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Abstract

The compound CuFe2(P2O7)2 crystallises in the monoclinic system with space groupP21/n. The crystal structure is characterised by
the presence of centrosymmetric Fe–Cu–Fe trimers with intra-trimer superexchange interactions. The magnetic interactions between trimers
occur through super-superexchange paths consisting of PO4 groups connecting the trimers formed by FeO6 octahedra and square planar CuO4
groups. Susceptibility measurements indicate an antiferromagnetic behaviour at low temperature. Neutron powder diffraction confirms this
and the determined Néel temperature isTN = 15.5(5) K. The propagation vector of the magnetic structure isk = (1/2,0,1/2), the ions inside
a trimer are coupled ferromagnetically and the magnetic moments are all oriented along theb axis. The value of the staggered moments at
1.5 K are 0.83(6) and 4.88(4)µB for Cu2+ and Fe3+ ions, respectively. The conditions to be satisfied by the exchange interactions in order
to get the observed magnetic structure as the stable ground state are discussed.
 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

We are interested in the magnetic properties of phos-
phates having coexisting M–O–M′ superexchange with su-
per-superexchange (M–O–O–M′) magnetic interactions me-
diated by phosphate groups (MOn–PO4–M′Om). Our ulti-
mate aim is to investigate the relative strength of the ex-
change integrals in these materials and the consistency with
the empirical Goodenough–Kanamori–Anderson rules for
the superexchange interactions in insulators. For that end
we need, as the first step, the determination of the magnetic
structure of the studied phosphate materials. Neutron pow-
der diffraction is the technique of choice for such a kind of
investigations and we have used it for the study of differ-
ent compounds presenting magnetic order at low temper-
atures [1–3]. In this paper we are concerned with one of
these materials: CuFe2(P2O7)2. This compound crystallises
in the monoclinic system with space groupP21/n, Z = 2,
and cell parametersa = 6.5921(3) Å; b = 5.1606(2) Å;
c = 15.6397(5) Å andβ = 91.983(3)◦ at room temperature.

* Correspondence and reprints.

The structure is formed by CuO4, FeO6 and PO4 groups con-
nected by vertices. The oxygen atoms forming the square
planar groups CuO4 are shared with four PO4 tetrahedra be-
longing to two P2O7 groups. From the magnetic point of
view, the crystal structure is characterised by the presence of
centrosymmetric Fe–Cu–Fe trimers with intra-trimer super-
exchange interactions (near 90◦: Cu–O–Fe double paths).
The magnetic interactions between different trimers are of
the super-superexchange type involving, at least, two oxygen
atoms in the exchange paths. The structure of CuFe2(P2O7)2
constitutes a new structural type recently found in the phos-
phates of general formula AII BIII

2 (P2O7)2 [4]. As we shall
see below the magnetic topology of the magnetic atoms in
this material has a potential high degree of frustration due
to the presence of triangular layers of Fe3+ ions. After de-
termining the magnetic structure we have performed nu-
merical calculations in order to get insight into the relative
strength of the exchange interactions responsible for the ob-
served magnetic ground state. To perform the calculations
we have considered only isotropic exchange interactions, be-
cause anisotropy is expected to be relatively weak and con-
tributes merely to orient the whole spin configuration with
respect to the crystal lattice.
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The paper is organised as follows: in Section 2 we
describe the procedure for the synthesis and the experiments
performed on the sample; in Section 3 the results obtained
by magnetic measurements, the refinement of the crystal and
magnetic structures are described in detail; in Section 4 we
discuss the results concerning the magnetic structure, we
analyse the geometrical features of the different exchange
paths and propose a hierarchy of isotropic superexchange
and super-superexchange interactions in order to obtain the
observed magnetic structure as the ground state; finally, in
Section 5, we summarise our conclusions.

2. Experimental

Powder of CuFe2(P2O7)2 was synthesised by mixing
stoichiometric amounts of CuO, Fe2O3 and (NH4)2HPO4,
according to the reaction:

CuO+ Fe2O3 + 4(NH4)2HPO4

−→ CuFe2(P2O7)2 + 8NH3↑ +6H2O↑
The starting materials in powdered form were ground

together and heated progressively up to 900◦C for 24 hours.
For synthesis details see references [4,5].

Magnetic susceptibility measurements were carried out
using a super-conducting quantum interference device
(SQUID) magnetometer and the raw data were corrected for
diamagnetism.

Neutron powder diffraction experiments were performed
using the two-axis high-resolution powder diffractometer
(G4-2) at the Laboratoire Léon Brillouin (LLB, Saclay-
France) [6,7]. The G4-2 instrument uses a focusing germa-
nium monochromator. The neutron wavelengths 1.80, 2.34
or 2.8 Å are available. The sample (about 6 g of powder)
was put into a cylindrical vanadium can. A first measure-
ment using the 1.80 Å wavelength was performed at room
temperature. For the low temperature study the sample was
inserted into a helium cryostat and several patterns, using
neutrons of 2.343 Å wavelength, were collected between 1.4
and 20 K. The explored range of the scattering angle was
3–170◦.

The refinement of powder diffraction data, in both para-
magnetic and ordered states, was performed by the Rietveld
method [8,9], using the program FULLPROF [10,11]. In or-
der to refine the crystal structure we used as starting para-
meters those obtained by single crystal X-ray diffraction [4].
The magnetic structure was solved by a systematic search
for solutions using the representation symmetry analysis
method first introduced by Bertaut [12] and extensively de-
veloped by Izyumov and co-workers [13].

The analysis of the results was performed using some
computer programs developed recently [1]. In particular
the program SIMBO analyses the crystal structure of an
insulator in terms of superexchange M1–X–M2 and super-
superexchange M1–X1–X2–M2 paths. It needs as input the

structural parameters, the ionic charge and the saturation
magnetic moment of the different ions. The program use
this information to calculate distances, angles and exchange
paths. The program ENERMAG uses the output of SIMBO
and calculates the classical magnetic energy as a function
of the exchange interactions. It uses a generalisation of the
Villain–Yoshimori theorem [14,15] for complex structures
developed in the sixties by Lyons, Kaplan and Freiser
[16,17]. ENERMAG is able to provide a magnetic phase
diagram, for whatever topology, by calculating the first
ordered state solving an eigenvalue problem (see below and
appendix of reference [1]).

3. Results

3.1. Susceptibility measurements

The magnetic susceptibility measurements (Fig. 1) [5],
show that the compound has an anti-ferromagnetic behav-
iour at low temperature. The analysis of the data gives a
paramagnetic Curie temperatureθp ≈ −28 K, and a Néel
temperatureTN ≈ 16 K. The paramagnetic moment per unit
cell calculated for this compound is 8.54µB which is in
fair agreement with the experimental value deduced from
the susceptibility data: 8.65µB. The negative paramagnetic
Curie temperature indicates predominant anti-ferromagnetic
(AF) exchange interactions. A more detailed study of the
susceptibility in terms of some assumptions about the kind
of magnetic interactions existing in the compound is possi-
ble. Some of us started this study [5] using a simple model

Fig. 1. CuFe2(P2O7)2 thermal variation of the reciprocal magnetic suscepti-
bility (corrected for diamagnetism. Applied field: 2000 Oe). The continuous
curve corresponds to the fit of the data using a Curie–Weiss law( 1

χ = T−θ
C

)

in the paramagnetic region. In the inset it is shown the magnetic suscepti-
bility versus temperature below 25 K.
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Fig. 2. Observed and calculated neutron powder diffraction patterns of CuFe2(P2O7)2 (room temperature,λ = 1.80 Å). Experimental points (◦), calculated
profile (—), position of nuclear peaks (|) and difference pattern (—). 34 structural parameters are refined for 733 reflections.RBragg= 5.1% andχ2 = 3.0.
Some non indexed reflections belong to an unknown impurity and are excluded from pattern.

consisting of isolated clusters of three ions (the structural
trimers: Fe–Cu–Fe) with an AF coupling between Cu and
Fe. The trimers were treated exactly, using a single ex-
change constantJintra = J (Cu–Fe), and the mean field ap-
proximation was used for treating the interaction between
trimers using a phenomenological exchange constantJinter.
The fit in the paramagnetic region, and close to the transi-
tion temperature, was plausible and a superexchange con-
stantJintra = −18 K was obtained. We shall see below that
this simple model is unable to explain the observed magnetic
structure. This is a common situation where fitting suscep-
tibility curves to ana priori model may give totally wrong
results. The results of neutron diffraction experiments are
clearly needed to complete, correct, discard or confirm the
model fitting the susceptibility.

3.2. Crystal structure

The refinement of the pattern recorded at room temper-
ature (Fig. 2) is in a good agreement with the monoclinic
crystal structure determined by A. Boutfessi et al. [4]. The
results of structure refinement are presented in Table 1.

The structure, described in [4], is shown in Fig. 3.
The characteristic centrosymmetric trimers Fe–Cu–Fe are
emphasized. The Fe3+ ions are magnetically connected with
Cu2+ ions by near 90◦ superexchange paths in which the
central Cu atoms, with square-planar coordination geometry,
share two oxygen atoms with each of two neighbouring
octahedrally coordinated Fe atoms. Trimers are connected
through pyrophosphates groups P2O7.

A neutron powder diffraction diagram was measured at
20 K. The crystal structure parameters refined at room tem-
perature is still adapted for the refinement of the diffraction
pattern. We have then fixed the atom positions and refined
only the profile parameters and those describing the mag-
netic structure.

3.3. Magnetic structure

The crystal structure of CuFe2(P2O7)2 does not change
between room temperature and 20 K. Below 16.5 K some
new diffraction peaks are observed in the neutron patterns.
These peaks are due to magnetic ordering. Their intensity
decreases with increasing temperature. Low angle parts of
neutron diffraction patterns measured between 1.4 to 16.6 K
are shown in Fig. 4. The magnetic reflections are indexed
in the primitive monoclinic cell. The ordering is described
by the propagation vectork = (1/2,0,1/2). The magnetic
ions in the crystallographic lattice are Cu2+ and Fe3+
occupying the Wyckoff sites 2a and 4e (Table 2). The four
one-dimensional irreducible representations ofP21/n space
group andk = (1/2,0,1/2) are given in Table 3.

The best agreement between the calculated and the ob-
served neutron diffraction pattern (measured belowT N) is
obtained for the magnetic structure described by the repre-
sentation�2 with basis functions [fx(++), ay (+−), fz(++)]
for position 2a and [Fx , Gy , Fz] for position 4e. The sym-
bols A(+−−+), C(++−−), F(++++), G(+−+−) cor-
respond to Bertaut’s [12] notations. The structure is well
refined by using the collinear model [0, ay , 0] [0, Gy , 0].
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Table 1
Refined values of cell parameters, atomic positions and temperature factors for CuFe2(P2O7)2 at room temperature using 1.80 Å neutrons wavelength.
Isotropic temperature factors of the same chemical species have been constrained to have the same values. The value ofχ2 is obtained only with points having
contributions of Bragg reflections

Cell parameters

Space group P21/n

a (Å) 6.5921(3)
b (Å) 5.1606(2)
c (Å) 15.6397(6)
β (◦) 91.983(3)
V (Å3) 531.73(12)

Atom Atomic positions

x y z B (Å2)

Cu 2a 0 0 0 0.88(11)
Fe 4e 0.3344(5) 0.2423(9) 0.1199(2) 0.71(6)
P2 4e 0.3544(9) 0.2754(13) −0.0949(4) 0.55(7)
P1 4e −0.0501(8) 0.2529(15) −0.1688(3) 0.55(7)
O21 4e 0.2452(9) 0.2076(12) −0.0134(4) 1.15(4)
O11 4e 0.1902(9) 0.2838(12) −0.1697(4) 1.15(4)
O12 4e −0.0811(8) −0.0021(13) −0.1204(4) 1.15(4)
O13 4e −0.1320(9) 0.4755(12) −0.1178(4) 1.15(4)
O14 4e −0.1299(9) 0.2253(13) −0.2578(4) 1.15(4)
O22 4e 0.5080(9) 0.0828(11) −0.1178(4) 1.15(4)
O23 4e 0.4354(9) 0.5528(11) −0.0867(4) 1.15(4)

Conditions of refinement

Refined domain [5.0◦, 29.1]∪ [30.4, 160.8◦]
Number of reflections 733
Structural parameters 34
BraggR-factor (%) 5.1
χ2 3.0
RWP (%) 5.17
RP (%) 3.97

Fig. 3. Schematic representation of polyhedra CuO4, FeO6 and PO4 present
in the crystal structure of CuFe2(P2O7)2. Two FeO6–CuO4–FeO6 trimers
are represented showing two different orientations. The numbering of atoms
is that used for the magnetic structure analysis.

This magnetic model was used to refine all the neutron dif-
fraction patterns measured for temperatures below 16.6 K.
The example of 1.4 K is shown in Fig. 5 and the corre-
sponding refined parameters are listed in Table 4. The cal-
culated magnetic moments of Cu2+ and Fe3+ are along

Fig. 4. Low angle part of the neutron powder diffraction patterns (λ =
2.343 Å) of CuFe2(P2O7)2 at temperatures 1.4; 1.9; 2.5; 2.8; 5.7; 8.6;
10.6; 12.6; 14.6 and 16.6 K. The intensity of magnetic peaks progressively
increases on going to low temperatures.

the b axis (Fig. 6). The moments of atoms belonging to
a same trimer have same direction. The ordering within
the trimer is then ferromagnetic. Neighbouring trimers have
opposite orientations alonga and c axis. The ordering
between trimers is anti-ferromagnetic. The refined values
of magnetic moments at 1.4 K are 0.83(6)µB for Cu2+
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Table 2
CuFe2(P2O7)2: positions of magnetic atoms in the crystallographic cell and the corresponding values of magnetic moments at 1.4 K. See Table 1 for the
specific values of(x, y, z) for Fe1 position

Atoms Atomic positions Magnetic moments (µB)

x y z Mx My Mz

Cu1 0 0 0 0 −0.83 (6) 0
Cu2 1/2 1/2 1/2 0 0.83 (6) 0
Fe1 x y z 0 −4.88 (4) 0
Fe2 1/2− x 1/2+ y 1/2− z 0 4.88 (4) 0
Fe3 1− x 1− y 1− z 0 −4.88 (4) 0
Fe4 1/2+ x 1/2− y 1/2+ z 0 4.88 (4) 0

Table 3
Irreducible representations ofP21/n space group for propagation vectork = (1/2,0,1/2). The basis functions corresponding to the Wyckoff positions 2a and
4e describe possible magnetic structures for CuFe2(P2O7)2. The two signs (+) and (−) correspond to the sign of the magnetic moments components alonga,
b, andc cell axis. The sequence of atoms is given in Table 2. The area in a frame corresponds to the observed magnetic structure

Irreducible representations Symmetry operations Cu2+ Fe3+
1 21y −1 n x y z x y z

�1 1 1 1 1 ax (+−) fy (++) az(+−) Gx (+−+−) Fy (++++) Gz (+−+−)
�2 1 −1 1 −1 fx (++) ay (+−) fz(++) Fx (++++) Gy (+−+−) Fz (++++)

�3 1 1 −1 −1 0 0 0 Ax (+ − −+) Cy (++−−) Az (+−−+)
�4 1 −1 −1 1 0 0 0 Cx (++−−) Ay (+−−+) Cz (++−−)

Fig. 5. Observed (◦) versus calculated (—) neutron powder diffraction pattern (λ = 2.343 Å) of CuFe2(P2O7)2 at 1.4 K. Nuclear (first row) and magnetic
(second row) reflections positions are represented by vertical bars (|). We have refined 12 structural parameters for 280 nuclear reflections and 546 magnetic
reflections. The relevant reliability indices areRBragg(nuclear)= 4.6%,RBragg(magnetic)= 8.6%,χ2 = 7.9.

and 4.88(4)µB for Fe3+. The fit of the evolution of
magnetic moments versus temperature (Fig. 7) leads to a
Néel temperatureTN = (15.5± 0.5) K. The Cu2+ (3d9) ion,
located in a square site, has a t6

2ge
3
g electronic configuration

with a single electron (hole) on thedx2−y2 orbital. The
saturation magnetic moment (spin-only) of the free ion
is 1 µB. The Fe3+ (3d5) ion is located in an octahedral

site, with five single electrons in t3
2ge

2
g configuration. The

magnetic moment of the free ion in high spin configuration
is 5 µB. The observed magnetic moments agree well with
what is expected from the free ion values. The reduction with
respect to the spin-only values of the free ions is normally
due to a combination of covalence effects and zero-point
spin fluctuations in antiferromagnets.
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Table 4
Cell parameters and reliability indices of CuFe2(P2O7)2 obtained by refinement of the neutron powder diffraction patterns (λ= 2.343 Å) measured at 1.4 K.
The structural parameters have been fixed to the values found in the paramagnetic state. Excluded regions contain peaks of an unknown impurity

Structural parameters Analysis of the refinement

a (Å) 6.5845(2) Refinement domain [6; 38.9◦] ∪ [40.4; 58.2]∪ [60.7; 110.0]∪ [113.3; 142.3]
b (Å) 5.1555(2) Number of reflections nuclear phase: 280; magnetic phase: 543
c (Å) 15.6189(4) Number of free parameters 11
α (◦) 90.0 BraggR-factor (%) 4.6
β (◦) 91.994(2) MagneticR-factor (%) 8.6
γ (◦) 90.0 χ2 7.9

Fig. 6. Projection, inac plane, of magnetic structure of CuFe2(P2O7)2 com-
pound; open and closed symbols represent parallel and anti-parallel mag-
netic moments, respectively, tob axis. The same rule for the representation
of the magnetic moments orientation is valid for Figs. 8 and 9.

Fig. 7. Temperature variation of magnetic moments of Cu2+ and Fe3+
in CuFe2(P2O7)2. The continuous curve is a Brillouin function fitting
providingTN = 15.5 K, M0(Cu) = 0.85µB andM0(Fe)= 4.80µB.

4. Magnetic phase diagram

There is no other magnetic transition observed below
15.5 K, so that the first ordered state characterised by the
propagation vectork = (1/2,0,1/2) corresponds to the
magnetic ground state. Theoretically, the first ordered state is
obtained, as a function ofk, on the surface or at the interior
of the Brillouin Zone (BZ), and the exchange integrals, as
the eigenvector corresponding to the lowest eigenvalue of
the negative Fourier transform of exchange integral matrix

[14–17]:

ξ ij (k)= −
∑
m

Jij (Rm) · exp{−2π i k Rm}.

The indicesi, j refer to the magnetic atoms in a primitive
cell, Jij (Rm) is the isotropic exchange interaction between
the spins of atomsi andj in unit cells separated by the lattice
vectorRm. We have adopted the interaction energy between
two spins asW = −JijSiSj = −JijSiSj sisj = −Jij sisj ,
so the exchange interaction written in the expression of
ξ ij (k), contains implicitly the magnitudes of the spins. The
energy,λ, lowest eigenvalue of the matrixξ (k, {Jij }), as
a function of the exchange integrals andk = (X,Y,Z)

can be obtained numerically. The vectork minimising
λ(k, {Jij }) for a given set of{Jij } is the propagation vector
of the magnetic structure and the spin configuration is
obtained from the corresponding eigenvector [14–17]. If for
a particulark vector we obtain degeneracy (same value) of
two eigenvalues, the magnetic structure correspond to an
arbitrary linear combination of the two eigenvectors. This
is the case of non-collinear magnetic structures resulting
from the competition of isotropic interactions. For the
cases in whichk = 1/2H, being H a reciprocal lattice
vector, includingH = (0,0,0), the eigenvectors are all real
and the sequence of signs of the eigenvector components
corresponding to the lowest eigenvalue, gives the spin
configuration corresponding to the first ordered state, which
is also the ground state in our particular case. We consider
only isotropic exchange interactions to study the main
characteristics of the magnetic ordering. The anisotropy
terms of the Hamiltonian (anisotropic symmetric and anti-
symmetric exchange and single-ion anisotropy) act as a
perturbation fixing the orientation of the spins with respect
to the crystallographic lattice.

We first need to identify the M–M′ interactions in
CuFe2(P2O7)2, where M and M′ symbolise a magnetic
ion (Cu2+ or Fe3+). Magnetic exchange is supposed to be
isotropic and described by the exchange constantsJ i , where
“i” is an integer number increasing with distance linking M
and M′. We used the program SIMBO to determine the in-
dependent number of possible exchange interaction occur-
ring in the magnetic topology of CuFe2(P2O7)2. As a re-
sult, a complete listing of interactions between magnetic ions
within a 5.2 Å range is given in Table 5. The magnetic ions
interact by super or super-superexchange mediated by oxy-
gen ions, all of them belong to PO4 tetrahedra. A comment
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Table 5
Exchange interactions connecting transition elements in CuFe2(P2O7)2 structure within a distance range of 5.2 Å. Interaction path, bond lengths (approximated to a hundredth of 1 Å), and relevant exchanges
angles (approximated to one degree) are given. For superexchange path of the form M–O–M′ , the geometrical parameters are given in the following order: distance M–O, distance O–M′, superexchange angle
M–O–M′ , sum of bond distances M–O and O–M′ (in bold). For super-superexchange path of the form M–O–O′-M ′ , the geometrical parameters are given in the following order: distance M–O, distance O–O′,
distance O′–M′, angle M–O–O′, angle O–O′–M′, torsion angle M–O–O′–M′ (underlined), sum of bond distances M–O, O–O′ and O′–M′ (in bold)

Interaction Description Representative
exchange path

Distance (Å) Distances (Å), angles (◦), torsion
angle (◦), total bond’s length (Å)

Remarks

1: J1:
Cu–Fe

Superexchange between CuO4 and FeO6 sharing an
edge.J1 is the intra-trimer interaction.

Cu–O21–Fe
Cu–O12–Fe

3.11 1.96, 2.15, 98,4.11
1.94, 2.08, 101,4.02

Exchange angles are 98◦ and 101◦, exchange
probably weakly ferromagnetic,J1 > 0.

2: J2:
Cu–Fe

Super-superexchange via the edge of a PO4 tetrahe-
dron. Cu2+ and Fe3+ belong to two different trimers
related by the translation [010]. A part of the path
is common to the path of interaction7. Two trimers
along [010] are connected by two interactions of type
2 and two interactions of type7.

Cu–O12–O13–Fe 4.84 1.94, 2.49, 1.97, 91, 145, 107, 6.40 Angles are equal to 91◦ and 145; first one
corresponds to a ferromagnetic exchange and
second one to an antiferromagnetic exchange.
Torsion angle equal to 107◦ points to a weak
interaction of uncertain sign.

3: J3:
Fe–Fe

Interaction connecting two Fe3+ ions by two super-
superexchange paths. Fe3+ ions belong to different
trimers having the central copper are at positions
(x, y, z) and (x + 1/2, y + 1/2, z + 1/2) or (x −
1/2, y − 1/2, z− 1/2). Each Fe3+ participates in two
interactions(J3) with two different Fe3+ ions.

Fe–O12–O14–Fe
Fe–O14–O13–Fe

4.98 2.08, 2.46, 1.93, 102, 157, 59, 6.46
1.93, 2.54, 1.97, 144, 113, 35, 6.44

Superexchange angles are 102◦ and 157◦ for one
path, 144◦ and 113◦ for the other one. Sign of the
interaction uncertain.

4: J4:
Cu–Fe

Describes the interaction between Cu2+ and Fe3+
ions belonging to two trimers with central coppers
separated by the translation [100]. Each trimer is
associated to two interactions(J4) with trimers at a
distance “a”.

Cu–O21–O22–Fe 4.99 1.96, 2.51, 1.97, 121, 127, 60, 6.44 Similar exchange angles: 121 and 127◦. Interac-
tion of probable negative sign.

5: J5:
Fe–Fe

Interaction connecting two Fe3+ ions through a
double super-superexchange bridge. Central coppers
of the trimers are separated by the translation [100].

Fe–O21–O22–Fe
Fe–O22–O21–Fe

5.07 2.15, 2.51, 1.97, 119, 127, 62, 6.63
1.97, 2.51, 2.15, 127, 119, 62, 6.63

Two equivalent paths. Exchange angles are simi-
lar (119 and 127◦). Interaction of probable nega-
tive sign.

6: J6:
Fe–Fe

Interaction connecting through a double super-
superexchange bridge two Fe3+ ions belonging to
different trimers. The Cu atoms of trimers are sepa-
rated by the translation [110].

Fe–O21–O23–Fe
Fe–O23–O21–Fe
Fe–O23–O23–Fe

5.15 2.15, 2.48, 1.94, 105, 158, 52, 6.57
1.94, 2.48, 2.15, 158, 105, 52, 6.57
1.94, 2.87, 1.94, 99, 99, 0, 6.74

Two equivalent paths connect Fe3+ ions. Sign of
the interaction uncertain.

7: J7:
Fe–Fe

Interaction connecting two Fe3+ ions along [010]
through two simultaneous super-superexchange
paths. Each Fe3+ participates in two interactions7.

Fe–O12–O13–Fe
Fe–O22–O23–Fe

5.16 2.08, 2.49, 1.97, 119, 145, 4, 6.54
1.97, 2.52, 1.94, 158, 109, 46, 6.43

A double super-superexchange path through two
PO4 tetrahedron edges. Interaction of probable
negative sign.

8: J8:
Cu–Cu

Interaction between two Cu2+ along [010]. no super-
superexchange path

5.16 Neglected interaction.
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Fig. 8. The Fe3+-ions in CuFe2(P2O7)2 are disposed within parallel
puckered triangular layers holding the interactions numbered3, 5, 6 and
7. Projection in planeac (top), showing the distorted triangular layers. The
projection inbc plane (bottom) shows explicitly the pattern of interactions.

concerning the predicted sign of the exchange interactions
according to the Goodenough–Kanamori–Anderson rules is
also included in the last column of Table 5.

The interactions numbered1, 2, and 4 (characterised
by J1, J 2 and J 4 exchange constants) connect Cu2+ and
Fe3+ ions by a superexchange path involving a single
bridging oxygen(J1) of by super-superexchange through a
PO4 tetrahedron (J2, J4). In interaction1: d(Cu2+–Fe3+) =
3.11 Å, Cu2+ and Fe3+ belong to the same trimer Fe–Cu–
Fe, but the magnetic ions associated to the interactions2:
d(Cu2+–Fe3+) = 4.84 Å, and4: d(Cu2+–Fe3+) = 4.99 Å,
belong to different Fe–Cu–Fe trimers. The interactions
numbered by3, 5, 6 and7 connect only Fe3+ ions belonging
to different trimers and all these interactions link Fe3+ ions
belonging to a same triangular layer, as it is displayed in
Fig. 8. The Fe3+ ions in triangular layers are connected,
through interactions3: d(Fe3+–Fe3+) = 4.98 Å, 5: d(Fe3+–
Fe3+) = 5.07 Å, 6: d(Fe3+–Fe3+) = 5.15 Å, and7: d(Fe3+–

Fig. 9. Relative positions of. . .Fe3+–Fe3+ . . . layers and Cu2+-ions in the
magnetic topology of CuFe2(P2O7)2. The interactions numbered3, 5, 6 and
7 occur inside the layer, whereas the layers are linked via the interactions1,
2, and4 connecting Cu2+ and Fe3+ ions.

Fe3+) = 5.16 Å. The layers are nearly parallel to the
(101) planes (Fig. 8). The minimal distance separating two
consecutive layers (dmin = 6.216 Å) is the distance Fe–Fe in
a same trimer (Fig. 9). The interaction8: d(Cu2+–Cu2+) =
5.16 Å has been neglected because there is no super-
superexchange path, with Cu–O–O′ angle larger than 90◦,
between the two Cu2+ ions related by the translation [010].
The distances separating magnetic ions for interactions2 to
7 vary in an sharp interval of 0.325 Å. Superexchange angles
in the corresponding exchange paths are also similar. This
means that the evaluation criteria for the relative strength of
interactions2 to 7 is very difficult to establish.

If we consider a larger range of distances (say 8 Å),
we obtain a gap of 1 Å between the last already described
interaction and the next one connecting Cu2+ and Fe3+ at a
distance of 6.15 Å. We have then discarded all interactions
between M and M′ separated by more than 5.2 Å.

To study the problem with the program ENERMAG we
can consider the exchange interactionsJi (i = 2, . . . ,7),
taking J1 as a reference value (J1 = 1 or J1 = −1), as
varyingJi in the interval[−20,20] and thek-vectors inside,
and in special points, of the BZ. However, the number of
free parameters (6 exchange parameters) is too high. To
get some insight into the conditions to be satisfied by the
exchange interactions, in order to get the calculated first
ordered state identical to the observed magnetic structure,
we have to reduce this too large number of parameters. The
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Table 6
CuFe2(P2O7)2: magnetic exchange matrix. The primitive cell contain six magnetic atoms. Different exchange interactions are numbered up to 6.0 Å by
increasing distance:J1, J 2, J 3, J 4, J5, J 6, J7 andJ8 (see text). We consideredJ8 = 0 because there is no super-superexchange path connecting the extreme
atoms

Cu(2) Cu(2) Fe(1) Fe(2) Fe(3) Fe(4)
Cu(1)
Cu(2)
Fe(1)
Fe(2)
Fe(2)
Fe(2)

ξ(k, Jij ) =




0 0 ξ13 0 ξ15 0
0 0 0 ξ24 0 ξ26
ξ31 0 ξ33 ξ34 ξ35 0
0 ξ42 ξ43 ξ44 0 ξ46
ξ51 0 ξ53 0 ξ55 ξ56
0 ξ62 0 ξ64 ξ65 ξ66




with:




A = e2π i X

B = e2π i Y

C= e2π i Z

X, Y and Z are the propagation vector components,k = (X,Y,Z), in reciprocal
space.

Exchange matrix:

ξ(k, Jij ) =




0 0 J1 + J2B + J4A 0 J1ABC + J2AC + J4BC 0
0 0 0 J1 + J2B + J4A∗ 0 J1 + J2B∗ + J4A

J1 + J2B∗ + J4A∗ 0 J7 (B + B∗) J3 (1+ B) J5BC+ J6C 0
0 J1 + J2B∗ + J4A J3 (1+ B∗) J7 (B + B∗) 0 J5A + J6AB∗

J1A∗B∗C∗ + J2A∗C∗ + J4B∗C∗ 0 J5B∗C∗ + J6C∗ 0 J7(B + B∗) J3(1+ B∗)
0 J1 + J2B + J4A∗ 0 J5A∗ + J6A∗B J3(1+ B) J7(B + B∗)




Table 7
Sequence of magnetic moments orientation along one direction (collinear case) for the topology of CuFe2(P2O7)2 for atoms Cu1, Cu2, Fe1, Fe2, Fe3 and Fe4
(atomic positions given in Table 2). The magnetic structure numbered 6 correspond to the experimental ground state. The number associated to each magnetic
configuration are used for describing the different areas in theJ -space of the magnetic phase diagram (see figure)

Propagation vector Sequences of magnetic moment signs along an arbitrary axis

MCu1 MCu2 MFe1 MFe2 MFe3 MFe4

1: k = (0,0,0) + + + + + +
2: k = (0,0,0) + + − − − −
3: k = (0,0,0) + − + − + −
4: k = (1/2,0,1/2) + + + + + +
5: k = (1/2,0,1/2) + + − − − −
6: k = (1/2,0,1/2) + − + − + −
7 no order or incommensurate non-collinear structures

hypothesis we have considered is that the interactions3,
5, 6 and7, connecting Fe3+ ions within a same layer, are
all equivalent. We have then considered in our calculations
thatJ3 = J5 = J6 = J7 = J3,5,6,7. The exchange interaction
matrix as provided by the program SIMBO and used
by ENERMAG is written in complete form in Table 6.
Taking a broader range than[−20,20] for the exchange
interactions does not change qualitatively the results. One
can deduce, by continuity, the shape of the phase diagram for
regions outside the used range in the numerical calculations.
All exchange interactions are then effectively measured in
units of |J1|. An auxiliary program takes the output of
ENERMAG and plots a high dimensional phase diagram
using the exchange interactions as Cartesian axes. The
different regions correspond to different magnetic structures.
We have numbered the six kinds of collinear magnetic
structures found by the program and numbered as “7” the
regions where either there is no classical magnetic order
(degeneracy of the magnetic energy with respect to the value
of k) or the magnetic structure is incommensurate due to
strong frustrations effects. In Table 7 it is represented the
sign sequence characterising the six collinear structures.
The magnetic structure experimentally observed for the
compound CuFe2(P2O7)2 is numbered as “6” in Table 7 and

Table 8
Conditions to be satisfied by the exchange interaction to get the magnetic
structure n◦6 as the magnetic ground state (Table 7) experimentally obser-
ved in CuFe2(P2O7)2

Domain of interaction constants giving rise to structure n◦6
in the magnetic phase diagram

J1 > 0
J2 > J1
J3,5,6,7 < 0 (|J3,5,6,7| ∼ J1)

J4 + J1 < 0

it is described by the sequence{k = (1/2,0,1/2): (+−+−
+−)}.

In Fig. 10 we have represented 2D maps of different
regions of the magnetic phase diagram for representative
cases. The obtained magnetic phase diagram shows large
domains without any magnetic ordering or dominated by
incommensurate magnetic structures, mainly forJ3,5,6,7 <

0, where frustration in the triangular network dominates
over the rest of exchange interactions. An analysis of the
boundaries between the regions gives us the conditions that
have to satisfy the exchange integrals to give, as the first
ordered state, the observed magnetic structure. In our case
the region “6” requires that exchange interactions verify the
constraints displayed in Table 8.
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Fig. 10. Selected sections of the magnetic phase diagram of CuFe2(P2O7)2. The exchange constantJ1 has been taken as unity (J1 = 1). To simplify the
analysis we have taken as equal all exchange interactions within the triangular layers (J3 = J5 = J6 = J7 = J3,5,6,7). A systematic variation ofJ 2, J 3,5,6,7
andJ 4 constants in the domain[−20,20] by a step equal to 1 has been used to generate the phase diagram by using ENERMAG. The different magnetic
structures numbered from 1 to 7 are described explicitly in Table 7. The observed magnetic structure correspond to domain 6.

Considering the magnetic ordering in the Fe3+ network,
particularly within a triangular layer, we observe the alterna-
tion of ferromagnetic ordered rows (Figs. 6, 8, 9), parallel to
[010], coupled antiferromagnetically. Triangular layers are
parallel to [010], so that the system minimises frustration by
using an alternating antiferromagnetic configuration and sat-
isfying the interactions linking layers through Cu2+ ions.

5. Conclusions

We have solved and refined the magnetic structure of
the pyrophosphate CuFe2(P2O7)2. There is no structural
or magnetic phase transition below room temperature. The
Néel temperature isT N = 15.5 (5) K and there is no spin
reorientation or magnetic phase transition belowT N.

The magnetic ions inside a Fe–Cu–Fe trimer order ferro-
magnetically. The trimers are ordered antiferromagnetically

according to the propagation vectork = (1/2,0,1/2). The
magnetic exchange interactions between magnetic ions are
numerous and complex. We have considered effective ex-
change interactions within a sphere of radius 6 Å around
all magnetic atoms. Apart from the Fe–Cu–Fe trimers, in-
volving superexchange interactions, the most prominent as-
pect of the magnetic topology of CuFe2(P2O7)2, is the
presence of distorted triangular layers of Fe3+ ions. The
Fe3+–Fe3+ interactions are of the super-superexchange
type and of weak antiferromagnetic character. These lay-
ers are parallel and are connected through Fe–O–Cu–O′–
Fe′ interactions. The interactions connecting iron layers
are positive for cases1 and 2 and negative for case4.
The intrinsic frustration of triangular layers is released
globally by the balance with other exchange interactions
of ferromagnetic character between the layers. However,
the observation of the structure “6”{k = (1/2,0,1/2):
(+−+−+−)} in the domainJ3,5,6,7 < 0 implies that the
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spin arrangement in the triangular layers does not satisfy all
the interactions and the spin configuration is partially frus-
trated.
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