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Two S = 1/2 One-Dimensional Barium Copper Phosphates 

Showing Antiferromagnetic and Ferromagnetic Intrachain 

Interactions† 

Ming Yang,a Meiyan Cui,a,b Suyun Zhang,a Hongping Xiang,*a Wenbin Guoa and Zhangzhen He*a 

Two barium copper phosphates, BaCu2(PO4)2(H2O) (1) and Ba2Cu(HPO4)(PO4)(OH) (2), were synthesized under mild 

hydrothermal condition. The Cu cation in 1 adopts a CuO4(H2O) square pyramidal coordination configuration, forming 

alternating chains along b axis through alternative corner and edge sharing, while the geometry of Cu center in 2 is a 

CuO4(OH)2 octahedron which further connects each other by edge sharing to constitute uniform chains along b axis. 

Magnetic behaviors of both compounds were analyzed by susceptibility, magnetization and heat capacity measurements. 

The dominant intrachain couplings are antiferromagnetic in 1 with a long-range ordering at 14 K and ferromagnetic in 2 

without long-range ordering above 2 K. The first principle calculations indicate that the intrachain ferromagnetic couplings 

in 2 originate from Cu(1)−O(7)H−Cu(1) d�� correlation superexchanges. The susceptibility data of compounds 1 and 2 are 

fitted by using suitable antiferromagnetic chain and ferromagnetic chain models, respectively. In addition, we report 

results of infrared and thermal measurements of both compounds. 

1   Introduction 

The theoretical and experimental studies of one-dimensional 

(1D) quantum magnetic systems are extremely active.1 Most 

investigations in these systems are focused on transition-metal 

oxides, especially for cuprates (Cu2+ with S = 1/2) because of 

strong quantum fluctuation and the discovery of high-

temperature superconductivity.2 In general, the geometries of 

Cu2+ centre are in the range of square, square-pyramid and 

octahedron. The [CuOn] (n = 4, 5 and 6) polyhedra are 

connected each other through corner and edge sharing, 

leading to various types of 1D structures, such as uniform 

chain,3 alternating chain,4 diamond chain5 and ladder.6 These 

features result in many fascinating magnetic properties, such 

as spin-Peierls transition,3a spin-singlet state with a finite 

gap3b,4a,6b and magnetization plateau.4c,5a For understanding 

those intriguing magnetic phenomena, analysis of intrachain 

and interchain exchange interactions is of vital importance.   

Phosphate compounds have been widely investigated due 

to their rich crystal structures and numerous applications in 

the fields of adsorption, optics, energy and catalysis.7 In the 

field of magnetism, the copper phosphate materials, 

particularly the utilization of alkaline earth metal ions and Pb2+ 

as counterions, formulating as A3Cu3(PO4)4 (A = Ca, Sr and Pb),8 

ACu2(PO4)2 (A = Sr, Ba and Pb),9 A2Cu(PO4)2 (A = Sr and Ba)10 

and ACuP2O7 (A = Ca, Sr, Ba and Pb),11 have received particular 

consideration owing to their nature of low-dimensionality. In 

Ba–Cu–P–O system constructed by 1D chains, for example, 

BaCu2(PO4)2 feature isolated zigzag chains and shows a broad 

peak around 65 K,9a,9b while Ba2Cu(PO4)2 contains [Cu(PO4)2] 

uniform chains exhibiting short-range ordering at 82 K.10a,10c 

BaCuP2O7 consists of excellent 1D antiferromagnetic (AFM) 

linear chains with a broad maximum at 66.1 K and a long-range 

ordering at 0.81 K.12 It is noted that the intrachain interactions 

between Cu neighbors are AFM. No ferromagnetic (FM) 

exchange is observed in this system. To date, a number of 1D 

FM hybrid organic–inorganic compounds based on Cu2+ chains 

have been synthesized,13 and some of materials built from 1D 

FM Cu2+ chains have been reported in pure inorganic systems, 

such as ACuV2O7 (A = Sr and Ba)14 and BaCu2Ge3O9·H2O.15 

For ongoing search new compounds in Ba–Cu–P–O system, 

we adopt hydrothermal method which can introduce water 

molecule and hydroxyl to framework and has been extensively 

used to prepare novel low-dimensional materials.16 Herein, we 

report two barium copper phosphates, BaCu2(PO4)2(H2O) (1) 

and Ba2Cu(HPO4)(PO4)(OH) (2), by one-pot method under mild 

hydrothermal condition. Both compounds are characterized by 

single crystal X-ray diffraction, infrared spectroscopy, thermal 

analysis, magnetic and specific heat measurements. The 

remarkable structural feature is alternating chains in 1 and 

uniform chains in 2. We analyze magnetic coupling pathways 

and obtain intrachain exchange constants of both compounds 

by using suitable theoretical model. Moreover, the structures 
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and magnetisms of 1 and 2 are compared with those of 

corresponding anhydrous compounds. 

2   Experimental 

2.1   Materials and measurement 

All chemical reagents were commercially available and used as 

received. Infrared spectra were measured on a VERTEX70 

Fourier transform infrared spectrometry (FT-IR) 

spectrophotometer with KBr pellets in the range 350–4500 cm-

1. Thermogravimetry analyses (TGA) were performed on a 

Netzsch STA449C instrument from 25 to 1000 ˚C with a heating 

rate of 10 K/min under N2 atmosphere. Powder X-ray 

diffraction (PXRD) were carried out by a Rigaku SCXmini X-ray 

diffractometer using Cu-Kα radiation with a scan speed of 5° 

min-1 and 2θ in the range of 5–65°. The direct-current 

magnetic susceptibility data of powder samples were collected 

on a Quantum Design MPMS-XL SQUID magnetometer 

between 2 and 300 K. Isothermal magnetization recorded at 2 

K and specific heat curves measured from 300 to 4.5 K at zero 

magnetic field were conducted on a commercial Quantum 

Design PPMS. 

2.2   Synthesis 

Table 1 The structure parameters and refinement results for 

BaCu2(PO4)2(H2O) and Ba2Cu(HPO4)(PO4)(OH). 

Compound BaCu2(PO4)2(H2O) Ba2Cu(HPO4)(PO4)(OH) 

Formula weight 472.38 546.16 

Crystal system orthorhombic monoclinic 

Space group P212121 P21/m 

T (K) 293 (2)  293 (2)  

a (Å) 5.163 (2) 8.328 (6) 

b (Å) 9.730 (4) 5.868 (4) 

c (Å) 14.574 (6) 9.078 (6) 

α (o) 90 90 

β (o) 90 112.57 (3) 

γ (o) 90 90 

V (Å3) 732.2 (5) 409.6 (5) 

Z 4 2 

Density (g/cm3) 4.285 4.427 

Crystal size (mm3) 0.35 × 0.26 × 0.20 0.16 × 0.11 × 0.09 

Reflns collected 5589 4190 

Unique reflns 1661 1027 

Rint 0.022 0.024 

R1
a [I>2σ(I)] 0.013 0.021 

wR2
b [I>2σ(I)] 0.031 0.061 

GOF 1.14 1.08 
a
R1 = Σ||Fo|−|Fc||/Σ|Fo|,   bwR2 = [Σw(|Fo|-|Fc|)2/Σw|Fo|2]1/2. 

 

Single crystals of 1 and 2 were obtained under one-pot 

hydrothermal condition. BaCl2∙2H2O (0.5 mmol, 0.1227 g), 

CuCl2∙2H2O (1 mmol, 0.1705 g) and H3PO4 (≥ 85%, 1.5 mmol, 

0.1729 g) was dissolved in 8 mL H2O. The mixture was 

transferred into a 28 mL Teflonlined autoclave. Then, 0.5 mL 

pyridine was added to the mixture. The reaction was heated to 

160 oC for 72 h. After cooling to room temperature in 20 h, the 

product contains abundant of blue rhombus crystals 

(compound 1) and a few of green block crystals (compound 2). 

1 and 2 were separated under microscope by manual. 

2.3   X-Ray crystallography 

Single crystal X-ray diffraction intensities of two compounds 

were collected on a Rigaku Mercury CCD diffractometer using 

graphite monochromatic Mo Kα radiation (λ = 0.71073 Å). 

Empirical absorption corrections were applied. The structures 

were solved with direct method and refined with a full-matrix 

least-squares technique on F
2 with the SHELXTL program 

package.17 Anisotropic displacement parameters were 

assigned to all non-hydrogen atoms. The position of hydrogen 

atoms in compounds 1 and 2 were found from difference 

Fourier map The crystallographic details, for 1 and 2, are 

compiled in Table 1, while selected bond lengths and angles 

and atomic site parameters are given in Tables S1 and S2.† 

3   Results and Discussion 

3.1   Structural Descriptions 

3.1.1   Crystal structure of BaCu2(PO4)2(H2O)   (1) 

The structure of compound 1 was first reported by 

Effenberger.18 Single-crystal X-ray analysis reveals that 1 

crystallizes in orthorhombic system with space group P212121. 

As shown in Fig. S1†, there are two crystallographically 

different Cu atoms, which are all coordinated by five oxygen 

atoms forming CuO4(H2O) square pyramids with four oxygen 

atoms from four different phosphate groups in the basal 

planes and water molecules occupying the apical positions. 

The Cu(1)–O bond lengths range from 1.911(2) to 2.490(2) Å, 

while the distances between Cu(2)–O are in the range of 

1.922(2)–2.259(2) Å. Two independent crystallographic P 

atoms are tetrahedrally coordinated with four oxygen atoms, 

forming distorted PO4 tetrahedrons with P(1)–O bond lengths 

varying from 1.505(2) to 1.584(2) Å and P(2)–O bond lengths 

scattering from 1.492(2) to 1.578(2) Å. The structural unit also 

consists of one water molecule bridging Cu(1) and Cu(2) and 

one Ba atom coordinated by eleven oxygen atoms forming a 

tricapped cube with the Ba–O bond lengths ranging from 

2.727(2) to 3.214(2) Å. These crystallographic data coincide 

with results published in ref 18. 

The main characteristic of the framework is that both 

CuO4(H2O) square pyramids share their bevel edges and 

corners of basal planes to form alternate zigzag chains along b 

axis (Fig. 1a). The Cu–Cu separations are 3.192(4) and 3.259(3) 

Å, and the Cu–O–Cu bond angles are 84.32(4)o, 106.82(4)o and  
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Fig. 1 (a) A 2D layer and (b) 3D framework for compound 1. (c) 
A 2D layer and (d) 3D network for BaCu2(PO4)2. Turquoise, Cu 
polyhedrons; Pink, PO4 tetrahedrons; Gray balls, Ba2+ cations. 

 

109.04(7)o. The chains are further linked through PO4 
tetrahedra by corner-sharing along a axis, expanding to layers 
that stack an ABAB sequence. Finally, the barium cations are 
located between layers (Fig. 1b). However, it is found that the 
CuO5 square pyramids in corresponding anhydrous compound, 
BaCu2(PO4)2, only share corners to form isolated chains, which 
are interconnected by PO4 groups through corner- and edge-
sharing to extend a 2D layer with an AAAA stacking sequence 
(Figs. 1c and 1d).9a The difference of coordination, linkage and 
stack fashion of Cu atoms result in different magnetism 
between compound 1 and BaCu2(PO4)2. 

3.1.2   Crystal structure of Ba2Cu(HPO4)(PO4)(OH)   (2)  

Compound 2 crystallizes in the monoclinic space group P21/m. The 

structure parameters and refinement information are provided in 

table 1. The asymmetric unit of 2 contains one Cu center, two 

independent Ba sites, two different P lattices, six oxygen atoms and 

one μ3-OH- anion. Except O1 and O4 atoms, the others have half of 

site occupancy factor in the crystallographically fundamental unit. 

The coordination environment of P, Cu and Ba atoms is displayed in 

Fig. S2†. It can be seen that the coordination geometries of P(1) and 

P(2) atoms are fairly common tetrahedra constructed from four 

oxygen atoms. The P(1)–O lengths are in the range of 1.531(6) to 

1.550(4) Å and the P(2)–O distances vary from 1.513(5) to 1.636(6) 

Å. The longest bond length, P(2)–O(6) (1.636(6) Å), is assumed to be 

protonated.4b Moreover, the calculated bond valence sums (BVSs) 

show good agreement with the values of effective charge on Ba, Cu, 

P, O atoms, except for the O(6) (BVS = 1.04) and O(7) (BVS = 0.85), 

indicating a possible binding with protons. The existence of 

hydroxyl is also demonstrated by infrared spectroscopy (Fig. S6a† 

and text in part 3.2). Consequently, two phosphate groups are 

formulated as P(1)O4 and P(2)O3(OH), respectively, and O7 atom is 

an OH- instead of an O2- anion. The coexistence of hydroxyl and 

hydrogen phosphate within one compound is also found in 

Co3(HPO4)2(OH)2.19 The Ba(1) and Ba(2) atoms are surrounded by 

ten and eleven oxygen atoms with Ba–O distances varying from 

2.718(5) to 3.155(3) Å and from 2.588(6) to 3.210(3) Å, respectively. 

 

Fig. 2 (a) A 1D chain and (b) 3D framework in compound 2. (c) A 1D 
chain and (d) 3D network in Ba2Cu(PO4)2. Turquoise, Cu 
polyhedrons; Pink, PO4 tetrahedrons; Gray balls, Ba2+ cations.

 

Each Cu atom is surrounded by six oxygen atoms, four from 

different PO4 groups and the others from hydroxyls, forming a 

CuO4(OH)2 octahedron (Fig. S2†). The four shorter Cu–O bonds with 

lengths of 1.915(3) Å (x2, from OH-) and 2.004(4) Å (x2, from P(1)O4) 

constitute basal plane, while two longer Cu–O bonds with lengths 

of 2.486(3) Å from P(2)O3(OH) locate at the axial position of 

octahedron. The bond angles of Cu–O–Cu are equal to 72.4(3)o and 

100.0(2)o. Fig. 2a shows that the CuO4(OH)2 octahedra are linked 

with each other by edge sharing to form an infinite chain running 

along b axis, giving a short Cu–Cu separation distance, 2.934(6) Å. 

The 3D framework structure of compound 2 is built up from infinite 

[Cu(OH)PO4] linear chains separated by barium cations (Fig. 2b). 

This arrangement lead to long Cu–Cu distances among chains along 

a axis (8.328(4) Å = a) and c axis (9.078(3) Å = c).  

Compared with compound 2, the CuO4 squares in corresponding 

anhydrous compound, Ba2Cu(PO4)2
10a, give rise to a CuPO4 linear 

chain through Cu–O–P–O–Cu paths (Figs. 2c and 2d). Thus, there is 

no Cu–O–Cu superexchange. This linkage is also observed in 

another similar material Ba2Cu(PO4)2(H2O).18 The distinction among 

three similar compounds may be ascribed to their different 

structural features, such as space groups, coordination geometries 

of Cu atoms and the linkage of OH- and H2O. In addition, there are 

existence of hydrogen bonds in both compounds 1 and 2, 

which are presented in Fig. S3 and Table S3.†  

3.2   PXRD, IR and TG Analyses  

According to the PXRD patterns shown in Figs. S4 and S5†, all peaks 

on the curves are indexed to the corresponding simulated ones, 

indicating the phase purity of two samples without any other 

impurities. From IR spectra (Fig. S6a†), both compounds contain 

many bands below 1500 cm-1, which are consistent with different 

P–O, Cu–O and Ba–O modes. Two broad bands at about 1675 and 

3381 cm-1 are observed in compound 1, corresponding to water 

molecules. However, a rather sharp band is seen at 3626 cm-1 in 

compound 2, emphasizing the existence of the OH- groups. The 

thermal behavior of 1 and 2 is depicted in Fig. S6b†. It is clearly 

found that compound 1 begins to release the coordinated water 

molecules at 550 oC (found 3.94% and calcd 3.81%) and the  
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Fig. 3 (a) The χm vs T curve for 1 at 5 KOe. Green and red lines are fitting curves by eqs 1 and 2, 1 and 3, respectively. (b) The χm vs T curve 
for 2 under 1 KOe. Red line is fitted by eqs 1 and 4. (c) The Cp/T vs T curve for 1 at 0 T. (d) The ac susceptibilities at various frequencies for 2 

with Hdc = 0 T and Hac = 3 Oe. Isothermal magnetization curves measured at 2 K for 1 (e) and 2 (f). The red solid line in (f) is the S = 1/2 
Brillouin function with g = 2.18. 

 

following thermal behavior corresponds to the decomposition of 

the host skeleton at 880 oC. However, compound 2 dehydrates 

water molecules from hydroxyl groups at 480 oC (found 3.06% and 

calcd 3.29%) and then maintains stabilization. These features are 

good in agreement with the crystal structures.  

3.3   Magnetic properties 

Although the synthesis and structure of compound 1 was reported 

many years ago, magnetic properties have not been investigated 

yet. Magnetic susceptibilities for 1 and 2 were recorded on powder 

samples in the temperature range of 2–300 K. The temperature 

dependence of dc magnetic susceptibility is displayed in Fig. 3, and 

corresponding reciprocal susceptibility curves are shown in Fig. S7†. 

It can be seen that their magnetic behaviors are significantly 

different although both compounds consist of chains constructed 

from Cu polyhedra.  

For compound 1, the magnetic susceptibility exhibits a broad 

maximum around 40 K (Fig. 3a), a feature of one-dimensional 

antiferromagnets, corresponding to the onset of short-range AFM 

ordering. A small sharp peak at 17 K (inset in Fig. 3a) is observed 

with decreasing temperature, revealing long-range AFM ordering 

induced by interchain interactions. The slight increase at the lower 

temperature is attributed to the presence of a small amount of 

impurities or defects in the sample. However, the magnetic 

susceptibility of compound 2 (Fig. 3b) increases with decreasing 

temperature while a rapid increase is observed below 5 K, 

suggesting the presence of FM component. The high-temperature 

susceptibility data (150−300 K) obey the Curie–Weiss law, giving a C 

value of 0.46(3) emu K/mol and θ value of −45.82(1) K for 1 and a C 

value of 0.51(4) emu K/mol and θ value of 16.95(3) K for 2. The 

effective magnetic moments of compounds 1 and 2 are calculated 

to be 1.93 μB and 2.01 μB, respectively, which are all a little larger 

than the spin-only value of 1.73 for S = 1/2 with g = 2. The negative 

and positive Weiss constants also confirm that the dominative 

interaction exchanges between Cu2+ ions are AFM in 1 and FM in 2. 

Fig. 3c shows the temperature dependence of specific heat 

divided by temperature of compound 1 in zero magnetic field. No 

peak is seen at 40 K and one broad small peak is found at 14 K, 

which is a little lower than the temperature position of the χm. No 

other anomalies are observed in the temperature range of 4.5–300 

K. These features again demonstrate the existence of short-range 

ordering at 40K and long-range ordering at 14 K in compound 1. In 

order to determine the long-range ordering temperature of 

compound 2, we measured ac magnetic susceptibilities instead of 

specific heat because of the absence of enough sample. From Fig. 

3d, it is obviously seen that the real part of ac magnetic 

susceptibilities are independent of frequencies and increase 

gradually without a peak. This fact implies that there is no long-

range ordering above 2 K. In addition, Fig. S8† reveals the χ’m values 

are strongly dependent on static magnetic field. A peak is obviously 

observed at 0.2 T and gradually transits to high temperature with 

increasing magnetic field to 8 T. 

The behaviors of magnetization (M) as a function of applied field 

was measured at 2 K among 0–8 T. For 1 (Fig. 3e), the M values 

increase progressively to 0.047 μB at 8 T, which is much lower than 

the saturation value of 1 μB. The linear behavior of magnetization is 

in good agreement with the AFM ground state in the system. 

Isothermal magnetization curves for compound 2 were measured in 

the temperature range of 2 to 15 K, as shown in Figs. 3f and S9†. 

The M values at 2 K increase quickly at low field and trend to 

saturation at 1 T with the M value of 1.08 μB, slightly larger than the 

theoretical value of 1 μB. Also, the measured magnetization data 

increase much faster than expected values calculated from Brillouin 
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Table 2 The geometrical parameters of main interactions for BaCu2(PO4)2(H2O) and Ba2Cu(HPO4)(PO4)(OH). 

compound J pathway bond length (Å) angle (o) 
BaCu2(PO4)2(H2O) J1 1 Cu(1)–O(4) = 1.998, Cu(2)–O(4) = 2.005 Cu(1)–O(4)–Cu(2) = 109.04  
 J2 1 Cu(1)–O(5) = 2.014, Cu(2)–O(5) = 1.961 Cu(1)–O(5)–Cu(2) = 106.82 

 J3 1 
Cu(2)–O(5) = 1.961, Cu(1)–O(6) = 1.912 
O(5)–O(6) = 2.512 

Cu(1)–O(6)–O(5) = 122.53 
O(6)–O(5)–Cu(2) = 80.16 

  2 
Cu(2)–O(2) = 1.987, Cu(1)–O(4) = 1.998 
O(2)–O(4) = 2.522 

Cu(1)–O(4)–O(2) = 86.64 
O(4)–O(2)–Cu(2) = 114.01 

 J4 1 
Cu(1)–O(1) = 1.912, Cu(2)–O(4) = 2.005 
O(1)–O(4) = 2.514 

Cu(1)–O(1)–O(4) = 124.01 
O(1)–O(4)–Cu(2) = 85.77 

  2 
Cu(1)–O(5) = 2.014, Cu(2)–O(7) = 1.922 
O(5)–O(7) = 2.500 

Cu(1)–O(5)–O(7) = 90.48 
O(5)–O(7)–Cu(2) = 122.36 

 J5 1 
Cu(2)–O(5) = 1.961, Cu(2)–O(7) = 1.922 
O(5)–O(7) = 2.500 

Cu(2)–O(5)–O(7) = 134.80 
O(5)–O(7)–Cu(2) = 122.36 

  2 
Cu(2)–O(2) = 1.987, Cu(2)–O(4) = 2.005 
O(2)–O(4) = 2.522 

Cu(2)–O(2)–O(4) = 114.01 
O(2)–O(4)–Cu(2) = 139.20 

 J6 1 
Cu(1)–O(5) = 2.014, Cu(1)–O(6) = 1.912 
O(5)–O(6) = 2.512 

Cu(1)–O(5)–O(6) = 140.10 
O(5)–O(6)–Cu(1) = 122.50 

  2 
Cu(1)–O(1) = 1.912, Cu(1)–O(4) = 1.998 
O(1)–O(4) = 2.514 

Cu(1)–O(1)–O(4) = 124.01 
O(1)–O(4)–Cu(1) = 138.39 

Ba2Cu(HPO4)(PO4)(OH) J 1 Cu(1)–O(7)H = 1.915 (x 2) Cu(1)–O(7)H–Cu(1) = 100.00 

function with S = 1/2 and g = 2.18. This result also indicates the 

main interaction between nearest-neighbor Cu atoms is FM. No 

hysteresis loop and remanent magnetization at 0 T can be observed 

in both compounds.  

3.4   Discussion  

It is found that both bond lengths and angles play important role on 
the sign and strength of magnetic couplings. The longer axial Cu–O 
bonds could be negligible. Thus, all polyhedra in both compounds 
change to squares where the ������ orbitals occupied by Cu spins 

are resided. In general, the main couplings are controlled by direct 
Cu–O–Cu superexchanges. However, the supersuperexchange 
interactions mediated by Cu–O∙∙∙O–Cu paths where the O∙∙∙O 
represents an edge of PO4 tetrahedron will have considerable value 
when CuO4 squares and PO4 groups locate on the suitable position. 
For example, the degree of couplings will increase with decreasing 
the O∙∙∙O distance, and the Cu–O∙∙∙O angle in the vicinity of 132o is 
optimal.11a For compounds 1 and 2, the dominant magnetic 
exchange paths are shown in Fig. 4, and corresponding geometrical 
parameters are summarized in Table 2.  

To estimate the strength of intrachain couplings, we fit the χ(T) 

data by following equations. 

χ 
 	 χ� 
����

�	 � 	����
 ������																																						�1� 

Where χ0 represents the temperature independent term containing 

Van Vleck paramagnetic and the diamagnetic contributions, Cimp 

and θimp are Curie constant and Weiss temperature from free spins 

and impurities, χchain is the intrachain magnetic contribution.  

For compound 1, there are six different interactions (Fig. 4a). 

From results reported in ref 11a, J3 and J4 could be negligible. If J1 

and J2 are dominant intrachain constants and J5 and J6 are 

interchain interactions, the alternating chains model is more 

reasonable although the bong lengths and angles of J1 and J2 paths 

are similar. The degree of J1 is a little larger than J2 due to the 

slightly bigger angle (109.04o vs 106.82o). So χchain is fitted by 

equation (2).20 

χ����� 
	�g
� �!�"�#�/%
4'(� ρ�α, t�															�2� 

where α = J2/J1 (J2 < J1), t = κBT/J1, N, g, β and kB represent Avogadro 

number, Lande factor, Bohr magneton and Boltzmann constant, 

respectively. The complete information of equation (2) can be 

found in equation (56) of ref 20. 

  The second case is that J5 and J6 are predominant intrachain 

interactions while J1 and J2 are responsible for interchain constants. 

So, two uniform chains are constructed from Cu(1)O4 along a axis 

and Cu(2)O4 along b axis, respectively. We consider J5 equal to J6 in 

terms of their similar geometries. Thus, the measured data can be 

fitted by uniform chain model using equation (3).20 

�./012 
	�3
� �

4'4�
1  ∑ �2 62⁄829:
1  ∑ ;2 62⁄<29:

																								�3� 

where t = κBT/J, the parameters could be found in equation (50) of 
ref 20.  

 

 

Fig. 4 The dominative magnetic couplings in 1 (a) and 2 (b). 
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The fitted results from equations (2) and (3), respectively, are 

listed in Table 3. The poor fitting curves shown in Fig 3a indicate 

that both alternating and uniform models should be inadequacy 

although the fitted values look like reasonable. On the basis of 

crystal structure and magnetic analysis, we suggest the strengths of 

couplings involving Cu–O–Cu and Cu–O∙∙∙O–Cu paths are 

comparative to get rid of isolated 1D chain model, resulting in a 2D 

magnetic topology along ab plane. Furthermore, these interactions 

are strong enough to enhance a 3D AFM ordering at 14 K.12,21 

However, there is no 3D ordering above 2 K in BaCu2(PO4)2 and the 

susceptibility can be fitted better by spin ladder than alternating 

chain model.9a,9b The widely different magnetic behaviors between 

1 and BaCu2(PO4)2 result from different crystal structures (Fig. 1).  

However, in compound 2, there is only one intrachain exchange 

constant mediated by the path Cu(1)–O(7)H–Cu(1) (J). Thus, χchain is 

fitted to the model of 1D uniform Heisenberg ferromagnetic chain 

with equation (4). 22 

χ����� 
	�g
� �

4'(� >1 	? @
'(�A	B																															�4� 

The meanings of N, g, β and kB are the same as those in equation (2). 

The best fitting parameters are presented in Table 3. 

Fig. S10† shows χmT in compound 2 continues to increase at low 

temperature. This phenomenon is the same as SrCuV2O7,14 but is 

different from BaCuV2O7
14 and BaCu2Ge3O9∙H2O,15 where χmT 

exhibit a maximum at 3 k and 8 k, respectively. The J/κB (4.62 K) in 

SrCuV2O7 is much lower than that in 2 (J/κB = 22.06 K). This is 

attributed to no direct Cu–O–Cu exchange paths. However, 

SrCuV2O7 undergoes long-range AFM ordering at 1.36 K and a spin 

flop transition at 500 Oe. These results demonstrate the exchange 

interactions among 1D FM chains are AFM. To obtain more 

magnetic information of compound 2, susceptibilities were 

measured under various applied fields from 0.001 T to 8 T in the 

temperature range of 2–30 K. As seen in Fig. S11†, the susceptibility 

decrease with decreasing temperature at 0.001 T, while the χm 

values increase with decreasing temperature above 0.001 T. 

Moreover, the values at 2 K increase with increasing external fields  

 

 

Fig. 5 (a) Band structure of compound 2 from GGA+U calculation. 

Blue (red) lines correspond to up-spin (down-spin) bands. (b) and (c) 

Band-decomposed charge density figures corresponding to the 

selected band 104 (B. 104) and band 103 (B. 103), respectively. 

Table 3 The fitting results for compounds BaCu2(PO4)2(H2O) and 
Ba2Cu(HPO4)(PO4)(OH). 

parameters 
BaCu2(PO4)2(H2O) Ba2Cu(HPO4)(PO4)(OH) 

eqs 1 and 2 eqs 1 and 3 eqs 1 and 4 

χ0 (emu/mol) 0.88 x 10-4 1.42 x 10-4 –1.38 x 10-4 

Cimp (emu K/mol) 2.25 x 10-3 3.46 x 10-3 4.06 x 10-4 

θimp (K)  1.33 –1.27 1.07 

g 2.25 2.23 2.04 

J/κB (K) J1/κB 
–68.99 (AFM) 

J5/κB 
–68.60 (AFM) 

22.06 (FM) 

α 0.98   

 

to 0.1 T, above of which the susceptibilities drop with increasing 

applied fields to 8T. In addition, the low-field dependence 

susceptibilities (Fig. S11a†) persist up to 30 K, implying the presence 

of a FM impurity. These data further clarify no magnetic ordering is 

observed above 2 K.  

A rough rule predicts the exchange constant is FM for angles less 

than 95o and usually AFM for angles larger than 95o.23 The simple 

rule is in good agreement with the observations in 1. However, it 

does not work for 2. In order to understand the origination of 

intrachain FM coupling in 2, we performed first-principle electronic-

structure calculations based on the generalized-gradient 

approximation24 including the electron-electron Coulomb 

interactions25 (GGA+U, U = 4.0 eV as in the case of other cuprates26) 

and the projector-augmented wave method27 employed in VASP 

Program.28 Fig. 5 shows the band structure and the decomposed 

charge densities at the highest occupied bands, band-104 and band-

103. We find that the intrachain FM couplings propagate along 

Cu(1)−O(7)H−Cu(1) pathways by �CD correlation superexchange in 

spite of the angle equal to 100.00o.29 In fact, the bigger angles also 

can propagate FM interaction in some materials. For example, in a 

molecule magnet with formula of Cu4C52H68N22O33, the 

intramolecular exchange constants are FM between Cu centers 

despite of extremely big Cu–O–Cu angles ranging from 139.2 to 

140.6o.30 

4   Conclusions 

Two barium copper phosphates, BaCu2(PO4)2(H2O) (1) and 

Ba2Cu(HPO4)(PO4)(OH) (2), were successfully prepared through 

one-pot hydrothermal reaction. In compound 1, CuO4(H2O) 

square pyramids constitute alternating chains along b axis by 

alternative corner and edge sharing, while CuO4(OH)2 

octahedra in compound 2 form uniform chains along b axis 

through edge sharing. This results in significantly different 

magnetic behaviors. The measurements of susceptibility, 

magnetization and specific heat evidence that compound 1 

shows typical 1D AFM characterizations with a short-range 

ordering around 40 K and a long-range ordering at 14 K, and 

compound 2 do not appear long-range ordering above 2 K with 

FM intrachain interactions. The first principle calculations 

demonstrate the intrachain FM couplings in 2 are ascribed to 

d��  correlation superexchanges through Cu(1)−O(7)H−Cu(1) 

paths.  
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Compound 1 contains alternating chains with 3D ordering at 14 K, while 2 consists of uniform 

chains without 3D ordering above 2 K. 
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