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Abstract
Compounds of the general formula Co2−xNix(OH)PO4 (x = 0.1, 0.3)
have been synthesized under mild hydrothermal conditions. Neutron powder
diffraction, susceptibility and heat capacity measurements were carried out
on polycrystalline samples. The cobalt–nickel compounds are ordered as
three-dimensional antiferromagnets with ordering temperatures of 70 and
64 K for x = 0.1 and x = 0.3, respectively. The magnetic study
shows a spin glass-like state below 11 and 5 K for Co1.9Ni0.1(OH)PO4 and
Co1.7Ni0.3(OH)PO4, respectively. Specific heat data present peaks at 68 and
61 K for Co1.9Ni0.1 and Co1.7Ni0.3, respectively. These peaks show broad
shoulders between approximately 15 and 40 K. The lack of any distinguishable
anomaly below 10 K supports the spin glass nature of the low temperature
transitions. Refinement of room temperature neutron diffraction data indicates
that the Ni(II) ions are in octahedral co-ordination with the practical absence
of these ions in the trigonal bipyramidal sites. The magnetic structures
of Co2−xNix(OH)PO4 consist of ferromagnetic arrangements between the
octahedral chains and trigonal bipyramidal dimers within the xz plane with
the magnetic moments along the z axis. The ferromagnetic layers are
disposed antiparallel to one another along the y direction establishing the three-
dimensional antiferromagnetic order (TN ≈ 70 K for Co1.9Ni0.1 and ≈64 K
for Co1.7Ni0.3). The different exchange pathways, the anisotropy of the Co(II)
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ions and the frustration of the magnetic moments in the trigonal bipyramidal
geometry could be responsible for the freezing process.

M Supplementary data files are available from stacks.iop.org/JPhysCM/18/3767

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since spin glass (SG) behaviour was discovered in diluted magnetic alloys in the 1970s [1, 2]
interest in the study of this phenomenon has steadily increased. Nowadays, many magnetic
systems present macroscopic behaviour that resembles that of canonical spin glasses and the
terms spin glass (SG), spin glass-like or cluster glass frequently appear in the literature [3–13].
The first kind of system to be studied widely consisted of dilute solutions of magnetic transition
metal impurities in a noble metal host [14, 15]. Canella and Mydosh showed that the ac
susceptibility presents a sharp cusp which is generally associated with a SG transition [16].
The appearance of SG signatures in the macroscopic properties of more concentrated magnetic
systems caused controversy about the real nature of the transition due to the formation of
clusters, which could interact with each other in different ways. This controversy remains in
phases such as the granular giant magnetoresistance (GMR) alloys [3], perovskites [4] and
Kondo compounds [5, 6]. Frustration and randomness are the basic requirements for SG,
and therefore the appearance of SG behaviour in dense magnetic compounds with crystalline
structures, such as URh2Ge2 [7] or U2IrSi3 [8], has attracted much attention in recent years. The
term ‘non-magnetic atom disorder spin glasses’ has been coined for this family of materials [9].

The possible coexistence of long range magnetic order and SG behaviour with the
existence of ferromagnetic spin correlations, which persist into the SG regions, has been
proposed but not conclusively demonstrated [17]. The re-entrant SG behaviour, in which the
material is first ferromagnetic and then, on decreasing the temperature, transforms into a SG
state, has been found in crystalline [10, 11] and amorphous [12] compounds. The opposite
behaviour, from SG to ferromagnetic with decreasing temperature, has recently been found in
CeNi1−x Cux [13]. The coexistence of antiferromagnetism and SG has been clearly observed
in disordered systems such as Fe0.55Mg0.45Cl2 [18] and Fex Mn1−xTiO3 [19] where a random
distribution of Fe–Mg or Fe–Mn appears.

We have recently discovered the coexistence of AF and SG in a magnetically ordered
system, the phosphate Co2(OH)PO4. This is the first three-dimensional antiferromagnetic
phosphate (TN ≈ 71 K) with a spin glass state below Tf ≈ 15 K [20]. This compound belongs
to the mineral adamite-type M2(O/OH)XO4 (M = Zn, Mg, Mn, Co, Cu . . .) (X = P, As . . .)
[21–27] family which exhibits a considerable number of structures that can give rise to
potential applications and interesting properties such as magnetism, heterogeneous catalysis,
ion exchange, optics and thermal expansion [28–30]. The hydroxyphosphate group of materials
has been known for many years, but some of them have never been prepared in the laboratory
as pure phases. Recently, hydrothermal techniques based on the control of temperature and
pressure within the reaction medium have been shown to be a good for the attainment of
pure phases [31–34]. The crystal structure of the adamite mineral Zn2(OH)AsO4 [21] can be
described as being formed by two crystallographically distinct metal ions sited in two different
topologies, with the octahedra [Zn(2)O4(OH)2] giving rise to linear chains and the trigonal
bipyramids [Zn(1)O4(OH)] forming dimeric entities (see figure 1). The condensed three-
dimensional framework is obtained by the linking of edge-sharing [MO4(OH)2] octahedra and
distorted [MO4(OH)] trigonal bipyramids and [XO4] tetrahedra.

http://stacks.iop.org/JPhysCM/18/3767
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Figure 1. Polyhedral view of unit cell packing of (Co, Ni)2(OH)PO4 along the |001| direction.
Light and dark polyhedra are occupied by Co(1), Co(2) and nickel ions. Tetrahedra have not been
shown for clarity.

The complex magnetic behaviour in Co2(OH)PO4 is attributed to the existence of two
antiferromagnetically coupled ferromagnetic dimeric and chain sublattices. The geometrical
frustration, together with the anisotropy of the Co(II) ions and the magnetic exchange pathways,
could be responsible for the spin glass behaviour. The substitution of Co2+ (S = 3/2) by
Ni2+ (S = 1) cations should create additional randomness in the magnetic interactions and
give rise to interesting variations in the magnetic properties of Co2(OH)PO4. In order to
determine the nature of the main magnetic interactions in this type of compound we have
studied the magnetic properties of two cobalt-substituted phosphates with the general formula:
Co2−xNix(OH)PO4.

2. Experiment

Polycrystalline Co2−x Nix(OH)PO4 (x = 0.1, 0.3) was synthesized hydrothermally.
Stoichiometric (Co, Ni)3(PO4)2·8H2O precursors were prepared following a method
previously described [35]. These hydrated cobalt–nickel phases were heated at approximately
180 ◦C in a 90% filled Teflon-lined stainless steel autoclave [32]. It has been verified that
the highest degree of nickel substitution obtained was approximately 15%. The contents
of cobalt, nickel and phosphorus were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) performed with an ARL Fisons 3410 spectrometer and were
consistent with the Co1.9Ni0.1(OH)PO4 and Co1.7Ni0.3(OH)PO4 stoichiometries.

Room temperature x-ray powder diffraction data were obtained in the 10◦ � 2θ � 90◦
range in steps of 0.02◦ with an integration time of 16 s per step using a Philips X’Pert-MPD
x-ray diffractometer with secondary beam graphite monochromated Cu Kα radiation. Neutron
powder diffraction data were collected at 2 and 298 K on Instrument D2B at the Institut Laue–
Langevin (ILL), Grenoble, France. Thermal neutrons were incident on 5 g of polycrystalline
Co2−xNix(OH)PO4 (x = 0.1, 0.3) compounds, packed in a cylindrical vanadium container
and held in a liquid helium cryostat. The high resolution of D2B was used to obtain structural
data for Co1.7Ni0.3(OH)PO4 at room temperature over a large angular range 10◦ � 2θ � 150◦
in steps of 0.05◦ with an integration time of 50 000 monitor counts per step and with each
point in the diffraction pattern being recorded by six independent detectors for subsequent
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normalization and summation, giving an overall collection time of approximately 3 h for the
entire data set.

Temperature dependent neutron powder diffraction data were collected on Instrument
D1B at the ILL. Data were collected every 5 K from 1.8 to 100 K over the angular range
10◦ � 2θ � 90◦. D1B has a 400-element linear multidetector spaced every 0.2◦ covering an
angular range of 80◦, which allowed measurement of the magnetic peaks. This enabled the
magnetic structures to be determined throughout the entire temperature region of interest. The
Rietveld method [36] was used to refine the crystal and magnetic structures. All the data, from
x-ray as well as from neutron diffraction, were analysed using the FULLPROF [37] program
suite. The magnetic and nuclear structures were refined simultaneously. The background was
fitted to a polynomial refinable function. The D1B patterns were refined sequentially, taking
as the starting parameters of each pattern those resulting from the refinement of the preceding
one. A pseudo-Voigt function was chosen to generate the line shape of the diffraction peaks.

DC magnetic susceptibility measurements of powdered samples were performed using
a Quantum Design MPSM-7 SQUID magnetometer whilst heating from 4.2 to 300 K 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 −70 � H/kOe �
70 in the temperature range of 5–100 K after cooling the sample in zero field. AC magnetic
susceptibility measurements were made using a standard Quantum Design Physical Property
Measurement System (PPMS) with an alternating excitation field (Hac) of 1 Oe. Data were
recorded from 1.8 to 100 K as a function of both frequency and applied DC magnetic field.
Frequencies between 10 and 104 Hz were measured in the absence of an applied field and field
dependent data were collected at a fixed frequency of 1000 Hz with applied fields from 0 to
2 kOe. Heat capacity measurements were carried out by a two-tao relaxation method using the
same PPMS system. The sample was a plate of thickness 0.3 mm and ≈5 mg weight obtained
by compressing the original polycrystalline powder. Data were collected with zero field and
under an applied field of 90 kOe from 1.8 to 150 K. The phonon contribution, modelled by two
independent Debye spectra, was subtracted to give the magnetic specific heat, Cpmag .

3. Results

3.1. Room temperature structure

The x-ray powder diffraction data were used to evaluate the purity of the products obtained in
the synthesis. No unindexed diffraction peaks were observed in the final refinements, leading
to the conclusion that the results obtained correspond to pure phases. To study the crystal
structure of Co1.7Ni0.3(OH)PO4, the room temperature D2B powder neutron diffraction pattern
was refined using the Rietveld method, taking as starting models the x-ray single crystal data
of Co2(OH)PO4 reported in [26]. The observed, calculated and difference neutron powder
diffraction data for Co1.7Ni0.3(OH)PO4 are shown in figure 2. The room temperature structural
parameters and the reliability factors from D2B data refinements are summarized in table 1.
There is no significant mismatch between the observed intensity and the calculated profile,
which is generated from the model crystal structure in table 1. The data obtained from the
Rietveld fits at 2 and 100 K of Co1.7Ni0.3(OH)PO4 are similar to those of the room temperature
structure. These results are in agreement with those obtained for the unsubstituted phase,
Co2(OH)PO4 [20].

No high resolution D2B neutron diffraction data were available for Co1.9Ni0.1(OH)PO4,
but using the D1B data at 100 K and from the previous study of Co1.7Ni0.3(OH)PO4, reasonable
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Figure 2. Observed (circles), calculated (solid line) and difference (at the bottom) neutron
diffraction (D2B, ILL) profiles of Co1.7Ni0.3(OH)PO4 at room temperature. The tick marks denote
allowed crystal structure reflections.

Table 1. Details of Rietveld refinements from neutron diffraction patterns at room temperature and
100 K for Co2−x Nix (OH)PO4 (x = 0.1, 0.3), respectively.

Compound Co1.7Ni0.3(OH)PO4 Co1.7Ni0.3(OH)PO4 Co1.9Ni0.1(OH)PO4

Space group Pnnm (No. 58) Pnnm (No. 58) Pnnm (No. 58)
a (Å) 8.0206(2) 8.008(1) 8.030(1)
b (Å) 8.3646(2) 8.365(2) 8.386(2)
c (Å) 5.9403(1) 5.937(1) 5.952(1)

V (Å
3
) 398.53(1) 397.7(2) 400.8(1)

Instrument D2B (ILL) D1B (ILL) D1B (ILL)
T (K) 300 100 100
Radiation (Å) 1.5938 2.525 2.525
Monochromator Ge(335) Ge(311) Ge(311)
Z 4 4 4
2θ range (deg) 10–148.5 10–84 10–84
2θ step-scan increment (deg) 0.05 0.2 0.2
No. of reflections 403 39 39
No. of parameters 71 26 a 42
Reliability factor (%)
Rp = �|yi,obs − (1/c) yicalc|/�yi,obs 14.0 23.8 23.2
Rwp = [�wi |yi,obs − (1/c)yi,calc|2/ 12.1 14.8 14.0
�wi [yi,obs]2]1/2

RB = [�|Iobs–Icalc|/� Iobs 3.8 6.1 4.96
χ2 1.11 1.30 1.23

a Atomic co-ordinates were not refined.

refinements of the nuclear structure of the Co1.9Ni0.1 compound were obtained (see table 1).
The phases show small differences in the lattice parameters due to the larger radius of the
Co2+ ions.
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Table 2. Main magnetic data of the Co2−x Nix (OH)PO4 (x = 0, 0.1 and 0.3) hydroxyphosphates.

m (µB)a

T ∼ 2 K
Cm µeff (µB)

Compound TN (K) Tf (K) (cm3 K mol−1) θ (K) T = 300 K M(1) M(2) Ref.

Co2(OH)PO4 71 15 3.59 −63.5 5.36 3.39 3.84 [20]
Co1.9Ni0.1(OH)PO4 70 11 3.21 −57.6 5.07 2.91 3.56 This work
Co1.7Ni0.3(OH)PO4 64 5 2.63 −48.3 4.59 2.93 3.19 [32], this work

a From neutron diffraction.

In the Co1.7Ni0.3(OH)PO4 compound, the M(2) atoms exhibit an elongated octahedral
geometry with two long apical bond distances, M(2)–O(3)i of 2.254(2) Å, and four shorter
equatorial links, M(2)–O(2) of 2.078(4) Å and M(2)–O(4)H of 2.015(4) Å in the cis
configuration (supplementary material available at stacks.iop.org/JPhysCM/18/3767). O(1),
O(2) and O(3) atoms bond to two metal (Co, Ni) ions and one phosphorus atom, while O(4)
is linked to three distinct metal ions, as well as to a proton (OH group). The M(1) atoms
are fivefold coordinated by oxygen atoms in an approximately trigonal bipyramidal geometry.
The equatorial M(1)–O(1)ii and M(1)–O(3) bond distances are 2.096(6) Å and 2.011(4) Å,
respectively, whereas the apical M(1)–O(1)iii and M(1)–O(4)H bond distances are 1.988(6)
and 2.027(8) Å, respectively. The axial and equatorial O–M(2)–O mean angles in the MO6

octahedra are 170.5◦ and 91.9◦. For the MO5 polyhedra, each trigonal bipyramid exhibits
three sets of O–M(1)–O angles around 90◦, 120◦ and an axial one to 167.6◦. Finally, in
both Co2−x Nix(OH)PO4 (x = 0.1, 0.3) phases, the phosphate groups exhibit three different
bond lengths and four different bond angles with mean distances and angles of 1.54(1) Å and
108.8◦, respectively, showing quite regular PO4 groups (supplementary material available at
stacks.iop.org/JPhysCM/18/3767). The bond distances and angles obtained for Co1.7Ni0.3 and
Co1.9Ni0.1 are in good agreement with those of Co2(OH)PO4 [26].

3.2. Magnetic properties

The temperature and field dependences of the magnetic susceptibility and the magnetization
of Co2−x Nix(OH)PO4 (x = 0.1, 0.3) have been investigated. Some aspects of the magnetic
behaviour of the x = 0.3 phase were previously described in [32], and these data are shown
for comparison in table 2. At first glance, the thermal behaviour of the magnetic susceptibility
of both Co–Ni phases seems to be similar to that of Co2(OH)PO4 [20]. An antiferromagnetic
ordering at about 65 K, obeying a Curie–Weiss law at temperatures higher than 150 K, was
observed. Magnetic measurements under a magnetic field of 1 kOe for both substituted phases
show a continuous decrease in the effective magnetic moment from room temperature to 4.2 K
(see figure 3 and table 2). The Curie–Weiss parameters and the position of the χm maxima
in both Co–Ni phases are lower than in Co2(OH)PO4, as should be expected due to the
substitution of Co2+ (S = 3/2) by Ni2+ (S = 1). The negative Weiss constant, together with
the continuous decrease in the χmT versus T curves, implies that the dominant interactions
between neighbouring magnetic ions are antiferromagnetic. At low temperatures (T < 20 K)
another strong magnetic signal below 10 K appears in both Co2−xNix(OH)PO4 (x = 0.1, 0.3)
compounds, indicating the possible existence of a new magnetic state below this temperature.

More detailed experiments have shown irreversibility effects in the magnetic susceptibility
below the ordering temperature (TN) (see figure 3). Above TN, a paramagnetic behaviour
without any difference between ZFC and FC magnetization is observed in both Co–Ni
hydroxyphosphates. The FC and ZFC magnetization curves start to separate at around TN

(∼65 K), where a significant irreversibility begins to develop. These results are quite different

http://stacks.iop.org/JPhysCM/18/3767
http://stacks.iop.org/JPhysCM/18/3767
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Figure 3. Thermal evolution of the molar magnetic susceptibility (χm) in field cooled (FC) and zero
field cooled (ZFC) modes together with the χmT product at 1 kOe for Co1.9Ni0.1(OH)PO4. The
inset shows the same properties for Co1.7Ni0.3(OH)PO4.

from those observed for the non-substituted Co2(OH)PO4 phase in which the irreversibility
only appears below its freezing temperature (Tf ≈ 15 K). So, the different magnetic behaviour
observed in the FC and ZFC curves in the substituted phases can be attributed to the
presence of magnetic cations with distinct spins. The main differences in the ZFC curves
at lower temperatures are observed below 20 K where a maximum appears near 10 K for
Co1.9Ni0.1(OH)PO4 and only a minimum appears at around 15 K in Co1.7Ni0.3.

The temperature dependence of the remanent magnetization of Co1.9Ni0.1(OH)PO4 be-
tween 4.2 and 100 K presents a similar behaviour to that observed in Co1.7Ni0.3(OH)PO4 [32].
The remanent magnetization curves in both hydroxyphosphates at Hdc = 0 after cooling from
T > TN under a magnetic field of 1 kOe diminish to zero above 70 and 64 K for Co1.9Ni0.1 and
Co1.7Ni0.3, respectively. This dependence is characteristic of a paramagnetic state. Below these
temperatures, the remanent magnetization strongly increases up to approximately 7 emu mol−1

for Co1.9Ni0.1 and 12 emu mol−1 for Co1.7Ni0.3 at 40 K, higher than the value of 5 emu mol−1

obtained for Co2(OH)PO4 [20] (see figure 4). Therefore, the ferromagnetic component be-
tween 65 and 40 K increases with the Ni content, indicating the important effect of the small
spin change (Co2+ (S = 3/2) by Ni2+ (S = 1) ions) in the magnetic behaviour. Both substi-
tuted compounds show a continuous increase of the remanent magnetization with decreasing
temperature up to 10 K (∼8 emu mol−1) and 15 K (∼12.54 emu mol−1) for Co1.9Ni0.1 and
Co1.7Ni0.3, respectively. Below these inflection points, a new greater increase of the remanent
magnetizations is also observed. Although the Co–Ni phases did not show a clear maximum
at T < 20 K as in Co2(OH)PO4, these behaviours point again toward the presence of a new
magnetic state below 10 K. The thermoremanent behaviour together with the irreversibility
are characteristic of a weak ferromagnetic component [32] which was not observed from the
neutron diffraction data, as we will see later. It is worth mentioning that a canted antiferromag-
netic structure showing irreversibility was also observed in a hydroxy Fe(III) phosphate. This
irreversibility was attributed to the formation of magnetic domains and domain-wall move-
ment [38].

The ac magnetic susceptibility measurements of Co1.9Ni0.1(OH)PO4 were carried out with
an alternating excitation field of 1 Oe and a frequency of 103 Hz. The results are shown in
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Figure 5. Real (χ ′) and imaginary (χ ′′) part of the magnetic susceptibility of Co1.9Ni0.1(OH)PO4

in a driving field of 1 Oe. The inset shows the ac susceptibility of Co2(OH)PO4 in Hac = 1 Oe and
ν = 100 Hz.

figure 5. As was observed in Co1.7Ni0.3(OH)PO4 [32], the presence of a shark peak at low
temperatures associated with the spin glass transition is also detected in Co1.9Ni0.1(OH)PO4.
The thermal evolution of the real (or in-phase, χ ′) component of the susceptibility near 65 K
for both Co–Ni compounds is similar to that observed in Co2(OH)PO4 (see inset in figure 5)
and is attributed to the existence of long range order interactions. The lack of absorption
in the imaginary (or out-of-phase, χ ′′) component in this temperature region indicates the
presence of an antiferromagnetic order, in good agreement with the results obtained from the
molar magnetic susceptibility data and the magnetic behaviour observed for Co2(OH)PO4 [20].
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Figure 6. AC (χ ′) susceptibility curves of (a) Co1.9Ni0.1(OH)PO4 and (b) Co1.7Ni0.3(OH)PO4 for
different excitation frequencies. The insets show a fit of the position of the susceptibility maximum
to a Vogel–Fulcher law.

Furthermore, the strong peaks observed in both χ ′ and χ ′′ at 11 and 5 K for Co1.9Ni0.1 and
Co1.7Ni0.3, respectively, indicate the existence of a magnetic transition of a different nature
from that at the high temperature.

The results of the χ ′ variation for Co2−x Nix(OH)PO4 (x = 0.1, 0.3) at different
frequencies are shown in figure 6. This peak shifts to higher temperatures with increasing
frequency, precluding long range magnetic order as the origin of this transition. The frequency
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Figure 7. AC susceptibility (χ ′) versus temperature (T ) at different magnetic fields in the region
of the spin glass transition for Co1.9Ni0.1(OH)PO4. The inset shows the ac susceptibility of
Co1.7Ni0.3(OH)PO4.

dependence is characteristic of spin glasses in which the cooperative freezing of individual
magnetic moments occurs at the freezing temperature Tf, defined as that corresponding to the
maximum in χ ′ [2]. The dependence of Tf with frequency is shown in the insets of figure 6
where the in-phase χ ′ components follow an empirical Vogel–Fulcher law.

The effect of a superimposed dc field on χ ′ in the low temperature region is shown in
figure 7. The ac susceptibility for Co2−x Nix(OH)PO4 (x = 0.1, 0.3) shows a clear dependence
on magnetic field. In the Co1.9Ni0.1 compound, the χ ′ susceptibility peak decreases with
increasing magnetic field up to 750 Oe where the signal is split. Higher magnetic fields cause
wide bands which do not disappear with the field. However, in the Co1.7Ni0.3 phase [32],
the peak is shifted with increasing magnetic field (see inset in figure 7) disappearing at about
2000 Oe. This last behaviour is in good agreement with that observed in Co2(OH)PO4 [20]
which is consistent with the existence of a spin glass transition. On the other hand, the
persistence of the peak in the Co1.9Ni0.1 phase is quite unusual, reflecting a more complex
magnetic behaviour than that induced by the magnetic field in a canonical spin glass-like state.

The specific heat measurements of Co2−x Nix(OH)PO4 (x = 0.1, 0.3) between 1.8 and
150 K are shown in figure 8. The heat capacity data exhibit three-dimensional magnetic
ordering peaks at 68 and 61 K for the Co1.9Ni0.1 and Co1.7Ni0.3 phases, respectively. The
temperatures at which these peaks appear are consistent with those obtained from the magnetic
susceptibility measurements. At temperatures higher than ∼80 K for both Co–Ni compounds,
the strong increases of Cp are due to the lattice (or phonon) contribution (Cppho ). Below
this temperature the magnetic contribution (Cpmag) is relatively significant compared with the
phonon one. In the absence of non-magnetic isostructural compounds, the contribution of the
lattice vibrations to the specific heat capacity was fitted to the high temperature data by a Debye
model [39] by considering the existence of two-phonon spectra [20]. For the unit cell containing
N atoms, n1 was assigned a Debye temperature θ1 and n2, constrained such that n2 = N −n1, a
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Figure 8. Specific heats for (a) Co1.9Ni0.1(OH)PO4 and (b) Co1.7Ni0.3(OH)PO4. Full points
represent the (C p) experimental data and the full line the (C ppho ) estimated phonon contribution.
The circles show the calculated (C pmag ) magnetic contribution after subtracting the phonon
contribution. The inset shows the specific heat of Co2−x Nix (OH)PO4 (x = 0.1 and 0.3) at 0
and 90 kOe.

Debye temperature θ2, yielding three independent variables to be refined, namely θ1, θ2 and n1.
The experimental data above the ordering temperatures were fitted to this phenomenological
model for both Co–Ni compounds. Continuous lines in figures 8(a) and (b) show the best fits.
The refined values are shown in table 3. The obtained parameters are in good agreement with
the unit cell contents of three heavy atoms and six light atoms with a higher Debye temperature.
The estimated Debye temperature associated with the dynamics of the three heaviest elements
(θ2) in both hydroxyphosphates is similar, due to the fact that Co and Ni have similar atomic
masses.

The contribution of the experimental magnetic heat capacity (Cpmag) in each cobalt–nickel
compound was obtained by subtracting the phonon contribution from the measured specific
heat (see figure 8). In addition to the λ-type peak at the ordering temperature, a shoulder can
also be observed at around 35 K for both Co–Ni phases which can be attributed to a spin glass-
like behaviour where a broad anomaly in Cpmag usually appears at temperatures higher than the
freezing temperature [1].
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Table 3. Summary of specific heat data of the Co2−x Nix (OH)PO4 (x = 0, 0.1 and 0.3) compounds.

Co2−x Nix (OH)PO4 x = 0a x = 0.1 x = 0.3

Tmax (K) 70 68 61
Inflection point (K) 71 70 64
Cm max(J K−1 mol−1) 18.7 21.4 16.2
Width at half-height Cm (K) 10 9.8 19

Debye model

Range of fit (K) 80–140 80–140 80–140
n1 6.2 6.1 6.0
θ1 (K) 1001 1010 1032
θ2 (K) 232 238 250

a Graphical representation (C p, C ppho , C pmag ) is given in [20].

The effect of the magnetic field on the heat capacity has also been studied. The thermal
evolution of the specific heat of Co2−x Nix(OH)PO4 (x = 0.1, 0.3) is shown in the inset of
figure 8. It can be observed that the heat capacity is not significantly affected by the applied
magnetic field over the whole temperature range, even up to 90 kOe, with only a small shift
of the lambda anomaly to lower temperature, characteristic of antiferromagnetic behaviour,
being observed. The robustness of the magnetic transition against the magnetic field reflects
the strong magnetic anisotropy of these materials.

3.3. Low temperature neutron diffraction

3.3.1. Magnetic structure refinements. The D1B neutron diffraction patterns at 1.8 K for
Co2−xNix(OH)PO4 (x = 0.1, 0.3) are represented in figure 9. Rietveld refinements of the
low temperature crystal structures showed that the Pnnm symmetry is maintained down to
1.8 K. The patterns exhibit additional magnetic peaks, indicating that both compounds are
magnetically ordered at low temperatures. All magnetic peaks were indexed with a propagation
vector k = (0, 0, 0) referenced to the room temperature unit cell, indicating that the magnetic
and nuclear unit cells are equal. The thermal evolution of the D1B diffraction patterns for both
Co–Ni hydroxyphosphates was followed from 1.8 to 100 K. It is worth noting that a very intense
reflection appears at d ∼ 8.40 Å and d ∼ 8.375 Å for Co1.9Ni0.1 and Co1.7Ni0.3, respectively.
These magnetic (010) and (100) peaks arise from long range antiferromagnetic order in the
samples (see figure 9).

Following the method described in [40], and taking into account the magnetic structure
of Co2(OH)PO4 [20], both magnetic structures were refined. The best fits of the D1B
experimental patterns for Co2−x Nix(OH)PO4 (x = 0.1, 0.3) at 1.8 K are plotted in figure 9.
The magnetic atoms occupy two different sites, where the M(1) atoms (named R) are in the 4g
position and the M(2) atoms (named S) are in the 4f position. These two sublattices generate
two dimers (R1–R2) and (R3–R4) and two chains (–S1–S2–) and (–S4–S3–) (see figure 10).
The ordering of the magnetic moments from the two sublattices in the unit cell, compatible with
the symmetry operations, is shown in figure 10. In both Co–Ni compounds, the refinement of
the components from the magnetic moments gives Mx = 0 and My = 0, indicating that they
lie in the z direction. The magnetic discrepancy factors are Rmag = 6.13 and Rmag = 4.55 for
Co1.9Ni0.1 and Co1.7Ni0.3, respectively. The saturated magnetic moments (Mz) of the [M(1)]
dimer and [M(2)] chain sublattices are given in table 2.
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Figure 9. Refinement of D1B neutron diffraction profiles at 1.8 K of (a) Co1.9Ni0.1(OH)PO4 and
(b) Co1.7Ni0.3(OH)PO4 (λ = 2.525 Å). The positions of the Bragg reflections for the nuclear (first
row) and magnetic (second row) structures are presented. The difference curves are plotted at the
bottom of the figures.

4. Thermal evolution of the ordered magnetic moments

The temperature dependent D1B diffraction data for Co2−xNix(OH)PO4 (x = 0.1, 0.3) are
shown in figure 11. The extra magnetic peaks generated by the antiferromagnetic long range
ordering in the samples appear at around 70 K, a similar temperature to that obtained from
the specific heat measurements. The higher value of the three-dimensional magnetic ordering
temperature for Co2(OH)PO4 (TN = 71 K) with respect to Co1.9Ni0.1(OH)PO4 (TN = 70 K)
and Co1.7Ni0.3(OH)PO4 (TN = 64 K) is in good agreement with the higher spin number in
Co2+ (S = 3/2) than in Ni2+ (S = 1). The intensity of the magnetic reflections in both Co–Ni
phases rapidly increases, reaching a maximum at around 40 K which is practically constant
down to 1.8 K.

The thermal dependences of the magnitude of the magnetic moments for
Co2−xNix(OH)PO4 (x = 0.1, 0.3) are represented in figure 12. It can be observed that in
both Co–Ni hydroxyphosphates the three-dimensional magnetic order begins near 70 K, the
ordering temperatures being similar in both sublattices. The M(2) refined magnetic moment is
higher than that of the M(1) over the temperature range studied, and both curves seem to in-
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Figure 10. Projection of the magnetic structures in the (100) plane. Black and grey spheres
represent the two types of M(Co, Ni) crystallographic ions. The directions of the electronic
spins in the c direction are marked. Symmetry code: R(1) = x, y, 1/2; R(2) = −x,−y, 1/2;
R(3) = 1/2 + x , 1/2 − y, 0; R(4) = 1/2 − x , 1/2 + y, 0; S(1) = 1/2, 0, z; S(2) = −1/2, 0, −z;
S(3) = 0, 1/2, 1/2 + z; S(4) = 0, 1/2, 1/2 − z.

dicate the importance of the contribution of the octahedral chains on the overall magnetic mo-
ment. In Co1.9Ni0.1(OH)PO4, the magnetic moment for M(2) ions slowly increases with linear
variation from 3.43(4) µB at 40 K to 3.54(4) µB at 2 K, reaching the saturation value at 30 K.
For the M(1) cations in the dimer groups, the magnetic moment increases from 1.71(5) µB

at 60 K to 3.01(6) µB near 8 K where the saturation value is reached (see figure 12(a)). In
Co1.7Ni0.3(OH)PO4 the M(1) magnetic component continuously increases from 2.65(6) µB at
30 K to 2.96(6) µB at 2 K, whereas the magnetic moment for M(2) ions in the chains is prac-
tically linear reaching a value of 3.14(4) µB at 2 K (see figure 12(b)). The main magnetic
differences observed between Co1.9Ni0.1 and Co1.7Ni0.3 hydroxyphosphates can be attributed
to the number of Ni(II) ions in the octahedral sites.

5. Discussion and conclusion

The crystal structure of the Co2−x Nix(OH)PO4 phases is characterized by the condensed
network of vertex- and edge-sharing |MO5|, |MO6| and |XO4| subunits. Of the two
crystallographically distinct metal atoms, M(1) is fivefold coordinated by oxygen atoms
in approximately trigonal bipyramidal geometry and M(2) exhibits a distorted octahedral
geometry. By edge-sharing, the octahedra give rise to linear chains propagating along the
c-axis, whereas the trigonal bipyramids constitute dimeric entities. The distribution of the
Ni(II) cations in the two different environments would be expected to affect the physical
properties. The results of the structural refinement of the Co1.7Ni0.3(OH)PO4 compound at
room temperature show a strong preference (>97%) of the Ni(II) ions for the hexacoordinated
position. In Co1.9Ni0.1, all the Ni(II) cations are located on the M(2) sites. So, considering that
these values are between the error limit of the measurements, M(2) has been assumed as the
only site for Ni(II).
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Figure 11. Thermal evolution of the neutron diffraction patterns of (a) Co1.9Ni0.1(OH)PO4 and
(b) Co1.7Ni0.3(OH)PO4.

The magnetic study of Co2−xNix(OH)PO4 (x = 0.1, 0.3) shows three-dimensional
antiferromagnetic order at around 65 K for both compounds. A deeper study following the
temperature, frequency and field dependences of the magnetic ac susceptibility reveals the
presence of spin glass transitions at 11 and 5 K for Co1.9Ni0.1 and Co1.7Ni0.3, respectively. The
strong magnetic irreversibility observed in the ZFC–FC curves at all temperatures below TN

(∼65 K) for both Co–Ni phases is clearly different from that observed in Co2(OH)PO4, where
the weak irreversibility starts at the freezing temperature (Tf ≈ 15 K) due to the spin glass
state. The introduction of Ni(II) (S = 1) ions plays an important role in both the irreversibility
process and the spin glass-like state [32]. In both Co–Ni phases, the difference between the FC
and ZFC curves is explained by the blocking of the magnetic moments in a paramagnetic state
during the ZFC mode [1, 41, 42]. As observed in Co2(OH)PO4 [20], the magnetic irreversibility
in the substituted phases decreases when the applied magnetic field increases. Moreover, the
magnetization versus magnetic applied field curves of Co2−x Nix(OH)PO4 (x = 0.1, 0.3)
show the existence of very weak hysteresis loops with small coercivity values as commonly
observed in other spin glasses [20, 32, 42]. The remanent magnetization shows a ferromagnetic
component for Co1.7Ni0.3 (substituted at about 15% of the Co2+ (S = 3/2) by Ni2+ (S = 1)

ions) that is twice as intense as that obtained for Co2(OH)PO4. This fact, together with the
continuous increase of the remanent magnetization with decreasing temperature, indicates the
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Figure 12. Magnitude of the magnetic moments of M(1) and M(2) sublattices in (a)
Co1.9Ni0.1(OH)PO4 and (b) Co1.7Ni0.3(OH)PO4 as a function of temperature.

effect of the spin decompensations and their important role in the irreversibility observed in the
dc magnetic susceptibility.

The presence of a spin glass transition in Co2−x Nix(OH)PO4 (x = 0.1, 0.3) is clearly
observed in the ac measurements from the data obtained at different frequencies and applied
fields. The initial susceptibility at the lowest frequency measured (30 Hz) shows a cusp in both
Co–Ni phases (see figure 6) which has been considered as the spin glass freezing temperature
(T f ≈ 11 K and Tf ≈ 5 K for Co1.9Ni0.1 and Co1.7Ni0.3, respectively). In the x = 0.3 phase,
the irreversibility decreases in both (χ ′) and (χ ′′) as the field increases and tends to disappear at
about Hdc ≈ 2000 Oe (see inset in figure 7). However, the field dependence of the in-phase χ ′
component for Co1.9Ni0.1 shows an unusual magnetic behaviour with several splits of the signal
with the applied field (see figure 7). This complex behaviour is not satisfactorily explained by
considering that, in a high field, the magnetic energy becomes sufficient to overcome the energy
barrier (or blocking temperature) between the possible equilibrium positions of the magnetic
moments.

The frequency shifts of the maxima in the χ ′ susceptibility yield ratios �Tf/[Tf�(log ν)]
of 0.0058 and 0.048 for Co1.9Ni0.1 and Co1.7Ni0.3, respectively. The value of
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Co1.9Ni0.1(OH)PO4 is similar to that found in Co2(OH)PO4 (0.0055), whereas that
corresponding to Co1.7Ni0.3(OH)PO4 is ten times larger but still within the order of magnitude
of those typically found in spin glasses. Assuming a Gaussian variation of the χ ′(T ) around
Tf, we can determine the position of the maximum (Tf) precisely for each frequency. The
frequency dependence in both compounds agrees with the empirical Vogel–Fulcher law ν =
ν0 exp[− Ea

Tf−T0
], characteristic of the spin glass transition. Fits to this law, using the typical value

of ν0 = 1013 Hz [43], are shown as continuous lines in the insets of figure 6. From these fits we
obtain reasonable parameters of the activation energy (Ea) and the Vogel–Fulcher temperature
(T0) with Ea/KB = 12.5 K and T0 = 10.2 K for Co1.9Ni0.1(OH)PO4 and Ea/KB = 70 K and
T0 = 2.8 K for Co1.7Ni0.3(OH)PO4.

From the observed Cp(T ) plot, only one heat capacity peak can be seen at around 65 K
in both Co–Ni phases. Although the maximum appears at temperatures slightly lower than
those obtained from magnetic measurements, we can get ordering temperatures of TN = 64
and 70 K for Co1.9Ni0.1 and Co1.7Ni0.3, respectively, if the ordering temperature is defined as
the inflection point above the maximum from Cpmag data. These results are in good agreement
with those obtained from the other techniques. The rapid decrease of Cpmag above TN suggests
that short-range order should be small and not have any significant effect on the magnetic
behaviour. For T < TN, the estimated magnetic data for the Co–Ni compounds deviate from
the ideal behaviour, showing broad anomalies. In any case, the most significant feature in both
compounds is the absence of any peak in the low temperature region, confirming the spin glass
nature of the low temperature transition.

The magnetic structure of Co2−x Nix(OH)PO4 (x = 0.1, 0.3) consists of ferromagnetic
arrangements between the octahedral chains (sublattice of M(2)) and trigonal bipyramidal
dimers (sublattice of M(1)) within the xz plane (see figure 10). The ferromagnetic layers are
aligned antiparallel to one another, establishing the three-dimensional antiferromagnetic order
through the |OH| and |PO4| groups. The magnetic moments are aligned along the z axis without
changes in the magnetic structures of both compounds below their TN. In particular, the absence
of any changes in the magnetic structure at low temperatures also supports the spin glass nature
of the magnetic transition observed in the ac susceptibility around 10 K. It is worth mentioning
that the magnetic M(2) moment in Co1.9Ni0.1, octahedral site (3.56(8) µB), is slightly lower
than the one obtained in Co2(OH)PO4 (Co(2) = 3.84(5) µB) due to the strong preference of
the Ni(II) ions for the octahedral positions. The component of the refined magnetic moment
in the trigonal bipyramidal M(1) of 2.91(9) µB shows an unexpected decrease of the value
with respect to Co2(OH)PO4 (Co(1) = 3.39(7) µB) that can be attributed to an increase in
the frustration in the M(1) positions as a result of the introduction of Ni(II) in the M(2) site.
In Co1.7Ni0.3(OH)PO4, the refined M(1) magnetic component is close to that of Co1.9Ni0.1,
whereas the magnetic M(2) moment decreases significantly (3.19(4) µB versus 3.56(8) µB).
These data indicate that a substitution of approximately 15% of Co2+ does not affect the
effective magnetic moment in the dimer M(1) positions, the increase in the amount of Ni2+
in M(2) being the main factor responsible for the decrease in the average magnetic moment.
These results are in good agreement with the structural results obtained at room temperature
from the D2B data. Finally, the differences between the octahedral and trigonal bipyramidal
sublattices (see figure 12) for Co1.9Ni0.1 can be explained by considering that all the magnetic
moments in the sublattice M(2) participate in the long range antiferromagnetic order, whereas
in the M(1) sublattice only 82% of the moments became ordered contributing the rest to the
freezing processes. On the contrary, in the case of Co1.7Ni0.3, the magnetic moment in the
M(2) positions decreases to become to be lightly higher than those corresponding to M(1) sites
due to the presence of 15% Ni(II) in the M(2) position.
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Figure 13. Schematic view of the exchange pathways for (Co, Ni)2(OH)PO4. Interactions via
oxygen bridges and phosphate groups are shown.

The main magnetic exchange pathways present in these compounds are shown in table 4.
The shorter metal–metal distances range between 2.9 and 3.7 Å and consequently direct
interactions are not negligible. Taking into account that the Ni2+ ions prefer the |M(2)O6|
octahedral chains, the substitution of Ni(II) (d8) (S = 1) by Co(d7) (S = 3/2) in
the Co2(OH)PO4 framework [20, 32] modifies the nature of some magnetic interactions.
The unpaired electrons in the dz2 and dx2−y2 orbitals favour the spin frustrations between
chains and dimers. Considering the angles in Co1.7Ni0.3(OH)PO4, both ferromagnetic and
antiferromagnetic interactions should be observed [44]. A view of the most important
exchange pathways in both hydroxyphosphates is given in figure 13, where the solid lines
represent connections between M–O–M intradimers and |M(1)O5| and |M(2)O6| sublattices.
The possible exchange pathways are (i) direct interactions involving M(1) and M(2)
sublattices which should lead to antiferromagnetic couplings; (ii) superexchange M–O–M
interactions from edge-sharing both in the [M(1)2O6(OH)2] trigonal bipyramidal dimers and
[M(2)O4(OH)2] octahedral chains whose angles range from 102.0◦ to 102.6◦ and from 91.2◦
to 93.4◦, respectively, leading to ferromagnetic interactions (see table 4); (iii) superexchange
M(1)–O(3)–M(2) and M(1)–O(4)H–M(2) interactions between dimers and their neighbouring
chains that could give rise to ferromagnetic or antiferromagnetic couplings depending on the
magnetic exchange angle.

For these compounds, the ferromagnetic interactions observed in the xz plane from neutron
data imply a striking exchange angle, M(1)–O(3)–M(2), which ranges between 107◦ and 108◦
with two magnetic pathways generated by symmetry. As can be seen, the substitution of up
to 15% of Co2+ by Ni2+ does not affect this orthogonal accidental angle sufficiently to force
changes in the sense of the magnetic interactions due to the competition between the magnetic
moments. Moreover, the interactions between dimers and chains through the O(4)H are clearly
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Table 4. Selected geometrical parameters, bond lengths (Å) and angles (deg) obtained from neutron diffraction and related to the possible magnetic
exchange pathways for Co2−x Nix (OH)PO4 (x = 0, 0.1 and 0.3).

Direct distance Lengh of exchange
M–M (Å) pathway (Å)

x = 0.3 x = 0.1 x = 0 x = 0.3 x = 0.1 x = 0

M(1)–O(1)–M(1) 3.28 2.87 3.24 4.15 3.97 4.17
M(1)–O(1)–P–O(3)–M(1) 5.55 5.62 5.49 7.26 7.36 7.28
M(1)–O(4)H–M(2) 3.64 3.76 3.65 4.13 4.31 4.15
M(1)–O(3)–M(2) 3.55 3.60 3.55 4.37 4.45 4.29
M(1)–O(3)–P–O(2)–M(2) 5.75 5.83 5.64 7.61 7.58 7.38
M(2)–O(4)H–M(2) 2.95 2.90 2.99 4.12 4.16 4.16
M(2)–O(2)–M(2) 3.08 3.14 3.04 4.24 4.23 4.22
M(2)–O(2)–P–O(3)–M(2) 5.64 5.95 6.05 7.34 7.58 7.58

Angles (deg)

M–O–M M–O–P O–P–O P–O–M

x = 0.3 x = 0.1 x = 0 x = 0.3 x = 0.1 x = 0 x = 0.3 x = 0.1 x = 0 x = 0.3 x = 0.1 x = 0

M(1)–O(1)–M(1) (F) 102.6 93 102.0
M(1)–O(1)–P–O(3)–M(1) (AF) 131.3 143 133.0 110.1 105 110.2 133.4 133 131.0
M(1)–O(4)H–M(2) (AF) 123.5 121 123.3
M(1)–O(3)–M(2) (F) 108.0 107 107.2
M(1)–O(3)–P–O(2)–M(2) (AF) 133.4 133 133.0 111.1 114 110.2 125.9 124 127.0
M(2)–O(4)H–M(2) (F) 92.4 89 92.5
M(2)–O(2)–M(2) (F) 93.7 96 93.5
M(2)–O(2)–P–O(3)–M(2) (AF) 125.8 124 128.6 111.1 114 110.2 117.9 120 112.0
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antiferromagnetic, with a mean exchange angle of 123◦. The final exchanged pathway is:
(iv) superexchange antiferromagnetic interactions through the |OH| and |PO4| groups, which
are linked to the |M(1)O5| and |M(2)O6| polyhedra in three dimensions (see figure 13 and
table 4). The superexchange M–O–P–O–M interactions, if not totally absent, lead to frustration
in the structure which can favour a spin glass type behaviour, as previously discussed. The last
pathways allows one to propagate the magnetic interactions giving rise to a three-dimensional
magnetic system.

In conclusion, considering the different magnetic exchange pathways with similar
exchange angles in both Co–Ni hydroxyphosphates, the existence of magnetic frustration in
the M(1) ions present in the dimers, due to the existence of antiferromagnetic interactions
between the neighbouring M(2) chains, together with the anisotropy of the Co(II) ions, are
responsible for the spin glass behaviour in Co2−xNix(OH)PO4 (x = 0.1, 0.3). Furthermore,
despite the expected increase in random magnetic interactions with increasing Ni content, the
freezing temperature decreases with substitution.

6. Summary

Co2(OH)PO4 is the first three-dimensional (TN ≈ 70 K) antiferromagnetically ordered
phosphate with a spin glass state around 15 K. The inequality spin produced by the substitution
of Co2+ (S = 3/2) by Ni2+ (S = 1) plays an important role in the irreversibility process
and their effect on the variations in the properties of the non-substituted phase. In the
Co2−xNix(OH)PO4 (x = 0.1, 0.3) compounds two Co/Ni crystallographic positions exist. The
Ni2+ ions are located in the octahedral M(2) chains of the crystal structure with the practical
absence of these ions in the trigonal bipyramidal M(1) dimers. An unexpected decrease in
the refined magnetic moments with respect to the non-substituted phase was observed. In
these compounds spin glass freezing coexists with the long range antiferromagnetic order
comprising the freezer moments. The presence of both the strong anisotropy of the Co(II)
ions and the magnetic frustration in the M(1) and the neighbouring M(2) sublattices could
be the responsible of the complex magnetic behaviour observed in the title compounds.
The study of the magnetostructural correlations indicates the important effect of the striking
orthogonal accidental angle, M(1)–O(3)–M(2) 108◦, on the competition between dimers and
chains ensuring cooperativeness of the freezing process associated to a spin glass state.
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71 134401

http://dx.doi.org/10.1088/0022-3727/35/6/201
http://dx.doi.org/10.1103/PhysRevLett.93.167206
http://dx.doi.org/10.1140/epjb/e2003-00243-y
http://dx.doi.org/10.1103/PhysRevB.71.134401


Magnetic structures of (Co2−x Nix )(OH)PO4 (x = 0.1, 0.3) spin glass-like state 3787
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