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A new compound, Rb2Cu3(P2O7)2, has been obtained from the melt in the Rb–Cu–P–O system. Its mono-

clinic crystal structure was determined by single-crystal X-ray diffraction: space group P21/c, Z = 2, a =

7.7119(8) Å, b = 10.5245(9) Å, c = 7.8034(9) Å, b = 103.862(5)1 at 293 K, R = 0.030. The copper ions show

coordination number (CN) 6 (4+2, distorted tetragonal bipyramidal). Trimers of [CuO6] polyhedra sharing

cis-edges form together with diphosphate groups of two tetrahedra [P2O7] a microporous 3D framework

with channels open along the c direction. The rubidium ions positioned in the channels show CN 10. The

new phase is isotypic to Cs2Cu3(P2O7)2. The regular changes in cell dimensions in the row Cs2Cu3(P2O7)2 -

Rb2Cu3(P2O7)2 are caused by the compression of channel volumes due to decrease of the Cu–O–P angles in

the framework windows. An electron spin resonance study indicates appearance of short range magnetic

correlations below B120 K, long range magnetic order takes place at TN = 9.2 K as follows from magnetiza-

tion and specific heat measurements. First principles calculations of the magnetic exchanges indicate that

the effective Cu–Cu hopping interactions corresponding to super–super-exchange paths involving P atoms

are much stronger than those within the edge-sharing Cu2–Cu1–Cu2 trimer units.

Introduction

Metal phosphate framework materials are of great importance
owing to their potential applications as sorbents, catalysts,
battery materials, ion exchangers, mineral-like sieves, to
mention a few.1 Incorporation of the first row transition metals
into phosphate structures leads to interesting magnetic proper-
ties of the new phases. Copper phosphates seem to be of
particular significance in this aspect. The compounds contain-
ing Jahn–Teller active d9 configuration of Cu2+ frequently
demonstrate unusual magnetic properties, and are of potential
use in redox catalysis.2 Only one copper-containing member
Cs2Cu3(P2O7)2 is known so far among single crystal phases with
the general formula A2B3(P2O7)2 (where A represents an alkaline

atom or Ag, and B a transition metal atom).3 This phase was
synthesized from mixed CsCl/2(CsI) molten flux. It crystallizes
in the monoclinic centrosymmetric space group P21/c with a =
7.920(2), b = 10.795(2), c = 7.796(2) Å, b = 103.90(3)1.4 It has been
reported that Cs2Cu3(P2O7)2 exhibits limited cation substitu-
tion with smaller alkali-metal ions, thus, only a relatively small
concentration of Cs atoms can be substituted by Rb to form
Cs2�xRbxCu3P4O14 (0.0 r x r 0.8). The solid-solution phases
with x = 0.33, 0.50 and 0.80 could be obtained as powder
samples only.4 Magnetic susceptibility studies of Cs2Cu3(P2O7)2

and the Rb-substituted analogues reveal a weak ferromagnetic
transition at Tc B 14 K independent of the variation of x. Here
we present a new rubidium copper diphosphate compound
synthesized as single crystals, and study its physical properties.
Our data disprove the statement in the abstract of ref. 4 that in
the system Cs2�xRbxCu3(P2O7)2 only low Rb contents up to x =
0.8 are accessible.

Methodology
Synthesis

Single crystals of Rb2Cu3(P2O7)2 were obtained by the flux growth
technique. A powder mixture of 0.93 g Rb2CO3, 0.48 g CuO and
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1.60 g (NH4)2HPO4 in a molar ratio corresponding to Rb : Cu : P =
4 : 3 : 6 was ground in an agate mortar and transferred to an
alundum crucible. The sample was heated progressively to
750 1C, annealed for 48 hours and then slowly cooled (at a rate
of 6 1C h�1) to 300 1C. After the crucible was taken out of the
furnace it was finally quenched to room temperature. Trans-
parent, blue, platelet-like crystals (see the photo in the ESI†) up
to 0.9 � 0.9 � 0.1 mm in size were isolated mechanically or
separated from the matrix flux by washing. The amounts of Rb,
Cu, P and O in the samples were confirmed with semi-
quantitative X-ray spectral analysis (a Jeol JSM-6480LV micro-
scope equipped with an INCA-Wave 500 energy dispersive X-ray
spectrometer). The results of our X-ray-diffraction study in
combination with the semi-quantitative data of EDS analysis
leave no doubts about the chemical composition of single
crystals obtained.

Crystal structure determination

The unit cell parameters and intensity data were obtained on a
four-circle Xcalibur-S diffractometer equipped with a CCD
detector, using Mo Ka (l = 0.71073 Å) radiation (graphite
monochromator) at 298 K. The intensities were corrected for
Lorentz and polarization effects and a numerical absorption
correction was applied. In Table 1 we report the crystallo-
graphic data of the new phase and the experimental conditions
of data collection and refinement. All calculations were per-
formed using Wingx32 software package.5 Atomic scattering

curves and anomalous dispersion corrections were taken from
the ‘‘International Tables for Crystallography’’.6 The crystal
structure was solved by direct methods in space group P21/c
using the SIR-92 program7 and refined against the F2 data using
the SHELXL program.8

Further details of the crystal structure investigation may be
obtained from the ESI† or from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
+49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quot-
ing the depository number CSD-425511.

Spin dynamics and thermodynamics

Electron spin resonance (ESR) studies were carried out using
an X-band ESR spectrometer CMS 8400 (ADANI) (f E 9.4 GHz,
B r 0.7 T) equipped with a low temperature mount, operating
in the range 10–300 K. The effective g-factors in the sample have
been calculated with respect to an external reference for the
resonance field. We used BDPA (a,g-bisdiphenyline-b-phenylallyl),
gref = 2.0036, as a reference material. The measurements were
carried out on a powder sample of ground single crystals.
Magnetic and thermal properties of Rb2Cu3(P2O7)2 were measured
using vibrating sample magnetometer (VSM) and calorimeter
options of Physical Properties Measurement System ‘‘Quantum
Design’’ PPMS – 9T in 2–300 K and 2–25 K ranges, respectively.

First principles calculations

Density functional theory (DFT) calculations have been carried
out in the plane wave basis9 as well as muffin-tin orbital based
basis,10,11 with the choice of generalized gradient approxi-
mation (GGA) for the exchange-correlation functional.12 In
particular, muffin-tin-orbital (MTO) based NMTO-downfolding13

calculations have been carried out to construct effective Cu dx2�y2

Wannier functions and the effective Cu dx2�y2–Cu dx2�y2 hopping
interactions.

Results
Structure geometry and crystal chemistry

The chemical composition and the unit cell parameters indi-
cate that the synthesized phase represents the Rb end member
in the series of isomorphic compounds, Cs2�xRbxCu3P4O14,
studied in ref. 4. This indication has been confirmed by the
detailed crystal structure investigation. The refined atomic
coordinates, selected bond distances and angles are listed in
Tables 2–4.

The Cu atoms, all in oxidation state 2+, show coordination
number (CN) 6 (Fig. 1). The Cu1 atom at the centre of symmetry
is surrounded by oxygen atoms with four ‘‘short’’ Cu–O bonds
of lengths 1.943(3)–1.951(3) Å, in almost square-planar geometry
with the in-plane angles very close to 901 (Table 4). Two
additional oxygen atoms at distances 2.594(3) Å complete the
[CuO4] unit to a bipyramidal configuration. The Cu2 atom
(in the general position) is in a strongly distorted polyhedron
with four closer oxygen atoms at distances that vary from
1.908(3) to 1.961(3) Å and two apical oxygen atoms at longer
distances of 2.587(3) and 2.811(3) Å. The diagonal O–Cu2–O

Table 1 Crystallographic data, experimental details and results of structure
refinement for Rb2Cu3(P2O7)2

Formula mass [g mol�1] 709.47
Symmetry, space group, Z Monoclinic, P121/c1 (no. 14), 2
Cell parameters [Å] a = 7.7119(8)

b = 10.5245(9)
c = 7.8034(9)
b = 103.862(5)

Cell volume [Å] 614.9(1)
Dx [g sm�3] 3.832
Radiation l [Å] MoKa, 0.71069

(graphite monochromator)
m [mm�1] 13.607
Temperature [K] 293(2)
Sample size [mm] 0.12 � 0.08 � 0.05
Diffractometer Xcalibur-S-CCD
Scan mode o
Correction for absorption On the crystal shape
Tmax, Tmin 0.583, 0.340
Rint, Rs 0.0389, 0.0180
ymax [deg] 27.50
h, k, l ranges �9 r h r 10

�13 r k r 13
�10 r l r 10

Number of reflections;
measured/independent
(N1)/with I > 2s(I) (N2)

11 697/1403/1361

Refinement method Least-squares calculation on F2

Number of refined parameters 106
Weighting scheme 1/[s2(Fo2) + (0.0180P)2 + 5.3000P]

where P = (Fo2 + 2Fc2)/3
R1/wR2 for N1 0.0317/0.0692
R1/wR2 for N2 0.0304/0.0687
S 1.136
Drmax/Drmin [e Å�3] 0.935, �0.925
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angles in an equatorial plane differ from 1801 (Table 4), which
indicates that the refined Cu2 position is slightly out of plane
formed by the four nearest oxygen atoms. Similar cases of
polyhedron distortion are found in the crystal structures of
a-Cu2P2O7

14 and minerals mrazekite and kipushite.15

The two crystallographically independent phosphate tetra-
hedra forming diphosphate groups in Rb2Cu3(P2O7)2 are also

distorted and have the same average P–O distance equal to
1.538 Å. Thus, three P–O bond lengths in each tetrahedron are
smaller, they lie in the intervals 1.507(3)–1.525(3) Å in P1 and
1.491(3)–1.520(3) Å in the P2 tetrahedron, while the fourth P–O
distances to the bridging oxygen atom in the diphosphate
group are elongated to 1.610(3) and 1.624(3) Å.

The conformation of the [P2O7] group is intermediate
between the eclipsed and staggered configurations with
O–P1–P2–O torsion angles of 27.1(2)1. The P1–O–P2 angle equal
to 132.4(2)1 is comparable with P–O–P angles in other copper
diphosphates, e.g. Cs2Cu3(P2O7)2 (132.45(2)1)4 and b-Rb2CuP2O7

(130.3(2)1).16 The big Rb+ cations are surrounded by 10 oxygen
atoms in an irregular arrangement: the Rb–O distances vary
from 2.903(4) to 3.499(4) Å (Table 4, Fig. 1). The average Rb–O
distance is 3.171 Å; as expected, this value is shorter than the
average distance of 3.262 Å in the ten-vertex polyhedron of the
Cs-analogue. Bond valence calculation (Table 5) giving reason-
able valence sums for all atoms is consistent with the assumed
oxidation state of Cu2+.

Edge-sharing units of three [CuO6] polyhedra located at the
vertices and centre of the unit cell are connected by the [P2O7]4�

group to form a three-dimensional framework (Fig. 2). All
unshared oxygen vertices of the diphosphate groups are further
linked with Cu polyhedra via vertex contacts. Moreover, the P2
tetrahedra share one edge with distorted Cu2 bipyramids. The
3D crystal structure contains channels limited by six-membered
windows opened in the [001] direction. The Rb atoms occupy
positions in the channels (Fig. 3).

Table 2 Atomic coordinates and equivalent isotropic displacement factors

Atom Wyck x y z Ueq

Rb1 4e 0.26185(7) 0.18960(5) 0.45427(6) 0.02286(14)
Cu1 2a 1 0.5 0.5 0.01324(18)
Cu2 4e 0.72933(8) 0.39831(6) 0.73168(7) 0.01560(15)
P1 4e 0.61582(14) 0.44685(10) 0.33426(13) 0.0088(2)
P2 4e 0.88128(14) 0.34037(10) 0.15580(13) 0.0087(2)
O1 4e 0.5835(5) 0.3744(3) 0.4909(4) 0.0173(7)
O2 4e 1.0249(4) 0.4088(3) 0.2906(4) 0.0153(7)
O3 4e 0.4478(4) 0.4946(3) 0.2100(4) 0.0159(7)
O4 4e 0.9177(4) 0.1983(3) 0.1615(4) 0.0149(6)
O5 4e 0.6945(4) 0.3462(3) 0.2172(4) 0.0164(7)
O6 4e 0.8554(4) 0.3977(3) �0.0232(4) 0.0166(7)
O7 4e 0.7568(4) 0.5507(3) 0.3841(4) 0.0151(6)

Table 3 Selected bond distances [Å]a

Atom Bond Atom Bond

RbO10
Rb1–O3i 2.903(3) Rb1–O4iv 3.060(3)
Rb1–O7ii 2.991(3) Rb1–O1 3.111(4)
Rb1–O7iii 3.028(3) Rb1–O6ii 3.284(4)
Rb1–O2iv 3.029(3) Rb1–O6v 3.311(4)
Rb1–O5i 3.494(3) Rb1–O3ii 3.499(4)

Cu1O6
Cu1–O2(2�) 1.943(3) Cu1–O4i(2�) 2.594(3)
Cu1–O7(2�) 1.951(3)

Cu2O6

Cu2–O3iii 1.908(3) Cu2–O4i 1.956(3)
Cu2–O6vii 1.927(3) Cu2–O1 1.961(3)
Cu2–O5i 2.587(3) Cu2–O2vi 2.811(3)

P1O4

P1–O3 1.507(3) P1–O7 1.525(3)
P1–O1 1.511(3) P1–O5 1.610(3)

P2O4
P2–O6 1.491(3) P2–O4 1.520(3)
P2–O2 1.515(3) P(2)–O5 1.624(3)

a Symmetry codes: (i) x, 0.5� y, 0.5 + z; (ii) 1� x,�0.5 + y, 0.5� z; (iii) 1� x,
1 � y, 1 � z; (iv) �1 + x, y, z; (v) �1 + x, 0.5 � y, 0.5 + z; (vi) 2 � x, 1 � y,
1 � z; (vii) x, y, 1 + z; (xii) x, y, �1 + z; (xiii) 2 � x, 0.5 + y, 0.5 � z.

Table 4 Selected bond angles [1] for Rb2Cu3(P2O7)2
a

Atom Bond angle Atom Bond angle

O7vii–Cu1–O2 88.67(13) Cu2iii–O3–P1 126.73(19)
O3iii–Cu2–O6vii 89.16(14) Cu2xii–O4–P2 112.05(19)
O6vii–Cu2–O1 171.04(15) Cu1–O7–P1 118.01(19)
O2–Cu1–O7 91.33(13) Cu1–O2–P2 127.99(19)
O1–Cu2–O3iii 91.44(14) O7–P1–P2–O2 27.1(2)
O3iii–Cu2–O4i 174.88(15) P1–O5–P2 132.36(21)

a For symmetry codes see Table 3.

Fig. 1 Coordination of cations in the crystal structure of Rb2Cu3(P2O7)2
a; top: an

independent fragment of the mixed framework (the thermal ellipsoids are shown
at the 70% probability level); bottom: ten-vertex polyhedra of rubidium atoms.
(a See symmetry codes for Table 3).
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The isotypic crystal structures of Cs, Cu- and Rb,
Cu-diphosphates with the common formula A2Cu3(P2O7)2 differ
mainly in the porous size of their frameworks. The substitution
of Cs for smaller Rb leads to a framework compression which
results in the decrease of Cu–O–P angles. Thus, the angles
Cu2–O3–P1 = 126.7(2)1, Cu2–O4–P2 = 112.1(2)1, Cu1–O7–P1 =
118.0(2)1 and Cu1–O2–P2 = 128.0(2)1 in our structure are
smaller than the corresponding values of 128.3(2)1, 112.4(2)1,
122.9(2)1, 130.9(2)1 in the Cs, Cu-diphosphate. According to the
framework compression in the case of the Rb variety, the
distances Cu–Cu = 3.252(2) Å in the trimers of Cu polyhedra
sharing edges became shorter comparing to corresponding
distances of 3.38(3)Å in the Cs-analogue.4 Likewise the a and

b lattice parameters and unit cell volume of the Rb2Cu3(P2O7)2

decrease, while the c axis parallel to the channel direction
remains constant.

Electron spin resonance

Over the whole temperature range investigated, the ESR spectra
of a powder sample of Rb2Cu3(P2O7)2 reveal a single isotropic
exchange-narrowed resonance line, which is perfectly described
by a Lorentzian line shape curve (see an inset in Fig. 4). The
temperature dependence of the corresponding ESR parameters,
i.e., effective g-factor g, ESR linewidth DB and integral ESR
intensity wESR, which is proportional to the spin susceptibility of
the compound, are shown in Fig. 4. The ESR intensity wESR

(lower panel in Fig. 4) was estimated by double integration of
the first derivative absorption curves for each temperature
recorded; it demonstrates continuous growth upon decreasing
temperature down to B10 K. The inverse value of wESR follows
almost linear T-dependence at temperatures higher B120 K,
which implies a Curie–Weiss type behavior in Rb2Cu3(P2O7)2. At
the same time, the temperature dependencies of both the
effective g-factor and the ESR linewidth show non-monotonic
behavior.

One can distinguish two characteristic temperature ranges
on the g(T) and DB(T) dependencies (marked by blue and green
lines in Fig. 4). At room temperature the ESR absorption is
characterized by an effective g-factor g = 2.240 ascribable to
Cu2+ (S = 1/2) ions in almost square planar coordination. It
remains nearly temperature-independent down to B120 K.
Upon further cooling the sample, it reduces slightly (g = 2.237)
and again does not change with the temperature down to B25 K.
At lowest temperatures the resonance field shifts noticeably
to lower fields indicating an approach of the short-range
order regime. Similarly, the linewidth DB demonstrates the

Table 5 Local bond valencesa in the Rb2Cu3(P2O7)2 crystal structure

Rb Cu1 Cu2 P1 P2
P

O1 0.10 0.47 1.33 1.90
O2 0.13 0.49 k2

b 0.05 1.32 1.99
O3 0.18 0.54 1.35 2.11

0.04
O4 0.12 0.08 k2 0.47 1.30 1.97
O5 0.04 0.09 1.02 0.98 2.13
O6 0.06 0.51 1.41 2.04

0.06
O7 0.14 0.48 k2 1.28 2.03

0.13P
1.00 2.10 2.13 4.98 5.01

a The calculations were performed using the algorithm and empirical
parameters from ref. 17. b The symbol k2 indicates the multiplication
of the corresponding contributions in the columns due to the
symmetry.

Fig. 2 Cu–O–P framework in the structure of Rb2Cu3(P2O7)2: view along [100]
(Cu atoms blue, P yellow, O red).

Fig. 3 Crystal structure of Rb2Cu3(P2O7)2 as viewed from the ab plane. One-
dimensional channels along [001] are occupied by rubidium cations (Cu polyhedra:
blue, PO4 tetrahedra: yellow).
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temperature-independent behavior with DB = 12.6 mT at tem-
peratures higher than B150 K and in the T-range 25–75 K with
increased value DB = 13.9 mT, but in this case, switching from
one mode to another occurs more smoothly in an extended
temperature range. At T o 25 K the absorption line narrows
rapidly. The resonance field, and accordingly the effective
g-factor, is sensitive both to the environment surrounding the
resonance spins and to the dipolar field, produced by the spin–
spin interactions. So, the shift of the g-value can be understood
anticipating the changes of either crystal field due to the local
lattice distortions or switching on additional exchange interac-
tions at certain temperatures. In turn, the linewidth, being a
measure of the relaxation rate for spin fluctuations, is even
more sensitive to the changes in spin–spin interaction.

Magnetization

The temperature dependence of magnetic susceptibility w = M/B
of Rb2Cu3(P2O7)2, measured at B = 1 T, is shown in Fig. 5. It
follows the Curie–Weiss behavior at elevated temperatures,
demonstrates a bending at TC = 9.2 K and proceeds to grow
at lower temperatures. As shown in the left inset to Fig. 5, below
the temperature of long range magnetic order formation TC the
dependencies measured in field-cooled (FC) and zero-field
cooled (ZFC) regimes diverge slightly indicating the presence
of modest spin disorder, e.g. impurity related, effects. The
behavior of both FC and ZFC magnetic susceptibility dependen-
cies at T o TC indicates the presence of a weak ferromagnetic
component in the magnetic response of Rb2Cu3(P2O7)2. The
Curie–Weiss fit of the high temperature region 200–300 K by

the equation: w = w0 + C/(T � Y) allows estimating the tempera-
ture independent term w0 = �0.001 emu mol�1, the Curie
constant C = 1.185 emu K mol�1 and the Weiss temperature
Y = �7.5 K. The temperature independent term w0 appeared to
be somewhat higher than the summation of the Pascal con-
stants.18 The Curie constant C corresponds to the experimental
value of the square of the effective magnetic moment meff

2 =
9.48 mB

2 per formula unit. The theoretical value of this quantity
is meff

2 = ng2S(S + 1) mB
2 = 11.29 mB

2 for three magnetically active
Cu2+ ions (S = 1/2) per formula unit (n = 3) and g = 2.24. The
divergence of experimental and calculated values of meff

2 is
routinely observed in magnetically low-dimensional copper
oxides and ascribed usually to quantum reduction of effective
magnetic moments.19,20 The negative sign of the Weiss tem-
perature indicates the predominance of antiferromagnetic
exchange interactions in the system. This is also confirmed
by the (w � w0)(T � Y) temperature dependence, shown in the
right inset to Fig. 5. At high temperatures, this product follows
a horizontal line obeying the Curie–Weiss law, below approxi-
mately 120 K it deviates downward indicating predominance of
antiferromagnetic short range correlations. The phase transi-
tion to long range magnetic order at TN = 9.2 K is clearly seen in
this presentation.

In order to estimate qualitatively the scale of antiferro-
magnetic correlations prevailing in the system, the w(T) dependence
in the range 150–300 K was fitted by a linear S = 1/2 antiferro-
magnetic trimer formula taken from ref. 21, shown by a dash-
dotted line in Fig. 5, and a linear antiferromagnetic chain
formula taken from ref. 22, shown by a dashed line in Fig. 5.
In both cases the temperature independent term amounted to
about w0 = �0.0015 emu mol�1 while the value of antiferro-
magnetic exchange was about 60 K for trimers and about 40 K
for chains. However, neither of the fit is completely satisfactory,
implying that the underlying spin model may be more complex.

Fig. 4 The temperature dependence of the effective g-factor, the ESR linewidth
and direct and inverse integral ESR intensity of Rb2Cu3(P2O7)2.

Fig. 5 Temperature dependence of magnetic susceptibility w = M/B of
Rb2Cu3(P2O7)2 measured at B = 1 T (black). The solid blue line represents the
Curie–Weiss fit extrapolated from the high temperature range. The dash-dotted
and the dashed lines correspond to various magnetic subsystem representations,
as described in the text. The left side inset highlights the low temperature range
for w(T) measured in FC (upper curve) and ZFC (lower curve) indicating the
temperature of magnetic order as TN = 9.2 K. The right side inset represents
special scale of magnetic susceptibility (w � w0)(T – Y) emphasizing the nature of
magnetic exchange interactions.
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Specific heat

The temperature dependence of specific heat Cp of
Rb2Cu3(P2O7)2, shown in Fig. 6, demonstrates l-type anomaly
at TC = 9.2 K. This anomaly corresponds to the formation of
magnetic long range order. The low dimensional character of
the magnetic structure is revealed by the non-monotonous shift
of l-type anomaly under magnetic field, seen in the upper inset
to Fig. 6.20 The total entropy S obtained by integration of
Cp/T vs. T dependence, shown in the lower inset to Fig. 6,
demonstrates bending at TC. Below TC, the total entropy S
roughly corresponds to magnetic entropy due to the smallness
of lattice contribution at low temperatures. So, the value of
entropy S = 5.4 J mol�1 K�1 released below TC can be compared
with the theoretical one calculated in accordance with the
formula: Smagn = nR ln(2S + 1) = 17.3 J mol�1 K�1. Therefore,
the magnetic entropy released below TC amounts to (S/Smagn)
100–30%. This is also typical for low-dimensional systems
where magnetic entropy release occurs mostly at T > TC due
to the short range magnetic correlations. In the absence of a
non-magnetic analogue we may provide only rough treatment
of specific heat data at low temperatures by the sum of T3 and
T3/2 terms. The curve obtained is shown by a solid line in the
main panel of Fig. 6 and describes the experimental data pretty
good. The presence of the T3 term can be attributed to anti-
ferromagnetic magnon and lattice contributions, while the T3/2

term corresponds to ferromagnetic magnon contribution.

First principles calculations

In order to gain microscopic insight into the underlying spin
model, we further carried out first-principles calculations,
which are expected to provide information on dominant inter-
action pathways between Cu atoms, without any assumption of
the geometry. Fig. 7 shows the non-spin-polarized density of
states projected onto Cu1-d, Cu2-d, O-p and P-p characters.
From the plot, we find that states crossing the Fermi energy,

which would form the low-energy Hamiltonian, are of domi-
nant Cu-dx2�y2 character, confirming the expectation based on
the structural parameters. We find these states, to be strongly
admixed with O-p and importantly, P-p character, implying the
importance of Cu–Cu super-exchange paths that involve P
atoms. We note that while the non-spin-polarized calculation
gives rise to a metallic solution with half-filled Cu-dx2�y2 bands,
introduction of missing correlation within a spin-polarized
GGA + U calculation leads to an insulating solution.

In the next stage, NMTO-downfolding calculations were
carried out keeping only the Cu dx2�y2 states active and inte-
grating out all the other degrees of freedom. The NMTO-down-
folding procedure is capable of filtering out low-energy few
band Hamiltonian out of a full GGA band structure. This
method has been proven to be highly successful in predicting
the spin model in a number of low dimensional quantum spin
systems.13 The low energy Hamiltonian constructed in the
downfolded Cu dx2�y2 basis, in the present case, shows the
hopping interactions corresponding to the super–super-exchange
paths involving P atoms to be much stronger (about 7–8 times)
than those within the edge-sharing Cu2–Cu1–Cu2 trimer unit.
The predominant hopping paths are found to be zig-zag chains
connecting Cu2 atoms with uniform hopping interactions t7,

Fig. 6 The temperature dependence of specific heat Cp in Rb2Cu3(P2O7)2. Solid
line represents the fit of low temperature experimental data with the sum of BT3

and BT3/2 terms. The upper inset represents the magnetic phase diagram
obtained from specific heat measurements with weakly ferromagnetic state
WFM and paramagnetic state PM. The lower inset demonstrates the temperature
dependence of total entropy release.

Fig. 7 DFT density of states, projected to Cu-d, O-p and P-p states. The zero of
the energy is fixed at Fermi energy, EF. The top and bottom panels show the plots
for Cu1 and Cu2 states, respectively, with insets highlighting the P contributions.
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. . .Cu1–Cu2–Cu2–Cu1. . . chains alternately connected through
interactions t2 and t5, and those connected through t3 and t5,
as shown in the top and bottom panels of Fig. 8.

The strengths of the corresponding antiferromagnetic (AFM)
exchanges, obtained through the super-exchange formula of
J B 4t2/U, gave J2 = 30 K, J3 = 37 K, J5 = J7 = 5 K, with the choice
of U = 8 eV. The underlying spin system, therefore, can be
considered as a system of connected AFM spin chains.

Discussion

The peculiar low-dimensional magnetic response of
Rb2Cu3(P2O7)2 can be understood considering details of the
local environment of magnetically active Cu2+ (S = 1/2) ions and
presuming prevailing antiferromagnetic superexchange inter-
action between these ions through phosphate groups. The big
difference between distances of copper to apical and basal
plane oxygens unambiguously indicates that the magnetically
active orbital is dx2�y2 with its lobes oriented towards the basal
oxygen ions. Parallel orientation of the dx2�y2 orbital within the

trimer leads to greatly reduced interactions seen earlier in
other phosphate based compounds23 while the fit of the high
temperature range of w(T) dependence gives improbably high
value exchange interaction of about 60 K. Contrary to naı̈ve
expectations, the trimers of [CuO6] polyhedra cannot be
considered as isolated magnetic units in the structure of
Rb2Cu3(P2O7)2. Our first-principles calculations reveal that the
magnetic structure of Rb2Cu3(P2O7)2 can be represented by
three interconnected chains, two of which are J–J–J0 type chains
(with J equal to 30 K or 37 K and J0 equal to 5 K) and another
uniform J00 chain (with J00 equal to 5 K). All of these chains are
formed by interaction between Cu1 and Cu2 or between Cu2
and Cu2 through one or two O–P–O bridges, as shown in Fig. 8.
Chains of this type were found in other phosphate compounds,
e.g. Cu3(P2O6OH)2.24 The origin of slight upturn of magnetiza-
tion at T o TN in Rb2Cu3(P2O7)2 is difficult to discuss taking
into account the complicated magnetic structure and the
weakness of ferro- or ferrimagnetic components in magnetic
response of this compound.

Conclusions

A new Rb-end member in the row of compounds with common
formula A2Cu3(P2O7)2, Rb2Cu3(P2O7)2, was isolated using a
high-temperature flux method and its crystal structure has
been refined. The results of X-ray crystal structure investigation
have shown a distortion of the 3D framework built from
Cu- and P-polyhedra in the Rb2Cu3(P2O7)2 to adapt smaller
Rb atoms as compared with the Cs2Cu3(P2O7)2. The ground state of
Rb2Cu3(P2O7)2 is a long-range antiferromagnet below TN = 9.2 K
with a weak ferromagnetic component. Compared to Cs2Cu3(P2O7)2

with TC = 14 K and Weiss temperature Y = �30 K, the lower energy
scale of superexchange interactions makes the Rb2Cu3(P2O7)2 com-
pound more attractive for manipulation and calls for further
studies, e.g. pulsed magnetic field measurements.
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