, with two
long apical Co(2)-O and four shorter equatorial bonds, two
of which are hydroxide groups in cis configuration (see Fig-
ure 1). The structure is built up from edge-sharing strings
of Co(2)-Og octahedra, which propagate in the c-direction.
These Co(2) chains are cross-linked (via oxygen bridges) to
pairs of edge-shared trigonal pyramidal Co(l) atoms. Fi-
nally, the anion groups [X = P, As] partake in four distinct
X-0O-{2Co] bonds [each bond links to two Co(l) and/or
Co(2)], resulting in a condensed structure without any iden-
tifiable channels or pores.

In recent years, many cobalt-insulator compounds have
attracted much attention in solid state physics due to their
interesting magnetic properties.['] For instance, the
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Figure 1. Schematic drawing of the Co,(OH)XO,4 (X = P, As) crys-
tal structure view along the |010| direction. Polyhedra are occupied
by the Co!! ions and the XO,4 groups are represented by tetrahedra.
Open circles correspond to the oxygen atoms, very small circles
show the hydrogen atoms.

Co,(OH)PO,!'®! was the first 3D antiferromagnetic ordered
phosphate with a spin glass state. This behavior has been
attributed to the coexistence of two ferromagnetic dimeric
and chain sublattices antiferromagnetically coupled. The
spontaneous static ordering of the magnetic moments at
low temperatures is caused by exchange interactions be-
tween the moments with a Co(1)-O(3)-Co(2) superex-
change ferromagnetic angle making it energetically favor-
able for them to align either parallel or antiparallel. Besides,
the existence of a geometrical frustration in the Co(1) mag-
netic moments due to the presence of antiferromagnetic in-
teractions between Co(2) neighbor chains and the anisot-
ropy of the Co'! ions favor the spin glass-like state observed
in this three-dimensional antiferromagnetic ordered
phase.'®) We have recently studied the effect of the substitu-
tion of Co?* (S = 3/2) by Ni?* (S = 1) or Cu** (S = 1/2)
ions on the nature of the magnetic anomalies at low tem-
peratures giving rise to interesting magnetic properties in
the Co, M, (OH)PO, (M = Ni, Cu) phases.'”-!8] The sub-
stitution of the PO,>~ by AsO,> anions in the Co,(OH)PO,
phase substantially modifies the magnetic exchange Co(1)-
0(3)-Co(2) angle from 107° to 116.9° for the phosphate
and arsenate, respectively relaxing the magnetic frustration
system of Co,(OH)PO, and leading to an incommensurate
phase with antiferromagnetic interactions (sinusoidal am-
plitude-modulated) in Co,(OH)AsO,.I"! In all of them the
magnetic interactions propagated via |[OH| and |XO,| tetra-
hedra (X = P, As) give rise to a three-dimensional antiferro-
magnetic coupling.

The similar ability of AsO4* and PO, tetrahedra to
stabilize anionic frameworks and the greater size of the
AsO4* anions predict some differences in the crystal pack-
ing features that modify the complex magnetic properties
exhibited in these phases. In this paper we present the syn-
thesis, spectroscopic and magnetic properties of the Co,-
(OH)(PO4);_(AsOy), [x = 0-1] solid solution in order to
understand both the evolution of the magnetic properties
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with the substitution of the PO,*" by AsO,*" ions and the
role played by the anionic groups in their complex magnetic
behavior.

Results and Discussion

Crystallographic Characterization of Co(OH)(POy);_.-
(AsOy), [0=x=1]

The X-ray powder diffraction data were used to charac-
terize the obtained Co,(OH)(POy); (AsO4), [0=x=1]
phases. Phosphate—arsenate cobalt(Il) compounds are iso-
structural with Co,(OH)XO,4 (X = P, As) and no extra dif-
fraction peaks were observed in the refinements (Figure 2).
All of them crystallize in the orthorhombic Pnnm space
group. The cell parameters (see Table 1 and Figure 3) exhi-
bit a linear variation with the phosphate substitution de-
gree, x, following Vegard’s law in the entire composition
range. Rietveld refinements have been carried out and the
results are given in the Supporting Information. Lattice pa-
rameters and cell volume increase with the gradual substitu-
tion of phosphate by arsenate ions. This result is in good
agreement with the periodic trend in radius going down
Group 15. Furthermore, the large unit cells in the arsenate
compounds (AV = 30 A3 between non-substituted phases)
could modify the main bond lengths and angles in the two
independent crystallographic sites for the cobalt and the tet-
rahedral groups corresponding to the AsO4>~ groups giving
rise to different exchange magnetic pathways.

Thermal Behavior

The decomposition curves of all compounds revealed
weight losses in two steps!!!? (see Supporting Infor-
mation). The mean loss began above 600 °C and depended
on the substitution of AsO4 by PO, (see Table 1). The de-
composition process was accompanied by other endother-
mic effects with marked peaks between 630 and 650 °C for
the phosphate—-arsenate compounds. The total weight loss
measured during this second step (see Table 1) can be at-
tributed to the loss of water obtained from the decomposi-
tion of two formula units of Co,(OH)(PO,), (AsQO,), in
good agreement with the thermogravimetric analysis of
M,(OH)XO, [X = P, As and M = Mg, Co] in air.l'-12] At
about 700 °C additional weight losses were not observed in
the thermogravimetric curves. The X-ray diffraction pat-
terns of the residues showed the presence of CoO (PDF no.
74-1657), Co3(POy4), (PDF no. 77-0225) and Co3(AsOy),
(PDF no. 80-2349) as final products.[>!

IR Spectroscopy

The infrared spectra for the Co,(OH)(POy); (AsOy),
[0=x=1] solid solution are represented in Figure 4. Three
important sets of bands, which correspond to the vibrations
of the hydroxide, phosphate and arsenate groups, can be
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Figure 2. Observed (circles), calculated (solid line) and difference (at the bottom) X-ray powder diffraction profiles for the (a) Co,-
(OH)(PO4)0.9(AsO4)0.1, (b) Co(OH)(PO4)o.75(AsO4)0.25, (€) Cor(OH)(PO4)o.5(AsO4)0.5, (d) Cory(OH)(PO4)g25(A8O04)0.75, (€) Co(OH)-
(PO4)o.1 (AsOy)g.0 and (f) Coo(OH) AsO, phases at room temperature. Vertical marks correspond to the position of the allowed reflections
for the crystallographic structure.

Table 1. Refined cell parameters, percentages of the elements found (and calculated) and thermogravimetric results for Co,(OH)(POy);_ .-
(AsOy), [0=x=1].

Co,(OH)PO,1  Co,(OH)- Co,(OH)- Co,(OH)- Co,(OH)- Co,(OH)- Co,(OH)AsO,
(PO4)o.o(AsO4)o.1  (PO4)0.75(ASO4)025  (PO4)0.5(AsOs)os  (PO4)o25(ASO4)0.75  (PO4)0.1(AsOs)o0

a [A] 8.043(1) 8.073(1) 8.110(2) 8. 121(1) 8.213(1) 8.256(1) 8.281(1)
b [A] 8.380(1) 8.402(2) 8.421(1) 8. 439(3) 8.514(1) 8.561(2) 8.586(1)
¢ [A] 5.953(1) 5.960(2) 5.976(3) 6.010(1) 6.015(3) 6.033(1) 6.038(1)
V [A3] 401.3(1) 404.3(1) 409.1(1) 410.7(1) 419.2(2) 427.1(1) 429.4(1)
% Co 51.3(1) 50.0(1) 48.2(1) 46.3(1) 44.4(1) 43.1(1) 48.7(1)
% P 12.8(1) 11.7(1) 9.6(1) 6.4(1) 2.6(1) 1.3(1) -)
% As -) 3.3(1) 7.8(1) 14.7(1) 21.6(1) 24.6(1) 29.0(1)
T [°C] second 620 640 630 680 640 650 660
step
decomposition
% Weight loss® 3.6(3.8) 4.5(3.8) 5.2(3.7) 3.9(3.6) 3.8(3.4) 4.7(3.3) 3.5(3.3)

Space group Pnnm (No. 58), Z = 4

[a] Single-crystal unit-cell parameters from Co,(OH)PO,!2: ¢ = 8.042(3) A, b = 8.369(2) A, ¢ = 5.940(2) A and ¥ = 399.8 A3 and Co,(OH)-
AsO,[13: ¢ = 8.286(2) A, b = 8.594(2) A, ¢ = 6.051(2) A and V = 430.9 A3. [b] Experimental weight loss. The calculated values are given

in parenthesis.

determined. All phases show the main features as observed
in the minerals and synthetic M,(OH)XO, (M = Mg, Zn,
Co, Cu, ... and X = P, As) compounds.l”-11:21]

The presence of a sharp vibrational band at approxi-
mately 3550 cm™! for all members of the solid solution (see
2516
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inset Figure 4) is attributed to the stretching mode of the
O-H bond and appears at a frequency similar to those ob-
served for the isomorphous adamite and olivenite com-
pounds.”-?2l The bands are progressively displaced from
3565 to 3540 cm ! as the amount of arsenate is increased

Eur. J. Inorg. Chem. 2010, 2514-2522
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Figure 3. Evolution of the lattice parameters and cell volume for
Co5(OH)(PO4);_(AsOy), [0=x=1] from X-ray powder diffraction
patterns at room temperature. The fit of variations satisfies
Vegard’s law.

due to the hydrogen bonding effects. Moreover, it is possible
to observe another weak and broad band at 3425 cm’!
which could be assigned to stretching vibrations of Co-O-
H groups as was shown in Zn,(OH)AsO,.[%71 These large
absorption bands together with the minor peak observed at
about 1650 cm™! indicate the presence of OH groups in the
crystal structure and the absence of crystal-hydrate
water?!®l in good agreement with the structural results.

As can be seen in Figure 4, the X043 (X = P, As) groups
show broad and strong bands (stretch modes) between
1200900 and 950-700 cm™! corresponding to the PO,
and AsO,* ions, respectively. In the non-substituted
phases, these bands are split in a significant way due to
the presence of three different X-O distances in the XOy,
tetrahedra (see Supporting Information). The gradual sub-
stitution of the arsenate by phosphate induces the appear-
ance of another set of bands corresponding to the stretch-
ing vibration modes of the AsO, groups. As expected, the
relative intensity of these two sets of bands increases as the
phosphate—arsenate substitution is increased.

A similar behavior is observed for the bending vibration
modes of the PO4 and AsO, tetrahedra. The bands appear-
ing in the range from 650 to 500 cm' assigned to the sym-
metrical and asymmetrical deformation modes of the phos-
phate tetrahedra can be clearly observed for the Co,(OH)-
PO, phase. Another set of bands appears in the 550 to
400 cm™' range which is attributed to the deformation
modes of the AsO, groups. The deformation vibrations
3(0—X—-0) observed below 650 cm™' are probably coupled
to the corresponding antisymmetric stretching modes of the
cobalt-oxygen bonds [v,s(Co-O)]. These bands for the Co,-
(OH)(POy4);_(AsOy4), compounds, as should be expected,
appear at lower frequencies when the PO4/AsOy ratio de-
creases as corresponds to shorter X—O (X = P and As) bond
lengths.[211

In order to estimate the amount of phosphate substituted
by arsenate in the Co,(OH)(POy),_(AsO,), [0 =x=1] solid
solution through IR spectroscopy, the relationship between

Eur. J. Inorg. Chem. 2010, 2514-2522
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Figure 4. IR spectra of the Co,(OH)(POy);_(AsOy), [0=x=1] so-
lid solution in the 1800-400 cm ! region. The inset shows the 3600
3200 cm™! range.

the stretching [v,s (X-0)] vibration modes with the compo-
sition of the XO,* (X = P and As) groups has been evalu-
ated. In this way, different measurements using 1 mg of
each phase and 300 mg of KBr for all preparations were
carried out. The maxima intensity at the wave numbers of
each phosphate and arsenate spectral bands were measured
using a baseline between 1200 and 700 cm™'. A linear varia-
tion was observed in all ranges of compositions, which is
related to the PO4/AsQO, ratio (see Figure 5). In the case of
Co,(OH)(PO4)0.5(As04)g 5, the ratio is practically 50% as
corresponds to bands with the same length. These results
are in good agreement with those obtained from the ICP-
AES and crystallographic data (see Table 1).
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Figure 5. Relationship between the stretching vibration modes with
the composition of the XO,* (X = P and As) groups.

UVI/Vis Spectroscopy

Optical data were obtained from diffuse reflectance ex-
periments at room temperature in the 5000-50000 cm !
range (see Supporting Information). The results and the as-
signments are given in Table 2. Using a simple crystal-field
approximate model corresponding to an energy level dia-
gram for an octahedral d’ system, the ligand-field splitting
parameter 10Dq and the Racah parameter B may be calcu-
lated from the energies of the two higher spin-allowed tran-
sitions.?*! The Dq and B Racah parameters for Co,OH-
(PO4)1 (AsOy), [0.1=x=0.9] are close to those of the
non-substituted compounds (see Table 2) [Dq = 720 cm ™!
and B = 875 cm™! for Co,(OH)PO,!'®! and Dq = 780 cm!
and B = 815cm™! for Co,(OH)AsO,4,['! respectively]. The
Dq value increases as the arsenate amount is increased in
the solid solution showing the ligand-field effect of the
arsenate group.

Finally, the estimated Racah parameter B in Co,(OH)-
(PO4)1_(AsOy), [0=x=1] solid solution is lower than the
free ion (B = 971 cm™!). The percentage of reduction of pa-
rameter B is about 90 and 84 for cobalt phosphate and
arsenate respectively, but typical for Co>* ions in distorted

octahedral environments. The B parameter evolution sug-
gests a higher degree of covalence in the Co—O bonds in the
arsenate compounds due to the effect of the interatomic
Co-O-X (X = P, As) distances in octahedral symmetry.

On the other hand, the trigonal bipyramid chromophore
exhibits bands that can be assigned to the five spin-allowed
transitions *A, — *A,", *A,", *E,", “E’, “E"(P) of the Co!!
ions in a trigonal bipyramidal environment. All spectra
show similar resolution bands to those observed in the non-
substituted phases (see Table 2). The position of the bands
and their assignment values are in the ranges usually found
for octahedral and trigonal bipyramidal coordinated Co'!
compounds.['®?3 Furthermore, these results are in good
agreement with those obtained by Foglio et al.?* in powder
Zn,(OH)PO, and Mg,(OH)AsO, isomorphous phases
doped with Co™ ions where the electron spin resonance
measurements confirm the existence of two different Co'!
chromophores.

Magnetic Properties

The thermal evolution of the molar magnetic suscep-
tibility (field cooled-FC and zero field cooling-ZFC) for the
Co,(OH)(POy); (AsOy), [0=x=1] powdered samples is
shown in Figure 6 and Figure 7. The main magnetic data
are summarized in Table 3. The ZFC molar susceptibility
(xm) at 1 kOe shows two distinct behaviors depending on
the amount of the substituted XO,4* (X = P, As) anion. The
xm Of the cobalt hydroxyphosphate, Co,(OH)PO,, increases
from room temperature and reaches a first maximum at ap-
proximately 70 K attributed to the three-dimensional long-
range order.['® The partial substitution of PO, by AsO,*"
anions leads to a decrease in the antiferromagnetic ordering
temperature with the new Ty values of 63, 58, 45 and 40 K
for 0.1, 0.25, 0.5 and 0.75 arsenate compositions, respec-
tively (Figure 6). Furthermore, magnetization measure-
ments of the Co,(OH)PO, phase reveled the presence of a
second maxima near to 15 K that was attributed to a spin

Table 2. Diffuse reflectance data of Co,(OH)(POy), (AsO,), [0=x=1]. The non-substituted phases are included for comparison.

Co'l, d7 (Oy)

Ty — 4T, A, 4T 14(P) B [cm ] Dq [cm '] % Reduction
Co,(OH)PO, [10] 8450 15450 18350 875 720 90.1
Co,(OH)(POy4)g.9(AsO4)g.1 8400 15730 18430 861 733 88.6
Co5(OH)(PO4)g.75(AsO04)0.25 8360 15710 18400 842 735 86.7
Co,(OH)(PO4)g 5(AsOy4)0 s 8340 15740 18390 835 740 86.0
Co5(OH)(PO4)g»5(AsO04)0.75 8360 15840 18380 829 748 85.4
Co,(OH)(PO4)g.1(AsOy4)0.9 8310 15450 18100 824 764 84.8
Co,(OH)AsO, 'l 7700 15500 18020 815 780 83.9

Co"l, d7 (BPT)

4A/2 — 4A”1, 4A//2 4Err2 4E/ 4A/2(P) 4Err(P)

Co,(OH)PO, [10] 6400 7000 11100 15800 19600
Co5(OH)(PO4)g.9(AsOy4)0.1 6960 10900 15730 19600
Co5(OH)(PO4)g.75(AsO04)0.25 6960 10890 15710 19680

Co,(OH)(PO4)g 5(AsOy4)0 5 6900 10920 15740 19710
Co5(OH)(PO4)g55(AsO04)0.75 6940 10830 15840 19640
Co,(OH)(PO4)g.1(AsOy4)0.9 6160 6920 10800 15450 19770

Co,(OH)AsO, 'l 5000 6250 10870 16000 19800

2518 WWW.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 2514-2522
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Figure 6. Thermal evolution of the molar magnetic susceptibility
(zero field cooling-ZFC) at 1kOe for Co,(OH)(POy);_(AsOy).
[0=x=1] below 150 K. The inset shows the composition depen-
dence of the long-range ordering temperature.
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glass-like state.l'®! The substitution of 10% of PO, by
AsO,4* ions in the solid solution saw the disappearance of
this maximum. However, below 20 K, an increase of the
molar magnetic susceptibility in Co,(OH)(PO,4); (AsOy).
[x = 0.1-0.75] phases is observed as temperature decreases.
This result could be associated to the presence of a ferro-
magnetic component in an overall antiferromagnetic behav-
ior.

In the case of Co,(OH)(PO4).1(AsOy)p9, a similar be-
havior to that of the arsenate compound, Co,(OH)AsO,,!"]
is observed (see Figure 6). The y,, increases as the tempera-
ture falls below room temperature and reaches a rounded
maximum at approximately 30 K that could be attributed
to different origins: i) bidimensional magnetic ordering, ii)
short-range magnetic interactions or iii) a crystalline electri-
cal field.l'7 Below 22 K, a strong increase in the magnetic
signal is observed and this can be associated to the three-
dimensional antiferromagnetic ordering as in the case of the
arsenate compound.!'®l However, the inflexion point located
close to 6 K in the Co,(OH)AsO, phase disappears with the
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Figure 7. Low-field ZFC-FC magnetic susceptibility of (a) Co,(OH)(PO4)o o(AsO4).1, (b) Cor2(OH)(PO4)g.75(AsO04)g 25, (€) Cor(OH)(PO4)o 5-
(AsOy)g.5, (d) Cor(OH)(POy4)0.25 (AsOy)e.75 and (e) Cor(OH)(PO4)o.1(AsOy4)0.0 phases performed at an applied field of 1 kOe. The insets
show low temperature ZFC and FC measurements at 1 kOe of (a) Co,(OH) POy, (d) Co,(OH)AsO, and (e) Co,(OH)(POy4)o 1(AsO4).9
phases. T, is the temperature at which the irreversibility begins to develop.
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Table 3. Selected magnetic data for the Co,(OH)(PO,); (AsOy), [0=x=1] compounds. The phosphate and arsenate non-substituted

cobalt compounds are included for comparison.

Compound T [K] Cy, [emuK/molOe] 0, [K] Hegr [UB] Reference
Co,(OH)PO, 71 3.59 - 63.5 5.36 tel

Co,(OH)(PO4)0.9(AsO4)0 1 63 3.57 -71.7 5.34 this work
COz(OH)(PO4)075(ASO4)025 58 3.47 —68.1 5.27 this work
Co,(OH)(PO4)o.5(AsO4)0.5 45 3.36 -73.8 5.18 this work
COz(OH)(PO4)025(ASO4)O75 40 3.35 -78.9 5.17 this work
Co,(OH)(PO4)0.1(AsO4)0.9 22 3.28 -77.0 5.12 this work
Co,(OH)AsO, 19 3.26 -61.9 5.10 {9

substitution of 10% of AsO,> by PO,* ions. These
changes show the important effect of the anion on the mag-
netic behavior of these phases.

At temperatures higher than 100 K, the magnetic suscep-
tibility data of the solid solution follow a Curie—Weiss law
with Curie constants between 3.59 and 3.26 emuK/molOe
and Weiss temperatures, ¢, near —70 K (Table 3). The s
value of the solid solution decreases from 5.36 to 5.10 pg;
which is consistent with the literature report for high spin
d” Co™ ion.”! The negative temperature intercepted to-
gether with the decrease of the effective magnetic moment
observed when the temperature is lowered are in good
agreement with the predominance of antiferromagnetic in-
teractions between neighboring Co'! ions in these com-
pounds.[16-19]

The ZFC-FC curves at 0.1 T are given in Figure 7. For
the Co,(OH)(POy4);_(AsOy4), [0.1=x=0.75] samples, a
paramagnetic behavior without any difference between
ZFC and FC magnetization is observed at temperatures
above Tn. In contrast, a significant irreversibility begins to
develop at T = T; it being close to Ty. These results are
quite different from those shown for the non-substituted
phosphate phasel'® [see inset Figure 7 (a)] in which the irre-
versibility only appears below its freezing temperature, 7%
Moreover, the lack of ZFC-FC reversibility of the Co,-
(OH)(POy4);_(AsOy), [0.1 =x=0.75] phases is also a char-
acteristic of the magnetic behavior of other bimetallic phos-
phates such as (Co,M),(OH)PO, (M = Ni, Cu),['718] which
was attributed to the presence of ions with different spin
[Co™ (S = 3/2); Ni'l (§ = 1) and Cu'! (S = 1/2)].

The magnetic behavior of the Co,(OH)(PO4);_(AsOy).
(x = 0.9, 1) phases presents significant differences in the
thermal evolution of the molar magnetic susceptibility with
respect to the other members of the solid solution [see insets
in Figure 7 (d) and (e)] under a magnetic field of 0.1 T. The
FC curve in both compounds is practically reversible and
follows the same pathway independently of how the tem-
perature is approached. At temperatures higher than 12 K
no differences between zero field cooled and field cooled
magnetization were observed. Below this temperature, the
ZFC-FC curves show a small splitting characteristic of fer-
romagnetic interactions as was shown in the non-substi-
tuted cobalt-arsenate phase in which saturation is not
reached even up to 90 kOe.!'! Finally, the disappearance of
the inflexion point close to 6 K observed in Co,(OH)AsO,
with a slight amount of PO, substitution (10%) reveals
2520
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changes in the magnetic ordering that could be associated
with variations in the magnetic pathways of the incommen-
surate magnetic structure of the Co,(OH)AsO, phase.['”]

The thermoremanent magnetization (TRM) of the Co»-
(OH)(PO,4);_(AsO,), solid solution, as a function of tem-
perature is given in Figure 8. The remanent magnetization
(Mr) curves were measured at H = 0 after cooling from
T> Ty to 4.2 K with a magnetic field of 0.1 T. The TRM
curves depend on the PO4/AsO, ratio, showing a direct rela-
tionship with the temperature in which the paramagnetic
state is reached (Mr = 0 emu/mol). The remanent magne-
tization values for Co,(OH)PO, decreases as the tempera-
ture increases up to 7 K where an up-turn is observed.!¢!
After a small maximum at 7= 13 K (Mr = 34 emu/mol) the
TRM strongly decreases and then, between 20 and 50 K,
the remanent magnetization stays practically constant with
a value of 5emu/mol. By increasing the temperature to
higher than 70 K, the remanent magnetization falls to zero,
as corresponds to a paramagnetic state. The partial substi-
tution of PO, by AsO,>" anions leads to a decrease in the
paramagnetic state down to 63, 58 and 45 K for x = 0.1,
0.25 and 0.5 arsenate compositions, respectively. In these
compounds the TRM starts to increase below T and then
remains almost constant down to 4.2 K. This behavior
shows that the intensity of the ferromagnetic component is
virtually independent of the temperature. The Co,(OH)-
(PO4)o.»5 (AsO4).75 phase initially presents a similar behav-
ior to that observed in the Co,(OH)(POy);_, (AsOy), (x =
0.1, 0.25 and 0.5) phases exhibiting a maximum at 24 K
(Mr = 35 emu/mol). However, from this temperature to 4 K
the TRM presents a continuous drop in the Mr values with-
out a region of constant remanent magnetization. In the
Co,(OH)(POy)o.1(AsO4)9. 9 phase (see inset in Figure 8), sur-
prisingly, the remanent magnetization is very weak (Mr =
1 emu/mol) taking into account that the maximum reman-
ent magnetization of Co,(OH)(POy)g -5 (AsOy)g 75 is twice
as intense as that observed in the other phosphate—
arsenates of the solid solution. Finally, as was expected,
Co,(OH)AsO, presents a similar TRM behavior to that ob-
served in Co,(OH)(POy)o 1(AsOy4)g9. Both compounds
show a continuous decrease of the remanent magnetization
with increasing temperature up to 6 K [from 1.2 and 4 to
0.5 and 2emu/mol for Co,(OH)(POy,) 1(AsOy4)9o and
Co,(OH)AsOy,, respectively]. At about 10 K a new decrease
in the remanent magnetization is observed reaching the
paramagnetic state at approximately 12 K.
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Figure 8. Temperature dependence of the thermoremanent magne-
tization (TRM) for Co,(OH) (PO,4); (AsOy), [0=<x=1]. The inset
shows an enlargement of the TRM curve of Co,(OH)(POy)o ;-
(AsO4)o.0-

The existence of a remanent magnetization different from
0 below Ty in the Co,(OH)(POy),_, (AsOy), (x = 0.1, 0.25,
0.5 and 0.75) reflects the existence of a ferromagnetic com-
ponent. In fact, the magnetization variation with the mag-
netic field at 7= 5 K shows a small hysteresis loop in which
the Hc and Mr values are lower that 50 Oe and 30 emu/mol,
respectively (see Figure 9). At this temperature saturation is
not reached, as was observed in (Co,M),(OH)PO, (M =
Mn, Ni and Cu).['6-18:26] Therefore, the weak ferromagnetic
coupling shown in Co,(OH)PO,'® remains until there is a
75% substitution of arsenate, developing into a magnetiza-
tion in different stages for higher arsenate concentration, as
was observed in the Co,(OH)AsO, phase.l']
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Figure 9. Magnetization vs. applied magnetic field at 5 K of Co,-
(OH)(PO4)g.»5(As04)0 75 phase. The inset shows an enhancement of
the low-field region.

In summary, the magnetic behavior of the Co,(OH)-
(POy4)1_(AsOy), [0=x=1] phases shows a magnetic evol-
ution from a three-dimensional antiferromagnetic system
with a spin glass state, Co,(OH)POy, to an incommensurate
antiferromagnetic ordering at lower temperature, in
Co,(OH)AsO, phase. In order to understand the change
of the magnetic behavior as the amount of AsO,> ions is
increased, neutron diffraction measurements are necessary.
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Preliminary results show that the antiferromagnetic com-
mensurate structure observed in the Co,(OH)PO, phase re-
mains stable up to x = 0.75 substitution, changing into an
incommensurate antiferromagnetic structure along the b di-
rection for higher arsenate substitutions.

Conclusions

A solid solution, Co,(OH)(POy4); (AsOy), [0=x=1],
with adamite-type structure has been synthesized under hy-
drothermal conditions. Rietveld analysis suggests an evol-
ution of the unit cell parameters following Vegard’s law in
the entire composition range. The IR spectra show the evol-
ution of the bands corresponding to the PO, and AsQO, tet-
rahedra, making it possible to obtain the amount of them in
each phase following the intensity of the stretching vibration
modes [v(X-O)] from the XO, groups. Spectroscopy study
by diffuse reflectance reveals the existence of bands which
can be adscribed to the two coordination polyhedra, octahe-
dral and trigonal bipyramidal. In the case of the octahedral
environments, the values of the Dg and B parameters are
characteristic of Co' ions showing a significant degree of
covalence in the cobalt-oxygen bonds. The hydroxyphos-
phate—arsenate cobalt(Il) phases exhibit a complex magnetic
behavior with a 3D antiferromagnetic ordering and mag-
netic anomalies at low temperatures. The spin glass-like state
observed in Co,(OH)PO, at low temperatures disappears as
the introduction of AsO,4 groups is increased. The substitu-
tion of PO,> by AsO,> ions decreases the magnetic order-
ing temperature, there appearing a magnetic irreversibility
at approximately the Neel temperature. However, in the Co,-
(OH)(POy4)o 9 (AsOy)g.1 phase, a small irreversibility appears
at about 10 K, which is lower than the Neel temperature
(Tn = 22 K), showing similar behavior to that observed in
Co,(OH)AsQ,, where an incommensurate phase appears be-
low 20 K. The existence of remanent magnetization below
the ordering temperature up to 75% substitution of PO, by
AsOQy reflects the presence of ferromagnetic interactions in
these compounds giving rise to magnetization in different
stages in the Co,(OH)AsO, phase.

Experimental Section

Synthesis and Structural Characterization: The Co,(OH)(POy);_,-
(AsOy), [0=x=1] compounds were prepared by hydrothermal
synthesis. The Co3(X04),*8H,0 (X = P, As) precursors were syn-
thesized by adding dilute solutions of H3PO, and As,Os with
CoCly'nH,0 following a method previously described.?”-?8] Due to
the low solubility of the Co'!-hydrated arsenates, solutions with pH
values in the 6-8 range and long reaction times were needed to
obtain the precipitates. A mixture of stoichiometric amounts of
Co05(X04),*8H,0 (X = P, As) was used as the starting compounds.
Approximately 0.2 g of these precursors were disgregated in 35 mL
of water and placed in a poly(tetrafluoroethylene)-lined stainless
steel container under autogenous pressure generated by a tempera-
ture of about 170 °C for one week. Microcrystalline purple pow-
dered samples were obtained and recovered by filtration, washed
with distilled water and ethanol and dried with P,Os for 24 h. The
content of the Co, P and As was determined by inductively coupled
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plasma atomic emission spectroscopy (ICP-AES) performed with
an ARL Fisons 3410 spectrometer. The results are given in Table 1
and are consistent with the stoichiometries of: Co,(OH)(POy).9-
(AsO4)o.1; Cox(OH)(PO4)0.75(A804)0 255 Co2(OH)(PO4)o.5 (AsO4)o.s;
Co,(OH)(PO4)0.25(As04)0.75 and Cox(OH)(PO4)o.1(AsO4)o.o-

The X-ray powder diffraction data were used to evaluate the purity
of the phosphate-arsenate products obtained in the synthesis. The
powder diffraction patterns of Co,(OH)(PO,); (AsOy), [x = 0-1]
were recorded on a Philips X'Pert-MPD x-ray diffractometer in
Bragg—Brentano geometry, using graphite-monocromated Cu-K,, ra-
diation. The data collection took place in the 10-90° 26, every 0.02°,
with 16 seconds per step. The data were fitted using the pattern
matching routine of the program FULLPROFE/*! in orthorhombic
cells with the Pnnm space group, as previously determined from sin-
gle crystal data by Harrison et al.'?l and Riffel et al.l'®l for the
Co,(OH)PO,4 and Co,(OH)AsO, phases, respectively. The X-ray re-
fined unit-cell parameters are shown in Table 1. The experimental,
calculated and difference XRD patterns of the Co,(OH)(POy);
(AsOy), [x = 0-1] polycrystalline samples are shown in Figure 2.

Physicochemical Characterization Techniques: The thermogravime-
tric (TGA) and differential thermal analyses (DTA) of Co,(OH)-
(PO4)1_(AsOy), [x = 0-1] were performed on a computer-con-
trolled Perkin—Elmer TGA-DSC System 7 thermobalance. 100 mg
of each sample were heated in air with a heating rate of 5 °C min™!
from 25 to 800 °C.

Spectroscopic  measurements  of  Co,(OH)(POy); (AsOy),
[0=x=1] were studied by both infrared and diffuse reflectance
data. The IR spectra (KBr pellets) were obtained with a MATT-
SON 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 (dc) of polycrystalline sam-
ples were performed using a Quantum Design MPMS-7 SQUID
magnetometer whilst heating from 2K to 300 K in an applied
magnetic field of 0.1 T, after cooling either in the presence (field cool-
ing-FC) or absence (zero field cooling-ZFC) of the applied field.
Magnetization as a function of field (H) was measured using the
same MPMS-7 SQUID magnetometer in the range 7<= H/T<7 at
a temperature range of 5-100 K after cooling the sample in zero field.

Supporting Information (see also the footnote on the first page of
this article): Thermogravimetric and absorbance spectra, X-ray and
IR data.
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