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Magnetic properties of SrCuP2O7 and PbCu1-xZnxP2O7 (x ) 0, 0.1, and 0.5) were studied by magnetic susceptibility,
ø(T), and specific heat, Cp(T). Both data showed that magnetism of SrCuP2O7 and PbCuP2O7 can be described by
the one-dimensional (1D) uniform chain model despite the structural features suggesting the presence of zigzag
chains with next-nearest-neighbor interactions. The ø(T) data were fitted by the Bonner−Fisher curve (plus temperature
independent and Curie−Weiss terms) with g ) 2.20 and J/kB ) 9.38 K for SrCuP2O7 and g ) 2.17 and J/kB )
8.41 K for PbCuP2O7 (Hamiltonian H ) J ΣSiSi+1). Magnetic specific heat, Cm(T), exhibited one broad maximum
due to short-range ordering and one sharp peak at TN ) 1.64 K for SrCuP2O7 and TN ) 1.15 K for PbCuP2O7 due
to long-range antiferromagnetic ordering. The characteristic values of the broad maxima on the Cm(T) curves (Cmax

and TC
max) were in good agreement with the theoretical calculations for the uniform 1D S ) 1/2 Heisenberg chain.

Magnetic properties of PbCu0.9Zn0.1P2O7 still obeyed the 1D uniform chain model but those of PbCu0.5Zn0.5P2O7 did
not. In air, SrCuP2O7 was stable at least up to 1373 K while PbCuP2O7 melted incongruently above 1180 K.

Introduction

Low-dimensional quantum magnets have attracted con-
siderable attention because of interesting physical properties.
For example, the spin-Peierls transition observed in some
organic compounds and in CuGeO3

1 is one of the quantum
phenomena in a one-dimensional (1D)S) 1/2 antiferromag-
netic (AF) Heisenberg chain. Below the critical temperature,
a finite energy gap opens in the magnetic excitation spectrum
accompanying with a lattice distortion (lattice dimerization),
and the spin system is in a spin-singlet state. Spin-singlet
ground states with finite gaps have also been found in other
1D AF systems: S ) 1/2 alternating bond chains,2,3 e.g.,
(VO)2P2O7,4 S ) 1/2 two-leg ladders,5 e.g., SrCu2O3

6,7 and

Sr14Cu24O41,8 and S ) 1 chains,9 e.g., Y2BaNiO5
10 and

PbNi2V2O8
11 (Haldane systems).

Quantum fluctuations in theS ) 1/2 uniform Heisenberg
chain are so strong that the ground state is disordered while
the excitation spectrum is gapless. Ideal 1D gapless systems
do not undergo three-dimensional (3D) magnetic ordering.
However, in a real compound, finite interchain coupling leads
to the 3D ordered ground state with spontaneous sublattice
magnetization.

Quantum phenomena in a 1D zigzag chain with the next-
nearest-neighbor (NNN) interaction have recently been
studied from both theoretical and experimental viewpoints.12-17
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Spin interactions in such systems shown in Figure 1a are
described by three exchange constants (J1, J2, andJ3). This
model is also called the double-spin chain model.15,16

Depending on the ratio betweenJ1, J2, and J3, this spin
system can have a gapped ground state or can be gapless. In
the case ofJ1 ) J2, it gives the so-called railroad-trestle
model.12-14 For J2 ) 0, the ordinary two-leg ladder system
is obtained.

SrCuP2O7
18 and PbCuP2O7

19 are the candidate model
compounds for theS ) 1/2 zigzag chain with NNN interac-
tions. They are isotypic withR-Ca2P2O7 crystallizing in space
groupP21/n with a ≈ 5.4 Å, b ≈ 8.1 Å, c ≈ 12.5 Å, andâ
≈ 90.5°.19 Cu2+ ions with S ) 1/2 have square pyramidal
coordinations. There is no direct Cu-O-Cu interaction, but
Cu atoms are connected with each other through O-P-O
bonds of PO4 groups. The copper framework in the structures
of SrCuP2O7 and PbCuP2O7 can be described in three ways.
The first description is 1D bond-alternating zigzag chains
along thea axis (Figure 1b). Cu atoms in the zigzag chain
are connected with each other by two O-P-O bonds with
Cu-Cu distances of 4.30 and 4.85 Å (for PbCuP2O7). Cu
atoms in the zigzag chain have also the NNN interaction
transferred through one O-P-O bond with the Cu-Cu
distance of 5.38 Å (for PbCuP2O7). This model fails into a
dimer system whenJ2 is dominant (the second model). The
third description is 1D uniform zigzag chains along theb
axis (Figure 2). In this case, Cu atoms with the nearest-
neighbor (NN) interaction (J4) are connected by one O-P-O

bond with the Cu-Cu distance of 5.38 Å (for PbCuP2O7),
and the NNN interactions (J5) are mediated by the two PO4

tetrahedra (or one P2O7 group).
CaCuP2O7,20 BaCuAs2O7,21 and other compounds with the

general formula of ABC2O7 (e.g., SrZnP2O7 and PbZnP2O7)
are also isotypic withR-Ca2P2O7.22 Magnetic susceptibilities
were measured for CaCuP2O7 and SrCuP2O7 in the temper-
ature range 4.2-300 K, but only the Curie-Weiss behavior
was reported.23 In this work, we have studied properties of
SrCuP2O7, PbCuP2O7, and solid solutions PbCu1-xZnxP2O7

(0 e x e 1) by magnetic susceptibility and specific heat
measurements. The experimental data agreed well with the
assumption of the presence of the 1D uniform zigzag chains
with almost negligible NNN interactions. We have observed
short-range and long-range magnetic ordering in SrCuP2O7

and PbCuP2O7 and also investigated the thermal stability of
these two compounds in air.

Experimental Section

Synthesis.SrCuP2O7, PbCuP2O7, SrZnP2O7, and PbZnP2O7 were
prepared from stoichiometric mixtures of SrCO3 (99.99%), PbO
(99.9%), ZnO (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 temperature to 770 K, reground,
and then allowed to react at 1173 K for SrCuP2O7 and SrZnP2O7

and at 973 K for PbCuP2O7 and PbZnP2O7 for 100 h with four
intermediate grindings. Solid solutions PbCu1-xZnxP2O7 with x )
0.1 and 0.5 were prepared from stoichiometric mixtures of
PbCuP2O7 and PbZnP2O7 at 973 K for 80 h with two intermediate
grindings. X-ray powder diffraction (XRD) data collected with a
RIGAKU RINT 2500 diffractometer (2θ range of 8-60°, a step
width of 0.02°, and a counting time of 1 s/step) showed that all the
samples were monophasic.
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Figure 1. (a) Spin interaction scheme for the bond-alternating zigzag chain
with the next-nearest-neighbor interaction. (b) Projection of the structure
of PbCuP2O7 along thec direction emphasizing the Cu-Cu chains. Pb atoms
and P2O4 tetrahedra were removed for the clarity. Cu-O distances are given
in Å.

Figure 2. Projection of the structure of PbCuP2O7 along thea direction.
Pb atoms are not shown.
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Magnetic and Specific Heat Measurements.Magnetic suscep-
tibilities, ø, of SrCuP2O7, PbCuP2O7, and PbCu1-xZnxP2O7 were
measured on a SQUID magnetometer (Quantum Design, MPMS
XL) between 2 and 400 K in an applied field of 100 Oe under
both zero-field-cooled (ZFC) and field-cooled (FC) conditions.
Specific heat,Cp, was recorded between 0.45 and 21 K (on cooling)
by a pulse relaxation method using a commercial calorimeter
(Quantum Design PPMS).

Thermal Analysis. Thermal stability of SrCuP2O7 and PbCuP2O7

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. SrCuP2O7 was heated to 1373
K, but differential thermal analysis (DTA) showed no thermal
effects. XRD data confirmed that the sample remained monophasic.
PbCuP2O7 was heated to 1213 K. DTA data showed two peaks
centered at 1186 and 1190 K on heating and three peaks centered
at 1013, 1029, and 1163 K on cooling. Such inconsistence of heating
and cooling behavior suggested that PbCuP2O7 melted incongruently
above 1180 K.

Results and Discussion

Figure 3 presents plots ofø andø-1 (ZFC curves) against
temperature,T, for SrCuP2O7 and PbCuP2O7. No noticeable
difference was found between the curves measured under
the ZFC and FC conditions. Theø(T) data exhibited a broad
maximum atTM ) 6.0 K for SrCuP2O7 andTM ) 5.2 K for
PbCuP2O7 characteristic of quasi-1D systems. Above 15 K,
the ø-1(T) data obeyed the Curie-Weiss rule including the
temperature-independent term (ø0)

whereC is the Curie constant andθ is the Weiss constant.
The fitted parameters to eq 1 are given in Table 1.

The ø(T) data did not exhibit vanishing behavior below
TM characteristic of spin gap compounds but tended to
approach finite values typical for gapless quasi-1D systems.
Indeed, theø(T) data were fitted very well in the entire
temperature range by the equations for the uniform 1D

Table 1. Fitted Parameters forø-1(T) andø(T) of SrCuP2O7, PbCuP2O7, and PbCu1-xZnxP2O7

PbCu1-xZnxP2O7

eq quantity SrCuP2O7 x ) 0.0 x ) 0.1 x ) 0.5

eq 1 temp range (K) 15-400 15-400 15-400 15-400
ø0 (cm3/Cu mol) -2.76(2)× 10-4 -5.60(10)× 10-5 -4.90(2)× 10-4 -5.78(2)× 10-4

C (cm3K/Cu mol) 0.4371(8) 0.4229(4) 0.4395(9) 0.4341(10)
θ (K) -4.04(14) -3.53(8) -3.35(19) -1.29(22)

eqs 2 and 3 temp range (K) 2-400 2-400 2-400
ø0 (cm3/Cu mol) -3.34(3)× 10-4 -1.34(4)× 10-4 -5.87(5)× 10-4

Cimp (cm3 K/Cu mol) 2.53(9)× 10-3 2.64(8)× 10-3 1.96(5)× 10-2

θimp (K) 1.11(3) 1.43(2) 0.20(4)
g 2.1999(4) 2.1689(5) 2.1746(11)
J/kB

a (K) 9.378(6) 8.410(8) 8.134(14)
σrms

b (%) 0.544 1.034 1.979
Rc 2.31× 10-6 6.02× 10-6 3.17× 10-6

a HamiltonianH ) J ΣSiSi+1.
b

σ2
rms )

1

Np
∑
i)1

Np [(ø(Ti) - øfit(Ti)

ø(Ti) ]2

whereNp is the number of data points.

c

R )

∑
i)1

Np

(ø(Ti) - øfit(Ti))
2

∑
i)1

Np

(ø(Ti))
2

.

ø(T) ) ø0 + C
T - θ

(1)

Figure 3. Magnetic susceptibilities,ø and ø-1 (ZFC curves), against
temperature,T, for SrCuP2O7 and PbCuP2O7. Solid lines represent fits by
eq 1 for theø-1 data and by eqs 2 and 3 for theø data. (b) Enlarged fragment
shown in part a.
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Heisenberg AF chain

whereøchain(T) is the Bonner-Fisher curve2 parametrized by
Estes et al.,24 x ≡ J/(2kBT), N is Avogadro’s number,g is
the spectroscopic splitting factor (g-factor), µB is the Bohr
magneton,kB is Boltzmann’s constant,Cimp is an impurity
Curie constant, andθimp is an impurity Weiss constant. The
fitted parameters and measures of the quantity of fits (σrms

andR) are also given in Table 1.
Specific heat data were taken at zero field to assess the

effect of possible NNN interactions and interchain interac-
tions in SrCuP2O7 and PbCuP2O7. The total specific heat
values plotted against temperature,Cp(T), for SrCuP2O7,
SrZnP2O7, PbCuP2O7, and PbZnP2O7 are shown in Figure
4. Since these are insulators, there is no electronic specific
heat. If we assume that lattice contributions to the specific
heat are the same for SrCuP2O7 and SrZnP2O7 and for
PbCuP2O7 and PbZnP2O7, the magnetic specific heat,
Cm(T), for SrCuP2O7 can be obtained by subtracting the total
specific heat of SrZnP2O7 from that of SrCuP2O7, and
Cm(T) for PbCuP2O7 can be obtained by subtractingCp(T)
of PbZnP2O7 from that of PbCuP2O7.

TheCm(T) curves (Figure 5) exhibited broad maxima with
values ofCmax at temperaturesTC

max (Cmax ) 2.951 J K-1

mol-1 andTC
max ) 4.46 K for SrCuP2O7 andCmax ) 2.922

J K-1 mol-1 andTC
max ) 3.98 K for PbCuP2O7) due to short-

range magnetic ordering and sharp peaks atTN (TN ) 1.64
K for SrCuP2O7 and TN ) 1.15 K for PbCuP2O7) due to
long-range magnetic ordering. The calculated magnetic
specific heat, (Cm)calc, for theS) 1/2 AF uniform Heisenberg
chain with theJ/kB parameters determined from theø(T) data
are also plotted in Figure 5. For the calculations of (Cm)calc,
we used eq 54 of ref 25.

TC
max’s were in excellent agreement with the theoretical

values, (TC
max)calc ≈ 0.4803(J/kB),25 with theJ/kB parameters

determined from theø(T) data ((TC
max)calc ) 4.51 K for

SrCuP2O7 and (TC
max)calc ) 4.04 K for PbCuP2O7). Cmax’s

were also consistent with the theoretical prediction, (Cmax)calc

≈ 0.3497NkB ) 2.908 J K-1 mol-1.25

Because of the presence of the interchain interactions, the
systems underwent AF long-range orderings. Figure 6 shows
the magnetic specific heat divided by temperature,Cm(T)/T,
and the magnetic entropy,Sm(T) ) ∫(Cm/T) dT, curves.Sm-
(T) values approachedR ln 2 ≈ 5.76 J K-1 mol-1, expected
for the S ) 1/2 systems, whereR is the molar gas constant,
but only 12.0% (for SrCuP2O7) and 8.1% (for PbCuP2O7)
of the saturation value was gained atTN reflecting the 1D
nature of the systems.

Figure 7 depicts theø(T) andCm(T)/T data for PbCu1-x-
ZnxP2O7 (x ) 0, 0.1, and 0.5). TheCm(T)/T data evidenced
that long-range ordering withTN ) 1.15 K was suppressed
with increasingx. For example, forx ) 0.1, the peak at 1.15
K was still observed whereas forx ) 0.5, no long-range
ordering was detected. Note that theCm(T)/T values started
to increase below 0.7 K for PbCu0.5Zn0.5P2O7 suggesting the
presence ofTN at a lower temperature. Short-range correla-
tions persisted forx ) 0.1 and 0.5 as clearly seen on the

(24) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, D. J.Inorg.
Chem.1978, 17, 1415-1421.

(25) Johnston, D. C.; Kremer, R. K.; Troyer, M.; Wang, X.; Klu¨mper, A.;
Bud’ko, S. L.; Panchula, A. F.; Canfield, P. C.Phys. ReV. B 2000,
61, 9558-9606.

Figure 4. Total specific heat,Cp, plotted against temperature,T, for
SrCuP2O7, SrZnP2O7, PbCuP2O7, and PbZnP2O7. Solid lines are drawn for
the eye.

Figure 5. Magnetic specific heat,Cm, plotted againstT for (a) SrCuP2O7

and (b) PbCuP2O7. Thin solid lines between experimental points are drawn
for the eye. Thick solid lines are the calculated magnetic specific heat,
(Cm)calc, for the S ) 1/2 uniform chain model with theJ/kB parameters
determined from theø(T) data. The characteristic values of the broad maxima
(CmaxandTC

max) are shown. Total specific heat is also drawn for comparison.

ø(T) ) ø0 + Cimp/(T - θimp) + øchain(T) (2)

øchain(T) )
Ng2µB

2

kBT
0.25+ 0.14995x + 0.30094x2

1 + 1.9862x + 0.68854x2 + 6.0626x3

(3)
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Cm(T)/T data.Cmax ) 2.567 J K-1 mol-1 andTC
max ) 3.98

K for PbCu0.9Zn0.1P2O7 andCmax ) 1.198 J K-1 mol-1 and
TC

max ) 3.67 K for PbCu0.5Zn0.5P2O7.
Sm(T) decreased with increasingx. This could be attributed

to the decrease in the number of spins. However, the
magnitude ofSm(T) for x ) 0.5 was considerably smaller
than the expected value (0.5 of theSm(T) of thex ) 0 sample)
probably because a larger percentage ofSm was gained at
TN for PbCu0.5Zn0.5P2O7. Theø(T) curve for PbCu0.5Zn0.5P2O7

did not show any maximum. This sample is not a 1D system
anymore. The Curie constant (cm3K/mol Cu) obtained by
the fitting of theø-1(T) data for PbCu1-xZnxP2O7 with x )
0.1 and 0.5 by eq 1 (given in Table 1) was almost
independent ofx.

In the whole temperature range, theø(T) data for PbCu0.9-
Zn0.1P2O7 were fitted well by eqs 2 and 3 with parameters
given in Table 1. Theg andJ/kB values for PbCuP2O7 and
PbCu0.9Zn0.1P2O7 were close to each other. These facts
indicated that magnetic properties of PbCu0.9Zn0.1P2O7 were
still described by the 1D chain model. Nonmagnetic impurity
introduced in a 1D chain makes segments with odd and even
numbers of spins. An even number segment is covered with
singlets while an unpaired spin remains in an odd number
segment. Therefore as expected naively, in average, two Zn2+

ions should give rise to one spin-1/2 in a 1D chain. It means
thatCimp for PbCu0.9Zn0.1P2O7 (x ) 0.1) should be 20 times
smaller thanC (0.4229 cm3K/mol Cu) for PbCuP2O7. The
experimentally obtained ratio of 21.7 was very close to the
naively expected value.

The experimental data (ø(T) and Cm(T)) evidenced that
magnetic properties of SrCuP2O7 and PbCu1-xZnxP2O7 (x )
0.0 and 0.1) can be described well by the uniform 1D AF
Heisenberg chain model. Three possible variations ofJ1-J4

may result in this description: (1)J3 is the dominant
exchange constant,J1 and J2 are negligible, andJ4 is
responsible for interchain interactions; (2)J1 and J2 (J2 ≈
J1) are dominant,J3 is negligible, andJ4 is responsible for
interchain interactions; and (3)J4 is the main exchange
constant andJ1-J3 provide interchain interactions. It is
impossible to choose the correct interaction model from the
present experimental data. Inelastic neutron scattering studies
on single crystals are required to determine the direction of
1D chains. However, we may choose the most probable
interaction model by analyzing the geometrical parameters
of Cu-O‚‚‚O-Cu pathways.26-28

In Table 2, we summarize the geometrical parameters of
M-O‚‚‚O-M pathways (M is a magnetic ion) for Sr2Cu-
(PO4)2, Ba2Cu(PO4)2, BaCuP2O7, CaCuGe2O6, and (VO)2P2O7

where the O‚‚‚O contact unit is an edge of XO4n- tertahedra.
The exchange constants between M atoms in these com-
pounds are relatively strong (about 70-140 K). All the
compounds in Table 2 have the following common fea-
tures: (1) the M-O bonds belong to basal planes of MOn

(26) Whangbo, M.-H.; Koo, H.-J.; Dai, D.J. Solid State Chem., in press.
(27) Whangbo, M.-H.; Koo, H.-J.; Dai, D.; Jung, D.Inorg. Chem.2003,

42, 3898-3906.
(28) Koo, H.-J.; Whangbo, M.-H.; VerNooy, P. D.; Torardi, C. C.; Marshall,

W. J. Inorg. Chem.2002, 41, 4664-4672.

Figure 6. Magnetic specific heat divided by temperature,Cm/T, and
magnetic entropy,Sm, plotted againstT for (a) SrCuP2O7 and (b) PbCuP2O7.
Thin solid lines between experimental points are drawn for the eye. Thick
solid lines are the calculated magnetic specific heat divided by temperature,
(Cm)calc/T. (Sm)calc ) ∫((Cm)calc/T) dT. Total specific heat divided by
temperature is also drawn for comparison.

Figure 7. (a) ø-T (ZFC data) curves for PbCu1-xZnxP2O7 with x ) 0.0,
0.1, and 0.5. Thin solid lines between experimental points are drawn for
the eye. Inset presents the enlarged fragment with theø-T and ø-1-T
curves. In the insert of part a, the solid lines are the fits to eqs 2 and 3. (b)
Cm/T-T andSm-T curves for PbCu1-xZnxP2O7 with x ) 0.0, 0.1, and 0.5.
Thin solid lines between experimental points are drawn for the eye.
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polyhedra, (2) the M2O4 hexagonal ring formed by two M
atoms and two O‚‚‚O contact units is planar or close to planar
and the O4 ring is rectangular or almost rectangular, and (3)
the optimal M-O‚‚‚O bond angle is close to 132° that may
just indicate that the M2O4 ring forms more or less regular
planar hexagon. These three rules deduced from the analysis
of Sr2Cu(PO4)2, Ba2Cu(PO4)2, BaCuP2O7, CaCuGe2O6, and
(VO)2P2O7 are in agreement with those proposed by Koo et
al.28 for (VO)2P2O7 and related compounds; i.e., the mag-
nitude of the super-superexchange (SSE) interaction
involving paths M-O‚‚‚O-M should increase as the
O‚‚‚O distances are decreased, as the O4 ring formed from
two O‚‚‚O contact units becomes more planar, and as the
basal planes of the two spin monomers become more parallel.
The deviation of M-O‚‚‚O bond angles from the optimal
value of 132° to smaller values should strongly reduce
exchange constants.

The geometrical parameters of Cu-O‚‚‚O-Cu pathways
responsible forJ1-J4 in SrCuP2O7

18 and PbCuP2O7
19 are

presented in Table 3. The apical Cu-O2 bonds are included
in J1 andJ3 while the Cu spins occupy dx2-y2 orbitals laying

on the basal planes. One of the Cu-O‚‚‚O bond angles for
J1 andJ3 differs greatly from the optimal value and is even
smaller than 90°. The Cu2O4 ring is far from planar forJ1.
Therefore, all three rules formulated above were not fulfilled
for J1 and J3, and these exchange constants should be
negligible.J2 cannot be dominant because in this case we
would obtain a model of interacting dimers. However, this
model was not supported by the experimental data. In
addition, the Cu2O4 ring is far from planar forJ2, and one
of the Cu-O‚‚‚O bond angles forJ2 is closer to 90° (∼101°)
than that forJ4 (∼114°). As a result, we conclude thatJ4

should be the main exchange constant in SrCuP2O7 and
PbCuP2O7. However,J4 should be much smaller than theJ
values for the compounds in Table 2 because there is one
Cu-O‚‚‚O-Cu pathway and one of the Cu-O‚‚‚O bond
angles (113-114°) is considerably smaller than the optimal
value. Indeed,J4 for SrCuP2O7 and PbCuP2O7 (J4/kB ) 9.38
K for SrCuP2O7 and J4/kB ) 8.41 K for PbCuP2O7) was
∼10-20 times smaller than theJ values in Table 2. Note
that all four atoms in the Cu-O‚‚‚O-Cu pathway forJ4 lay
on almost one plane.

From the above discussion, we concluded that SrCuP2O7

and PbCuP2O7 should be regarded as aS) 1/2 zigzag chain
system with NN (J4) and NNN interactions (J5). It is hard to
estimate a small effect of the NNN interaction from the
susceptibility data,14 but it is known that NNN interactions
in 1D chains affect bothTC

max andCmax. From the comparison
with the numerical calculation,12 we could estimate that the
J5 value is smaller than 0.1J4. The small NNN interaction in
this zigzag chain can be explained by the fact that the NNN
interaction is mediated by two PO4 groups sharing a corner
(Figure 2), i.e., by the path Cu-O‚‚‚O‚‚‚O-Cu.

Thus, J1-J3 should be responsible for the interchain
interactions. The value of interchain interactionJ⊥/kB in 1D
chains can be estimated using the equation36

This formula givesJ⊥/kB ) 0.68 K for SrCuP2O7 andJ⊥/kB

) 0.46 K for PbCuP2O7. Interchain interactions are∼10-
20 times smaller thanJ4.

In conclusion, we characterized SrCuP2O7 and PbCuP2O7

by magnetic susceptibility, specific heat, and thermal analy-

Table 2. Geometrical Parameters of M-O‚‚‚O-M Pathways Mediated
by XO4

n- Groups in Some Compounds with Strong Exchange Constants
J/kB

compd path bond (Å) angle (deg)J/kB (K)

Sr2Cu(PO4)2
29 1 and 2 Cu-O3 1.925 Cu-O3-O3 132.0 143.630,31

O3-O3 2.500
Cu-O3 1.925 O3-O3-Cu 132.0

Ba2Cu(PO4)2
32 1 and 2 Cu-O3 1.941 Cu-O3-O3 132.6 132.230,31

O3-O3 2.507
Cu-O3 1.941 O3-O3-Cu 132.6

BaCuP2O7
33 1 Cu-O1 1.962 Cu-O1-O3 134.7 103.631

O1-O3 2.525
Cu-O3 1.984 O1-O3-Cu 132.0

2 Cu-O5 1.939 Cu-O5-O7 127.2
O5-O7 2.528
Cu-O7 2.019 O5-O7-Cu 137.5

CaCuGe2O6
34 1 and 2 Cu-O1 1.943 Cu-O1-O2 131.9 6735

O1-O2 2.992
Cu-O2 1.970 O1-O2-Cu 126.5

(VO)2P2O7
28 1 V3-O17 1.941 V3-O17-O15 133.1 13628

O17-O15 2.510
V4-O17 1.942 O17-O15-V4 132.7

2 V4-O16 1.944 V4-O16-O18 134.6
O16-O18 2.509
V3-O18 1.951 O16-O18-V3 131.0

(VO)2P2O7
28 1 V1-O11 1.944 V1-O11-O13 128.5 9428

O11-O13 2.506
V2-O13 1.960 O11-O13-V2 130.2

2 V2-O14 1.951 V2-O14-O12 129.9
O14-O12 2.572
V1-O12 1.930 O14-O12-V1 124.5

Table 3. Geometrical Parameters of Cu-O‚‚‚O-Cu Pathways Responsible forJ1-J4 in SrCuP2O7
18 and PbCuP2O7

19

bond (Å) angle (deg)

J path SrCuP2O7 PbCuP2O7 SrCuP2O7 PbCuP2O7

J1 1 and 2 Cu-O2 2.284 2.275 Cu-O2-O3 88.7 89.7
O2-O3 2.537 2.534
Cu-O3 1.963 1.975 O2-O3-Cu 110.1 110.3

J2 1 and 2 Cu-O1 1.978 1.951 Cu-O1-O3 140.5 142.1
O1-O3 2.513 2.536
Cu-O3 1.963 1.975 O1-O3-Cu 100.6 100.9

J3 1 Cu-O1 1.978 1.951 Cu-O1-O2 85.8 88.2
O1-O2 2.562 2.544
Cu-O2 2.284 2.275 O1-O2-Cu 147.8 149.6

J4 1 Cu-O5 1.910 2.005 Cu-O5-O6 168.2 167.6
O5-O6 2.453 2.396
Cu-O6 2.050 2.042 O5-O6-Cu 112.8 114.0

J⊥/kB )
TN

1.28xln(5.8J/(kBTN))
(4)
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sis. We observed short-range and long-range magnetic
ordering in these compounds and explained the experimental
data by the presence of the uniform 1DS ) 1/2 AF zigzag
chains with almost negligible NNN interactions.
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