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Abstract

Properties of Sr2Cu(PO4)2 and Ba2Cu(PO4)2 having [Cu(PO4)2]N linear chains in their structures with Cu–O–P–O–Cu linkages

were studied by magnetic susceptibility (T ¼ 22400 K, H ¼ 100Oe) and specific heat measurements (T ¼ 0:45221 K). Magnetic

susceptibility versus temperature curves, wðTÞ; showed broad maxima at TM ¼ 92 K for Sr2Cu(PO4)2 and TM ¼ 82 K for

Ba2Cu(PO4)2 characteristic of quasi-one-dimensional systems. The wðTÞ data were excellently fitted by the spin susceptibility curve

for the uniform S ¼ 1=2 chain (plus temperature-independent and Curie–Weiss terms) with g ¼ 2:153ð4Þ and J=kB ¼ 143:6ð2ÞK for

Sr2Cu(PO4)2 and g ¼ 2:073ð4Þ and J=kB ¼ 132:16ð9ÞK for Ba2Cu(PO4)2 (Hamiltonian H ¼ JSSiSiþ1). The similar J=kB values

were obtained from the specific heat data. No anomaly was observed on the specific heat from 0.45 to 21 K for both compounds

indicating that the temperatures of long-range magnetic ordering, TN; were below 0.45 K. Sr2Cu(PO4)2 and Ba2Cu(PO4)2 are an

excellent physical realization of the S ¼ 1=2 linear chain Heisenberg antiferromagnet with kBTN=Jo0:34% together with Sr2CuO3

(kBTN=JE0:25%) and g-LiV2O5 (kBTN=Jo0:16%). Sr2Cu(PO4)2 and Ba2Cu(PO4)2 were stable in air up to 1280 and 1150 K,

respectively.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The discovery of diverse cooperative quantum phe-
nomena in different compounds has stimulated a search
for new materials with low-dimensional magnetic
sublattices. A variety of one- (1D) and two-dimensional
(2D), as well as systems with intermediate dimensions,
e.g., coupled chains or spin ladders, has been found and
investigated [1].

The spin number and the geometry of the magnetic
sublattice affect the ground state of quantum antiferro-
magnets (AFs). For example, spin singlet ground states
with finite gaps to magnetic excited states have been
found in 1D AF systems, e.g., S ¼ 1=2 alternating bond
chains [2,3], S ¼ 1=2 two-leg ladders [4], and S ¼ 1
chains (Haldane systems) [5]. The discovery of CuGeO3
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(spin Peierls) [6], (VO)2P2O7 (alternating chains) [7],
Y2BaNiO5 (Haldane) [8], SrCu2O3 [9,10], and
Sr14Cu24O41 (ladders) [11] in the past decades has
continued to attract attention to 1D systems.

A uniform Heisenberg half-integer spin chain has a
gapless spin excitation spectrum. The ground state is
disordered because of strong quantum fluctuations. 1D
gapless systems do not undergo three-dimensional (3D)
magnetic ordering. However, real quasi-1D gapless
systems exhibit long-range ordering (LRO) due to finite
interchain interactions. For example, a S ¼ 5=2 1D
system, (CH3)4NMnCl3 (TMMC), has a 3D magnetic
ordering at TN ¼ 0:835 K [12]. Sr2CuO3 was considered
as an excellent physical realization of the S ¼ 1=2 linear
chain Heisenberg AF [13,14] because it has TN ¼ 5:4 K
and the exchange coupling constant, J=kB; of about
22007200 K [13] giving the ratio kBTN=JE0:25%.
Another example of systems with the low kBTN=J ratio
is g-LiV2O5 (kBTN=Jo0:16%) [1,15].
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Sr2Cu(PO4)2 [16] and Ba2Cu(PO4)2 [17] crystallize in
space group C2=m (No. 12) with a ¼ 11:5155 Å,
b ¼ 5:0754 Å, c ¼ 6:5749 Å, and b ¼ 106:356� for the
former and a ¼ 12:160 Å, b ¼ 5:133 Å, c ¼ 6:885 Å, and
b ¼ 105:42� for the latter. Cu2+ ions in the structures of
these two compounds have a square-planar coordina-
tion. The CuO4 polyhedra are connected with each other
through two PO4 groups forming infinite [Cu(PO4)2]N
linear chains along the b direction as shown in Fig. 1.
The Cu–Cu distance in the chain equals to the length of
the b axis. A quasi-1D character of the structure of
Ba2Cu(PO4)2 was emphasized by Etheredge and Hwu
[17]. These authors measured magnetic susceptibility of
Ba2Cu(PO4)2 at 4.7–300K but they did not observe a
maximum characteristic of the uniform S ¼ 1=2 1D
Heisenberg chain, probably because of the large Curie–
Weiss contribution coming from a poor sample quality.

In this work, we have studied properties of
Sr2CuðPO4Þ2 and Ba2Cu(PO4)2 by magnetic suscept-
ibility and specific heat measurements. These com-
pounds were shown to be another excellent physical
realization of the quasi-1D Heisenberg chain with
kBTN=Jo0:34%. We have also investigated the thermal
stability of Sr2Cu(PO4)2 and Ba2Cu(PO4)2 in air.
Fig. 1. Projections of the structure of Sr2Cu(PO4)2 with (a) the c-axis

perpendicular to this page and (b) the b-axis perpendicular to this page.

[Cu(PO4)2]N linear chains are along the b direction. PO4 and CuO4

polyhedra are shown. Sr atoms are presented by big spheres.
2. Experimental section

Sr2Cu(PO4)2 and Ba2Cu(PO4)2 were prepared from
stoichiometric mixtures of SrCO3 (99.99%), BaCO3

(99.9%), CuO (99.99%), and NH4H2PO4 (99.8%) by
the solid state method in alumina crucibles. The
mixtures were heated very slowly from room tempera-
ture to 770 K, reground, and then allowed to react at
1150 K for Sr2Cu(PO4)2 and at 1050 K for Ba2Cu(PO4)2
for 200 h with five intermediate grindings. Both of the
obtained samples were blue. X-ray powder diffraction
(XRD) data collected with a RIGAKU RINT 2500
diffractometer (2y range of 10–60�, a step width of 0.02�,
and a counting time of 1 s/step) showed that Sr2Cu
(PO4)2 contained impurity of a-Sr2P2O7 (0.8%), and
Ba2CuðPO4Þ2 contained impurity of Ba3(PO4)2 (0.2%).
Mass fractions of impurities were estimated from scale
factors refined in their Rietveld analyses.

Magnetic susceptibilities, w; of Sr2Cu(PO4)2 and
Ba2Cu(PO4)2 were measured on a DC SQUID magnet-
ometer (Quantum Design, MPMS XL) between
2 and 400 K in applied fields of 100 Oe under both
zero-field-cooled (ZFC) and field-cooled (FC) condi-
tions. Specific heat capacities, Cp; were recorded
between 0.45 and 21 K (on cooling) by a pulse relaxation
method using a commercial calorimeter (Quantum
Design PPMS).

Thermal stability of Sr2Cu(PO4)2 and Ba2Cu(PO4)2
was examined under air with a MacScience TG-DTA
2000 instrument. The samples were placed in Pt
crucibles, heated, and then cooled with a rate of
10 K/min.
3. Results and discussion

Fig. 2 presents plots of w (ZFC curves) against
temperature, T ; for Sr2Cu(PO4)2 and Ba2Cu(PO4)2.
No notable difference was found between the curves
measured under the ZFC and FC conditions. The wðTÞ
data exhibited a broad maximum at TM ¼ 92 K for
Sr2Cu(PO4)2 and TM ¼ 82 K for Ba2Cu(PO4)2 which is
characteristic of quasi-1D systems. In the temperature
range of 3.2–400 K for Sr2Cu(PO4)2 and 2–400 K for
Ba2Cu(PO4)2, the wðTÞ data were fitted well by the
equations:

wfitðTÞ ¼ w0 þ Cimp=ðT � yimpÞ þ wchainðTÞ; ð1Þ

wchainðTÞ

¼ Ng2m2
B

kBT

0:25 þ 0:14995x þ 0:30094x2

1 þ 1:9862x þ 0:68854x2 þ 6:0626x3
; ð2Þ

where wchainðTÞ is the Bonner–Fisher curve [2] para-
meterized by Estes et al. [18], x ¼ J=ð2kBTÞ; N is
Avogadro’s number, mB is the Bohr magneton, kB is
Boltzmann’s constant, g is the spectroscopic splitting
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Fig. 2. Magnetic susceptibilities (o) against temperature, wðTÞ; for (a)

Sr2Cu(PO4)2 and (b) Ba2Cu(PO4)2. Solid lines represent the fits by

Eqs. (3) and (4), wfitðTÞ: Solid lines with small dots are contributions of

w0 þ w�chainðTÞ and Cimp=ðT � yimpÞ: Inset in (a) gives the enlarged

fragment of this figure. Inset in (b) shows the wT versus T curve for

Ba2Cu(PO4)2 below 50K.

Table 1

Fitted parameters for wðTÞ and Cp=TðT2Þ of Sr2Cu(PO4)2 and

Ba2Cu(PO4)2

Equation Quantity Sr2Cu(PO4)2 Ba2Cu(PO4)2

Eqs. (1)

and (2)

Temperature range

(K)

3.2�400 2�400

w0 (cm3 mol�1) �2.07(6)� 10�5 �4.37(4)� 10�4

Cimp

(cm3 K mol�1)

2.21(5)� 10�3 6.07(3)� 10�3

yimp (K) �3.18(15) �0.88(2)

g 2.152(4) 2.050(4)

J=kB (K) 146.4(2) 132.9(2)

srms (%)a, Rb 0.421,

1.68� 10�5
0.698,

4.66� 10�5

Eqs. (3)

and (4)

Temperature range

(K)

2�400 2�400

w0 (cm3 mol�1) �3.0(3)� 10�5 �4.68(2)� 10�4

Cimp

(cm3 K mol�1)

4.54(6)� 10�4 4.884(8)� 10�3

yimp (K) 1.403(11) �0.406(5)

g 2.153(4) 2.073(4)

J=kB (K) 143.6(2) 132.16(9)

srms (%)a, Rb 0.472,

2.20� 10�5
0.355,

5.24� 10�6

Eq. (5) Temperature range

(K)

3�21 3�21

g (mJK�2 mol�1) 37.2(5) 42.1(1.3)

b1 (mJK�4 mol�1) 0.526(7) 1.10(2)

b2 (mJK�6 mol�1) 1.6(2)� 10�4 �7(4)� 10�5

as2
rms ¼

1

Np

PNp

i¼1

ðwðTiÞ � wfitðTiÞ
wðTiÞ

� �2

where Np is the number of data

points.

b R ¼
PNp

i¼1ðwðTiÞ � wfitðTiÞÞ2PNp

i¼1ðwðTiÞÞ2
:
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factor (g-factor), and J is the exchange constant with the
Hamiltonian formulated as H ¼ JSSiSiþ1: The fitted
parameters and measures of the quantity of fits (srms

and R) are given in Table 1.
The wðTÞ data were taken in the temperature range

corresponding to 0:01okBT=Jo3:1: It is known that at
kBT=Jo0:25; the Bonner–Fisher curve deviates from
the recent calculations of spin susceptibility for the
uniform S ¼ 1=2 chain [14,19]. This may be the reason
why the wðTÞ data for Sr2Cu(PO4)2 could not be fitted
well by Eqs. (1) and (2) in the whole temperature range
of 2–400 K (in this case, srms ¼ 1:31% and
R ¼ 1:85 � 10�4). The excellent fits in the whole
temperature range were obtained using the equations:

wfitðTÞ ¼ w0 þ Cimp=ðT � yimpÞ þ w�chainðTÞ; ð3Þ

w�chainðTÞ ¼ Ng2m2
B

4kBT

1 þ
P5

n¼1Nn=tn

1 þ
P6

n¼1Dn=tn
; ð4Þ

where w�chainðTÞ is the spin susceptibility curve of the
uniform S ¼ 1=2 chain parameterized by Johnston et al.
(Eqs. (50) in Ref. [19]), t ¼ kBT=J; N1 ¼ �0:053837836;
N2 ¼ 0:097401365; N3 ¼ 0:014467437; N4 ¼ 0:0013
925193; N5 ¼ 0:00011393434; D1 ¼ 0:44616216; D2 ¼
0:32048245; D3 ¼ 0:13304199; D4 ¼ 0:037184126; D5 ¼
0:0028136088; D6 ¼ 0:00026467628: The fitted para-
meters and srms and R are listed in Table 1. The
magnetic susceptibilities calculated with Eqs. (3) and (4),
wfitðTÞ; are plotted on Fig. 2. The g and J=kB parameters
for Sr2Cu(PO4)2 and Ba2Cu(PO4)2 obtained from
Eqs. (1) and (2) and from Eqs. (3) and (4) were similar
to each other.

The second term in Eqs. (1) and (3) is related to the
presence of impurities or defects with an impurity Curie
constant Cimp and Weiss constant yimp; which gives rise
to a low-temperature upturn in wðTÞ: The Cimp values
correspond to 0.05% of free spins in Sr2Cu(PO4)2, and
0.5% in Ba2Cu(PO4)2. Ba2Cu(PO4)2 was prepared at the
lower temperature than Sr2Cu(PO4)2. Ba2Cu(PO4)2 had
also the worse crystallinity than Sr2Cu(PO4)2 as
indicated by the line widths on the XRD patterns. It
means that a larger number of defects was presented in
Ba2Cu(PO4)2 and the length of the Cu chains in
Ba2Cu(PO4)2 was shorter than that in Sr2Cu(PO4)2. It
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may explain why Cimp in Ba2Cu(PO4)2 was larger than
that in Sr2Cu(PO4)2.

Note that relatively large J=kB values were obtained
for Sr2Cu(PO4)2 and Ba2Cu(PO4)2 taking into account
the fact that the exchange interactions are transferred
through PO4 tetrahedra. A comparable exchange con-
stant (J1=kB ¼ 136 K) was assigned to the V–V interac-
tion transferred via the PO4 groups in (VO)2P2O7 [20].

In the work of Etheredge and Hwu [17], the authors
observed the increase of the wT values below 20 K for
Ba2Cu(PO4)2. This feature on the wT versus T curve was
suggested to be caused by a possible antiferro-to-
ferroelecrtic transition. Our data plotted as wT versus
T showed no anomaly at low temperatures for
Ba2Cu(PO4)2 (see the inset of Fig. 2b) indicating the
absence of the proposed magnetic phase transition.

Specific heat data were taken at zero field to
investigate magnetism of Sr2Cu(PO4)2 and Ba2Cu(PO4)2
in more details. Fig. 3 shows the total specific heat
divided by temperature, Cp=T ; plotted against tempera-
ture, T ; and temperature squared, T2: The Cp=T values
were almost constant below 2K (see the inset of Fig. 3a).
The slight upturn observed at very low temperatures
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figure. Solid lines in (b) represent the fits by Eq. (5).
(especially for Ba2Cu(PO4)2) can be attributed to the
vicinity of the 3D LRO transitions.

Because the present compounds are insulators,
specific heat data consist of the magnetic and lattice
components. At low temperatures, the magnetic specific
heat divided by temperature, Cm=T ; for the S ¼ 1=2 AF
uniform Heisenberg chain is known to be constant and
equal to ð2=3ÞNk2

B=J ¼ 5543:14ðkB=JÞ: The initial de-
viation from this constant value is positive and
approximately quadratic in T [19]. The lattice contribu-
tion can be expressed as Cl ¼ b1T3 þ b2T5: Therefore,
the experimental Cp=TðT2Þ data can be fitted by the
equation

Cp=T ¼ gþ b1T2 þ b2T4; ð5Þ

where g ¼ Cm=T

The calculated Cm=T curves, (Cm=TÞcalc; for
Sr2CuðPO4Þ2 and Ba2Cu(PO4)2 are plotted on Fig. 3a.
For our calculations, we used Eqs. (54) of Ref. [19] and
the J=kB parameters determined from the wðTÞ data
(Eqs. (3) and (4)):

CmðTÞ ¼ 3NkB

16t2
1 þ

P6
n¼1Nn=tn

1 þ
P9

n¼1Dn=tn

� a1t sin
2p

a2 þ a3t

� �
e�a4t � a5t e�a6t; ð6Þ

where t ¼ kBT=J and numerical values of the coeffi-
cients (N12N6; D12D9; and a12a6) for Cm can be found
in Ref. [19].

The ðCm=TÞcalc values were notably smaller than the
experimental Cp=T values even at temperatures below
2K, where the lattice contribution should be negligible.
Such difference can be explained by the vicinity to
TN that gives an additional contribution to Cp: For
Ba2Cu(PO4)2, the difference between Cp=T and
ðCm=TÞcalc below 2 K is larger than that for
Sr2CuðPO4Þ2: This fact is in accordance with the
larger upturn of Cp=T at the low temperatures for
Ba2CuðPO4Þ2 than that for Sr2Cu(PO4)2 suggesting that
TN for Ba2Cu(PO4)2 is larger than TN for Sr2Cu(PO4)2.

For the reason described above, we fitted the
Cp=TðT2Þ data by Eq. (5) above 3 K, i.e., in the
temperature range corresponding to 0:02okBT=J

o0:16: The fitted parameters are presented in Table 1.
The g values correspond to J=kB of 149(2) K for
Sr2Cu(PO4)2 and 132(4) K for Ba2Cu(PO4)2. The values
of b1 give a Debye temperature, YD ¼ ð234NkB=b1Þ1=3;
of 155 K for Sr2Cu(PO4)2 and 121 K for Ba2Cu(PO4)2.
The J=kB parameters for Sr2Cu(PO4)2 and Ba2Cu(PO4)2
obtained from the magnetic susceptibility and specific
heat data were in good agreement with each other.
Note that if we take the Cp=T values at 2K as the g
values, we will obtain J=kB ¼ 133 K for Sr2Cu(PO4)2
and J=kB ¼ 102 K for Ba2Cu(PO4)2.
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No anomaly characteristic of magnetic LRO was
observed on the specific heat data. This fact gives us
evidence to believe that Sr2Cu(PO4)2 and Ba2Cu(PO4)2
do not undergo magnetic LRO transitions down to
0.45 K. In addition, the Cp=T values were almost
constant at low temperatures and approximately corre-
sponded to the expected J=kB parameters. This fact also
confirms the good 1D character of the present com-
pounds. Thus, Sr2Cu(PO4)2 and Ba2Cu(PO4)2 are other
examples of an excellent physical realization of
the S ¼ 1=2 linear chain Heisenberg AF with
kBTN=Jo0:34% together with the well known Sr2CuO3

(kBTN=JE0:25%) [13,14] and g-LiV2O5 (kBTN=Jo
0:16%) [1,15].

To study the thermal stability, we heated Sr2Cu(PO4)2
up to 1293 and 1333 K, and Ba2Cu(PO4)2 up to 1133,
1183, and 1263 K (Fig. 4) and then analyzed the
products by XRD. Sr2Cu(PO4)2 heated up to 1293 K
was green and the phase composition was not possible
to identify except for small amount of Sr3Cu3(PO4)4.
Sr2Cu(PO4)2 melted when it was heated up to 1333 K.
Thus, our differential thermal analysis (DTA) data
showed that Sr2Cu(PO4)2 was stable in air up to 1280 K
(Fig. 4a). Ba2Cu(PO4)2 heated up to 1133 K was blue
and the phase composition was not changed. When
Ba2Cu(PO4)2 was heated up to 1183 K, it was grey-blue
and reflections due to unknown impurities appeared on
the XRD pattern in addition to the reflections of the
main phase Ba2Cu(PO4)2. Phase composition was not
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Fig. 4. DTA curves for (a) Sr2Cu(PO4)2 and (b) Ba2Cu(PO4)2.
possible to identify (except for small amount of a phase
isotypic with Ba2Ni(PO4)2) when Ba2Cu(PO4)2 was
heated up to 1263 K. In the last case, the sample was
green. Thus, our DTA data evidenced that Ba2Cu(PO4)2
was stable in air up to 1150 K (Fig. 4b). This
temperature is higher than the decomposition tempera-
ture (1068–1083 K) reported for Ba2Cu(PO4)2 in the
literature [17].

In conclusion, we characterized quasi-1D
Sr2CuðPO4Þ2 and Ba2Cu(PO4)2 by magnetic suscept-
ibility, specific heat, and thermal analysis. From the
magnetic susceptibility data, we determined the ex-
change coupling constants between copper atoms
(J=kB ¼ 143:6K for Sr2Cu(PO4)2 and J=kB ¼ 132:2 K
for Ba2Cu(PO4)2) which were consistent with the specific
heat data. The specific heat data proved both com-
pounds to be good quasi-1D systems with the ratio
kBTN=J below 0.34%.
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