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Magnetic properties of a structurally four-spin system SrCo,(PQ4), are firstly investigated by means
of susceptibility, magnetization, and heat capacity measurements. Our experimental results show that
SrCo, (POy4); is a typical three-dimensional antiferromagnet with a magnetic ordering at Ty = ~23 K.
Although Co?* ions of SrCo, (PO4); have a high spin state and exhibit a large orbital moment contribution
in an oxygen octahedral environment, similar to those of (Ba, Sr, Pb)Co,(VO,4),, field-induced magnetic
transitions are not observed.
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Compounds with a general formula of AM;(X04), (A = Ba,
Sr, Pb; M = Cu, Co, Ni, Fe, Mn; X = P, V) have attracted much
attention in solid state physics, due to the discovery of their
rich and interesting magnetic behaviors [1-24]. Among them, for
S = 1/2 systems, SrCu,(PO4); and PbCu,(PO4), are spin-gap
systems with a realization of a linear four-spin cluster model [1,
2], while BaCu;(V0O,4), shows a spin singlet ground state with a
large spin-gap, which can be described as an one-dimensional (1D)
alternating spin chain system or an isolated spin dimer system [3-
7]. For S = 1 systems, SrNi, (VO4), and PbNi, (VO,), are suggested
to belong to 1D Haldane spin chain systems [8,9], which provide
an interesting issue on quantum critical behaviors between spin-
liquid and Neel ordered states [10,11], while BaNiy(VOy,), is
likely a prototype of two-dimensional XY system [12-14]. For
S = 3/2 systems, BaCo,(V0Oy4)3, SrCo,(V04);, and PbCo,(VOy4),
are found to be 1D Ising spin systems with large magnetic
anisotropy [15-22], which display an interesting field-induced
quantum phase transition. For S = 2 and 5/2 systems, SrFe; (PO4),
and BaMn;,(VO,), are found to be canted antiferromagnets with
weak ferromagnetism [23,24].

SrCo,(PO4), is also one of this family mentioned above and
crystallizes in a triclinic structure of space group P1 with a =
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5.0142) A, b = 8.639(4) A, c = 9.691(1) A, @ = 118.04(3)°,
B = 75.09(4)°, and y = 86.90(4)° [25]. As shown in Fig. 1,
one of the most remarkable structural features is that magnetic
Co?* jons have two crystallographic sites of Co(1) and Co(2),
in which all of the Co(1)Os trigonal bipyramids form dimeric
Co(1),01p groups via edge-sharing, and dimeric Co(1),04¢ groups
connect with Co(2)0,4 tetrahedra to form four-spin clusters with
Co(2)-Co(1)-Co(1)-Co(2) units via corner-sharing. Further, four-
spin clusters connect to each other through PO, tetrahedra to
form chains running along the b-axis and Sr ions locate inside
between the chains. Such structural features in SrCo,(PO4), are
clearly different from those in (Ba, Sr, Pb)Co,(VO,4), with a screw
chain structure along the c-axis [26-28]. However, to our best
knowledge, no reports on magnetic properties of SrCo,(PO4), can
be found elsewhere. In this paper, we are the first to investigate
the magnetic properties of SrCo,(PO4), by means of magnetic
susceptibility, magnetization and heat capacity measurements.

A polycrystalline sample was synthesized by a standard solid-
state reaction method using a mixture of high purity reagents of
SrCO3 (4N), CoC,04-2H,0 (3N), and NH4H,PO4 (3N) as the starting
materials in the molar ratio of 1:2:2. The mixture was ground
carefully, homogenized thoroughly with ethanol (99%) in an agate
mortar, and then packed into an alumina crucible and calcined
at 930 °C in air for 40 h with several intermediate grindings.
Finally, the product was pressed into pellets and sintered at
950 °C for 20 h, and then cooled to room temperature at a
rate of 100 K/h. No impurity phase was observed by powder
X-Ray diffraction (XRD) measurement using CuKa radiation. The


http://www.elsevier.com/locate/ssc
http://www.elsevier.com/locate/ssc
mailto:hezz@fjirsm.ac.cn
mailto:hcz1988@hotmail.com
http://dx.doi.org/10.1016/j.ssc.2008.04.026

Z. He, Y. Ueda / Solid State Communications 147 (2008) 24-26 25

Fig. 1. Crystal structure of SrCoj (PO4);. Large and small balls represent Sr and O,
respectively. Main exchange paths are seen.

structural parameters were refined by the Rietveld method using
the RIETAN-2000 program [29], being in good agreement with
those reported previously [25]. The magnetic measurements were
preformed using a superconducting quantum interference device
(MPMS5S, Quantum Design) magnetometer and the heat capacity
was measured by a relaxation method using a commercial physical
property measurement system (PPMS, Quantum Design).

The temperature dependences of the magnetic susceptibility
and corresponding reciprocal one of polycrystalline SrCo,(PO4),
are shown in Fig. 2. The susceptibility increases with decreasing
temperature, while a sharp peak is observed around ~23 K,
showing onset of antiferromagnetic (AF) ordering. A Curie-like
upturn is seen below ~10 K, indicating a contribution from
free moment due to structural defect. A typical Curie-Weiss
behavior is observed above 40 K, giving the Curie constant C =
6.316(9) emu K/mol and Weiss constant 6 = —23.68(4) K. The
effective magnetic moment (u.s) is calculated to be 5.026(7) iz,
which is much larger than the value 3.87(3) up for S = 3/2 with
a g factor of 2. This indicates that Co?* ions in SrCo;(P0O,4); have
a high spin state and exhibit a large orbital moment contribution
in the oxygen octahedral environment, which is similar to those in
(Ba, Sr, Pb)Co,(V0O4), [15,18,28]. Also, the negative Weiss constant
suggests that the interactions between Co?* ions are AF.

The results of heat capacity measurements in H = 0 from
50 to 2 K are shown in Fig. 3. A clear sign of a A-like feature
is seen at around 23 K, agreeing with the peak temperature in
susceptibility data. This gives concrete evidence of a long-range
AF ordering at ~23 K. As shown in Fig. 3(b), heat capacity data
above 35 K can be fitted well by ¢, = T + B> with y =
0.3788(8) Jmol~' K"' and B = 1.758(2) x 10~ ] mol~! K™4.
Since SrCo,(P0O4), is an insulator, it is reasonable to arrange yT
for the magnetic contribution from spin systems and BT for the
lattice one from phonons. The B value gives a Debye temperature of
415.4(1) K and the entropy change for this A-like anomaly at ~23 K
is roughly estimated to be AS = ~10.43 ]J/mol K, corresponding to
93.4% of RIn(2S + 1) expected for spin-3/2 systems. Such slight
underestimation of spin entropy might be due to an overestimation
of lattice contribution. However, this is quite different from the
heat capacity feature in (Ba, Sr, Pb)Co;(VO4), in which most of
the entropy of the systems has been lost through the short-range
magnetic correlation as shown by a broad peak in their magnetic
susceptibilities [15,18,28]. We also note that the heat capacity
feature in SrCo, (PO4); is in good agreement with Ty ~ —6 as seen
in magnetic susceptibility, showing that the system is a typical
three-dimensional antiferromagnet without spin fluctuation.

Magnetization (M) as a function of applied field (H) at 2
K is shown in Fig. 4. The linear behavior of magnetization
and no magnetization saturation are seen, which are in good
agreement with the AF ground state in the system. We note that
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Fig. 2. The temperature dependences of the magnetic susceptibility and the
corresponding reciprocal one of polycrystalline SrCoy (PO4)5.
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Fig. 3. (a) Heat capacity (Cp) measured in zero magnetic field. The solid line
represents the lattice contribution (). (b) The plot of G /T vs 72,

although Co?*t ions in SrCo,(PO,), also exhibit a large orbital
moment contribution similar to those in (Ba, Sr, Pb)C0,(V0Qy4)2,
field-induced magnetic phase transitions are not observed.

Our experimental results of susceptibility, magnetization and
heat capacity measurements clearly show that SrCo,(PO,), is a
typical three-dimensional (3D) antiferromagnet with a magnetic
ordering at Ty = ~23 K. We found that SrCo,(PO4), belongs to
the family of SrCo,(X0,), and its magnetic Co** ions also exhibit a
high spin state of S = 3/2 with a large orbital moment contribution,
which is quite similar to those in (Ba, Sr, Pb)Co,(V0O,),. However,
field-induced magnetic phase transitions are not observed in the
system. As shown in Fig. 1, there are five different exchange
paths in intra-chains: intra-cluster of four-spin Co1-0-Co1 (J1),
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Fig. 4. Magnetization as a function of applied field H at 2 K.

Co1-0-Co2 (J2), and Co1-0-P-0-Co2 (J3); inter-cluster of four-
spin Co2-0-P-0-Co2 (J4) and Co2-0-P-0-Co1 (J5). If inter-chain
exchange paths are also taken into consideration, SrCo;(PO4),
looks to be one of quite complicated spin systems, which is
clearly different from (Ba, Sr, Pb)Co,(V0O4),. We suggest that a
typical 3D magnetic behavior in SrCo,(PO,4), is related to its
structural features. Compared with different magnetic properties
between SrCo,(P0O4), and (Ba, Sr, Pb)Co,(VQy),, it is well-known
that nonmagnetic P>+ or V>* ions would play an important role in
the family of AM;(X04),.

Conclusions

Polycrystalline samples of SrCo;(PO4), with good quality have
been synthesized by a standard solid-state reaction method.
Susceptibility, magnetization and heat capacity measurements
showed that SrCo, (PO4), is a typical 3D spin-3/2 antiferromagnet
with a magnetic ordering at ~23 K. Although magnetic Co** ions in
SrCo, (PO4), exhibit a high spin state of S = 3/2 with a large orbital
moment contribution, field-induced magnetic phase transitions
are not observed in the system.
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