
PHYSICAL REVIEW B, VOLUME 65, 144423
Magnetic structure and properties of BiMn2O5 oxide: A neutron diffraction study
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BiMn2O5 has been prepared in polycrystalline form by a citrate technique, and studied by neutron powder
diffraction ~NPD!, specific-heat, and magnetization measurements. High-resolution NPD data show that
BiMn2O5 is orthorhombic~space groupPbam, Z54) and contains infinite chains of Mn41O6 octahedra
sharing edges, linked together by Mn31O5 pyramids and BiO8 units. These units are strongly distorted with
respect to those observed in other members of theRMn2O5 family (R denotes rare earths!, due to the presence
of the electronic lone pair on Bi31. BiMn2O5 becomes magnetically ordered belowTN539 K. The magnetic
structure, investigated from low-temperature NPD data, is defined by the propagation vectork5(1/2,0,1/2). A
group theory analysis has been carried out to determine the possible solutions for the magnetic structure. For
the Mn31 ions located at the 4h site, the magnetic moments are ordered according to the basis vectors
(Fx ,Cy,0); for the Mn41 ions placed at the 4f site, the basis vectors are (Gx8 ,Ay8,0). At T51.6 K, the
magnetic moments for Mn31 and Mn41 cations are 3.23(6)mB and 2.51(7)mB , respectively. The commensu-
rate character of the magnetic structure of BiMn2O5, in contrast with the incommensurate structure observed
for other compounds of theRMn2O5 family, for which k5(1/2,0,kz), is discussed in terms of competing
antiferromagnetic interactions, depending on the observed variation of crucial Mn-O-Mn distances.

DOI: 10.1103/PhysRevB.65.144423 PACS number~s!: 75.25.1z
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I. INTRODUCTION

The discovery of a colossal magnetoresistance effec
the hole-doped rare-earth manganitesR12xAxMnO3 (A de-
notes alkaline earth! ~Refs. 1 and 2! has originated a grea
interest in the study of the manganese oxides, in general,
particularly in those containing a mixed valence for Mn c
ions.RMn2O5 (R stands for rare-earth metals, Y, and Bi! are
included in this category. According to the first studies c
ried out in the 1960s to determine their crystallograp
structure,3,4 all the compounds of theRMn2O5 series crystal-
lize in the orthorhombic space groupPbam. The manganese
ions occupy two sites with different oxidation states. T
Mn41 ions (4f site! are octahedrally coordinated to oxygen
the Mn41O6 octahedra share edges to form infinite cha
along thec axis. The Mn31 ions (4h site! are coordinated to
five oxygens located at the apexes of a distorted tetrag
pyramid. The Mn41O6 chains are interconnected b
Mn31O5 pyramids. TheR31 cations formRO8 polyhedra. A
bond-valence study from high-resolution neutron pow
diffraction ~NPD! data revealed the presence of importa
tensile and compressive stresses, which are progressive
leased along the series as the rare-earth metal
decreases.5

Regarding the magnetic properties of these compou
some work has been devoted to the determination of t
magnetic structures by neutron diffraction. According to t
first reports,6,7 these oxides present an antiferromagne
~AFM! ordering below 40 K. ForR5Nd, Tb, Ho, Er, and Y,
the magnetic structure is defined by the propagation ve
0163-1829/2002/65~14!/144423~8!/$20.00 65 1444
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k5(1/2,0,t). Both Mn ions are ordered according to a he
coidal arrangement with the moments in theab plane. The
R31 cations order at lower temperatures with a sinusoi
magnetic structure. Subsequent results also showed foR
5Er and Tb~Ref. 8! that the amplitude of the moments fo
the Mn ions is modulated. The magnetic structure
DyMn2O5 was analyzed in detail;9 it is defined by two
propagation vectorsk15(1/2,0,0) andk25(1/2,0,t). With
respect to BiMn2O5, a propagation vectork5(1/2,01/2) was
reported to define its magnetic ordering,10 although no more
details were given. On the other hand, the published res
on the dielectric and magnetoelectric properties ofRMn2O5
~Refs. 11–13! seem to indicate the possibility of ferroele
tricity in these compounds.

The aim of this paper is to carry out a detailed study
the magnetic behavior of BiMn2O5, whose magnetic struc
ture seems to be different from that of the remaining co
pounds of the series. A detailed crystallographic study fr
high-resolution neutron powder diffraction data, followed
a study of its magnetic structure and its evolution with te
perature, are complemented with magnetization and spec
heat measurements.

II. EXPERIMENTAL

BiMn2O5 was obtained as a dark brown polycrystallin
powder starting from precursors previously synthesized b
wet-chemistry technique. Stoichiometric amounts of anal
cal grade Bi2O3 and Mn(NO3)2•4H2O were solved in citric
acid. The citrate solutions were slowly evaporated and
©2002 The American Physical Society23-1
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composed at temperatures up to 600 °C. All the organic
terials were eliminated in a subsequent treatment at 800
in air. The sample was finally annealed at 1000 °C in air
12 h.

X-ray powder diffraction patterns were collected with C
Ka radiation in a Siemens D-501 goniometer controlled b
DACO-MP computer. The magnetic measurements were
ried out in a commercial superconducting quantum inter
ence device magnetometer. The dc susceptibility meas
ments, both under zero-field-cooling~ZFC! and field-cooling
~FC! conditions, were performed in a 0.5 kOe magnetic fi
for temperatures ranging from 1.8 K to 300 K. An isotherm
magnetization curve was obtained atT55 K in a magnetic
field up to 54 kOe. The specific-heat measurements w
carried out in a semiadabatic He calorimeter using the h
pulsed method for temperatures going from 2 K to 200
under a zero and 90 kOe magnetic field. A high-resolut
NPD pattern was acquired at room temperature at the D
diffractometer of the Institut Laue-Langevin in Grenob
~France!, with a wavelength of 1.594 Å. The collection tim
for a 6-g sample was about 3 h. The magnetic structure
its thermal evolution was studied at the D1B multidetec
~400 counters! diffractometer with a wavelengthl
52.532 Å. A good statistics pattern, collected in 30 min
1.6 K, was used to resolve the magnetic structure. The t
mal evolution was studied from sequential diagrams c
lected every 2 K, on heating from 1.6 K to 53 K, with
counting time of 10 min each. The refinements of the cr
tallographic and the magnetic structures were performed
using the Rietveld method with theFULLPROF program.14 In
the profile refinements, the peak shape was simulated
pseudo-Voigt function and the background was fitted wit
fifth-degree polynomial function.

III. RESULTS FROM MAGNETIC AND SPECIFIC-HEAT
MEASUREMENTS

A. Magnetic measurements

The dependence of the magnetic susceptibility with te
perature is presented in Fig. 1. At low temperatures, the

FIG. 1. Thermal evolution of the dc susceptibility and its rec
rocal measured under a 0.5 kOe magnetic field in zero-field-coo
~ZFC! and field-cooling conditions. Inset: Isothermal magnetizat
curve atT55 K.
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ceptibility increases and exhibits an outspread maxim
with two characteristic temperaturesT539 K and T
536 K, which would suggest the appearance of an AF
order withTN539 K. The existence of two transition tem
peratures could indicate a small delay in the ordering of
magnetic moments associated with one of the mangan
sites with respect to the second one. The evolution of
ZFC and the FC curves is very similar, which seems to
clude the presence of weak ferromagnetism effects. Thi
also confirmed by the magnetization curve shown in the in
of Fig. 1, exhibiting a perfectly linear behavior with the ma
netic field. Above 100 K the susceptibility follows a Curie
Weiss behavior~see Fig. 1! characterized by a paramagnet
temperatureQP52357(3) K and with an effective para
magnetic moment of 6.9(1)mB . This figure is close to the
theoretical value of 6.24mB that has been calculated throug
the expressionPe f f5APe f f

2 (Mn31)1Pe f f
2 (Mn41).

B. Specific-heat measurements

The temperature evolution of specific heat under zero
B59 T magnetic fields is shown in Fig. 2. A sharp anoma
appears at around the ordering temperatureTN'39 K, in
good agreement with the magnetic measurements. In
curves there are no differences between the measurem
obtained in zero and 9 T magnetic fields. The lo
temperature specific-heat data has been fitted by the exp
sion

C5gT1bT31BTd. ~1!

The linear term is associated with the charge-car
contribution, thebT3 term corresponds to the lattice contr
bution, and the last termBTd is related to the spin-wave
excitations. By considering the data from 2 K to 16 K, the
best fit is obtained if the linear term is neglected andd52,
with the parameters b50.0012(1) J/mol K4 and B
50.0048(13) J/mol K3. The Debye temperatureQD can
be calculated from b through the expression

g FIG. 2. Temperature dependence of the specific heat under
and 9 T magnetic field. The dotted line represents the calcula
lattice contribution. Inset: Thermal evolution of the magnetic co
tribution to the specific heat.
3-2
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TABLE I. Structural parameters obtained after the Rietveld refinement of the high-resolution NPD p
at 295 K withl51.594 Å. Space groupPbam.

Atoms Positions x y z B (Å) 2

Bi 4g 0.1597~2! 0.1659~1! 0.0000 0.40~2!

Mn1 4f 0.5000 0.0000 0.2613~4! 0.21~4!

Mn2 4h 0.4074~3! 0.3516~3! 0.5000 0.25~4!

O1 4e 0.0000 0.0000 0.2866~3! 0.60~3!

O2 4g 0.1553~2! 0.4440~2! 0.0000 0.34~3!

O3 4h 0.1440~2! 0.4241~2! 0.5000 0.33~3!

O4 8i 0.3856~1! 0.1995~1! 0.2539~2! 0.45~2!

Cell parameters a57.56078(8) Å,b58.53299(8) Å,c55.76066(5) Å
Volume V5371.654(6) Å3

Disc. factors Rp54.3% Rwp55.6% x251.3
ur

st
th
re
e
ibu
th
th

cil
t

th
t

c
at
3

ure

at-

ce

and
cter-
I. A
ing

re

e
.
nd

ra-

to
QD5(12p4pR/5b)1/3, R being the gas constant andp the
number of atoms per formula unit. The Debye temperat
obtained in this way isQD5235(4) K. The quadratic term
in the thermal behavior of the specific heat is characteri
of the AFM spin waves. The entropy associated with
magnetic transition can be determined through the exp
sion DS5*(Cmag/T)dT. The magnetic contribution to th
specific heat is extracted after evaluating the lattice contr
tion. The lattice contribution has been obtained by fitting
data to two Einstein optical modes, one associated with
Bi 1 Mn atoms and the other with the O atoms. The os
lator corresponding to the Bi1 Mn atoms is centered a
QE5172(1) K and the other atQE5648(1) K. The mag-
netic contribution is represented in the inset of Fig. 2, and
entropy change is 12.5 J/~mol K!. This value is close to tha
expected for a mixture of free Mn31 and Mn41 ions, DS
50.5R ln(2S111)10.5R ln(2S211)512.45 J/mol K (S152
for Mn31 andS253/2 for Mn41). The shape of the magneti
peak of the specific heat~inset Fig. 2! seems to suggests th
the transition is achieved in two steps, with a shoulder at
K and and a main peak atTN539 K.

FIG. 3. Observed~solid circles!, calculated~solid line!, and dif-
ference~bottom line! NPD patterns. The tick marks correspond
the Bragg reflections of the orthorhombic space groupPbam.
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IV. NEUTRON-DIFFRACTION MEASUREMENTS

A. Crystallographic structure

The crystal structure was refined from room-temperat
D2B data, collected with a wavelengthl51.594 Å. All the
Bragg reflections of the diagram were indexed with the l
tice parametersa57.560 78(8) Å,b58.532 99(8) Å, and
c55.760 66(5) Å. The pattern was refined in the spa
group Pbam, taking as starting structural model,5 that of
LaMn2O5. The good agreement between the calculated
observed patterns is presented in Fig. 3. The most chara
istic parameters after the refinement are listed in Table
selection of the most important atomic distances and bond
angles are included in Tables II and III, respectively.

Figure 4 shows a view of the crystallographic structu
along thec axis. Mn41 ~Mn1 atoms! are located within dis-
torted octahedral environments. The Mn41O6 octahedra
form infinite linear chains along thec axis, sharing edges via
O2 and O3 oxygens. Mn31 cations are surrounded by fiv
oxygens, forming Mn31O5 distorted tetragonal pyramids
These units contain rather significantly different bo
lengths: four oxygen atoms~two of O1 and two of O4! are in
a square planar configuration and the fifth oxygen~O3! is in
an axial position at a longer distance (2.085 Å). The py
mids interconnect the Mn41O6 octahedra along thec axis via
O3 and O4.

TABLE II. Selected interatomic distances at 295 K~in Å).

Mn41O6 Bi31O8

Mn1-O2 (32) 1.968~2! Bi-O1 (32) 2.488~1!

Mn1-O3 (32) 1.870~2! Bi-O2 2.374~2!

Mn1-O4 (32) 1.910~1! Bi-O2 2.353~2!

^Mn1-O& 1.916~2! Bi-O4 (32) 2.267~2!

Mn31O5 Bi-O4 (32) 2.785~2!

Mn2-O1 (32) 1.899~2! ^Bi-O& 2.476~2!

Mn2-O3 2.085~3! Mn1-Mn1 2.751~4!

Mn2-O4 (32) 1.929~2! Mn1-Mn1 3.010~4!

^Mn2-O& 1.948~3! Mn2-Mn2 2.894~3!
3-3
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A. MUÑOZ et al. PHYSICAL REVIEW B 65 144423
The BiO8 units can be described as bicapped trigo
prisms. It is noteworthy that they are significantly more d
torted than theRO8 units in otherRMn2O2.5 In particular,
the two Bi-O4 distances~Table II! are much shorter
(2.267 Å) or longer (2.785 Å), respectively, than the co
responding figures for otherR members; for instance, La-O
bond lengths are 2.496 Å and 2.562 Å, respectively. T
distortion of the coordination environment is due to the pr
ence of the electron lone pair on Bi31: the repulsion of the
lone pair with Bi-O bonds leads to an asymmetric distrib
tion of these bonds around Bi, involving significant shifts
some oxygen positions. Also, a coupled shift of the Bi po
tion, by 0.15 Å along the direction@11̄0# is observed with
respect to the position of the rare-earth cations in ot
RMn2O5 oxides.5 The mentioned oxygen shifts indirectl
lead to important changes in Mn-O distances. In particu
Mn1O6 octahedra show Mn1-O2 distances~1.968 Å! larger
than any other members of the series. Mn2O5 pyramids are
also strongly affected, showing Mn2-O1 distanc
(1.899 Å) smaller and Mn2-O4 bond lengths (1.929
larger that any otherRMn2O5. These different interatomic
distances will play an important role in the different sp
arrangements along thec direction for BiMn2O5 with respect
to those observed for otherR cations.

TABLE III. Selected bonding angles at 295 K~in deg!.

O2-Mn1-O2 80.2~2! O1-Mn2-O1 80.7
O2-Mn1-O3 97.5~1! O1-Mn2-O3 98.9~1!

O2-Mn1-O3 173.8~1! O1-Mn3-O4 90.2~1!

O2-Mn1-O4 85.9~1! O1-Mn2-O4 162.9~1!

O2-Mn1-O4 92.1~1! O3-Mn2-O4 96.8~1!

O3-Mn1-O3 85.3~1! O4-Mn2-O4 94.6~1!

O3-Mn1-O4 93.5~1! Mn2-O1-Mn2 99.3~2!

O3-Mn1-O4 88.4~1! Mn1-O2-Mn1 99.8~2!

O4-Mn1-O4 177.5~1! Mn1-O3-Mn1 94.7~2!

Mn1-O3-Mn2 131.2~2!

Mn1-O4-Mn2 123.0~1!

FIG. 4. A view of the crystallographic structure approximate
along thec direction.
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In a systematic study ofRMn2O5 for R denoting rare-
earth metals,5 a regular increase ofa, b, and c unit-cell pa-
rameters was found to correspond to the increase of the i
radius of theR31 cation along the series from Er to La
However, for R5Bi31, with an ionic radius of 1.20 Å,
greater than that of La31 (r 51.16 Å), we have only ob-
served an important increase in thec parameter @c
55.760 66(5) Å for Bi versus 5.7214(1) Å for La~Ref.
5!#, whereas thea parameter is close to that of Pr andb is
similar to that of Eu. Again, the anisotropy observed in t
Bi-O bond lengths, driven by the presence of the Bi31 elec-
tron lone pair, is responsible for the anomalous variation
the unit-cell size.

B. Determination of the magnetic structure

The thermal evolution of the NPD patterns acquired in
temperature range 1.6,T,53.1 K and withl52.532 Å is
shown in Fig. 5. BelowT'40 K, new diffraction peaks ap
pear at scattering angles different from the Bragg positi
corresponding to the space groupPbam. This confirms the
appearance of a magnetic ordering belowT540 K, in good
agreement with the magnetic data. The magnetic reflect
can be indexed by the propagation vectork5(1/2,0,1/2),
which agrees with the results obtained in Ref. 10. Below
ordering temperature no anomalies are observed in the m
netic peaks, except an increase in the intensity on decrea
the temperature; therefore the magnetic structure seem
remain stable down toT51.6 K.

In the search of the possible magnetic structures, we h
taken into consideration only those solutions~see the Appen-
dix! that lead to equal magnetic moments for all the M
atoms at the same site. All these solutions, given by the b
vectors presented in Table VII, have been contrasted with
experimental NPD data. The solution that gives a be
agreement with the experimental results is (Fx ,Cy,0) for the
4h site and (Gx8 ,Ay8,0) for the 4f site. The results of the fit
carried out atT51.6 K are shown in Table IV. The agree
ment between calculated and experimental NPD pattern
1.6 K is displayed in Fig. 6. According to the experimen

FIG. 5. Thermal variation of the NPD patterns acquired w
l52.42 Å in the temperature range 2,T,100 K.
3-4
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MAGNETIC STRUCTURE AND PROPERTIES OF . . . PHYSICAL REVIEW B 65 144423
results the magnetic structure is given by the basis vector
G1, which corresponds to a magnetic structure with the m
ments oriented in theab plane, as shown in Fig. 7. Th
thermal evolution of the magnetic moments at both Mn s
is displayed in Fig. 8. The values of the magnetic mome
reach saturation below 5 K and, for both Mn sites, the ori
entation of the moments with respect to thea axis remains
nearly constant belowTN . The magnetic moments atT
51.6 K are 3.23(6)mB and 2.51(7)mB for 4h and 4f sites,
respectively. This result is concomitant with the differe
oxidation states exhibited by Mn cations at both crysta
graphic sites.

Let us point out that this solution, as has been explai
in the Appendix, is equivalent to the solution (Cx ,Fy,0) for
the 4h site and (Ax8 ,Gy8,0) for the 4f site. On the other hand
there is another solution, also belonging toG1, that is in
agreement with the experimental results, although the
crepancy factors are slightly worse. This solution
(Fx ,Ay,0) for the 4h site and (Gx8 ,Ay8,0) for the 4f site, with
the correspondingRB ~Magnet!56.8%.

V. DISCUSSION

Neutron-diffraction experiments have confirmed th
BiMn2O5 presents an AFM ordering belowTN539 K. The
magnetic structure is commensurate with the chemical
cell, with k5(1/2,0,1/2); the magnetic moments at the tw
crystallographically independent sites are very different,
should correspond to Mn cations in different oxidation stat
Mn41 cations at 4f sites are octahedrally coordinated, hen
a t2g

3 electronic configuration is expected (S53/2). For
Mn31 cations~located at 4h sites! the corresponding elec
tronic configuration in a pyramidal crystal field ist2g

3 eg
1 (S

52). In both cases the saturation moments@2.51(7)mB and
3.23(6)mB , respectively# are slightly lower than those ex
pected (3mB and 4mB , respectively!, which can be due to

TABLE IV. Results from the magnetic structure determination
T51.6 K.

Mn(4h) Mn(4 f )

Solution (Fx ,Cy,0) (Gx8 ,Ay8,0)
Values (mB) „23.12(9),20.8(2),0… „2.44(10),0.6(2),0…
umu(mB) 3.23~6! 2.51~7!

Disc. factors RB(Nuc.)52.4%, RB(Mag.)54.2%, x252.7
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covalency effects. The neutron-diffraction experiments, p
formed with a rather broad temperature aquisition step,
not allow us to clarify whether a small delay exists in t
ordering temperatures of the Mn31 and Mn41 sublattices,
which could explain the two characteristic temperatures
served in the anomaly of the susceptibility and specific-h
curves. However, the large difference in magnetic-mom
values at both sites just below the ordering temperatu
could be an indication that a small delay indeed takes pla

As shown in Fig. 7, Mn41 ions ~labeled Mn1, 4f sites!
are distributed in~001! planes forming a chain along thec
axis: they are present at thez512z0 , z5z0, and z52z0
planes (z050.261). Intercalated between them, there a
planes of Mn31 ions atz51/2. Also, we must consider th
interleaved planes of Bi31 ions atz50. Thus, thez5z0 and
z52z0 Mn41 planes are separated by a Bi31 plane and the
coupling between them is AFM; on the contrary, between
z512z0 and z5z0 Mn41 planes, separated by a Mn31

plane, the coupling is ferromagnetic~see Fig. 7!. In the first
case the distance between the Mn41 planes is 3.010(4) Å
and in the second case it is 2.751(4) Å. Within each M
plane, for both Mn31 and Mn41 sublattices, the coupling
along theb direction is ferromagnetic and along thea direc-
tion, it is AFM. In the Mn31 planes, the ions related by a
inversion center are antiferromagnetically coupled.

In both Mn31 and Mn41 sublattices, the superexchang

FIG. 6. Observed~solid circles!, calculated~solid line!, and dif-
ference~bottom line! NPD patterns corresponding to the solutio
(Fx ,Cy,0) for the 4h site and (Gx8 ,Ay8,0) for the 4f site. The two
series of tick marks correspond to the crystallographic and magn
Bragg reflections.

t

to
TABLE V. Irreducible representations of the space groupPbam for k5(1/2,0,1/2). The symmetry elements are written according
Kovalev’s notation.t5(1/2,1/2,0).

h1 h2 /(t) h3 /(t) h4 h25 h26/(t) h27/(t) h28

G1 S1 0

0 1D S0 1

1̄ 0D S1 0

0 1̄
D S0 1

1 0D S0 1

1 0D S1 0

0 1̄
D S0 1

1̄ 0D S1 0

0 1D
G2 S1 0

0 1D S0 1

1̄ 0D S1 0

0 1̄
D S0 1

1 0D S0 1̄

1̄ 0
D S1̄ 0

0 1
D S0 1̄

1 0
D S1̄ 0

0 1̄
D

3-5
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TABLE VI. Basis vectors.

Mn(4h) Mn(4 f )

G1
V 1

x 5Sm1x1m3x m2x1m4x

m2x2m4x m1x2m3x
D V18

x5SGx8 Gx8

Ay8 Ay8
D V18

y5SAy8 Ay8

Gy8 Gy8
D

V 1
y 5Sm1y2m3y m2y2m4y

m2y1m4y m1y1m3y
D V18

z5SCz8 Cz8

Fz8 Fz8
D

G2
V 2

z 5Sm1z1m3z m2z1m4z

m2z2m4z m1z2m3z
D V28

x5SCx8 Cx8

Fx8 Fx8
D V28

y5SFy8 Fy8

Cy8 Cy8
D

V28
z5SGz8 Gz8

Az8 Az8
D
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interaction among the Mn ions takes place via the O22 ions;
within the Mn41 planes, O1 and O4 oxygens are responsi
for superexchange; in the Mn31 planes the O3 oxygens ar
involved in this process. In both cases the Mn-O distan
along theb axis are greater than those observed along tha
axis. This fact would explain that the superexchange inte
tions between closer neighbors along theb axis is ferromag-
netic whereas along thea axis it is AFM. Along the chains of
Mn41O6 octahedra, we observe different interactions b
tween Mn41 planes separated by Bi31 planes and those
separated by Mn31 planes, as commented above. In the fi
case, the direct Mn41-O-Mn41 interaction results are AFM
In the second case, it must be considered as an admixtu
a direct interaction between the Mn41 planes
(Mn41-O-Mn41, labeled J1) and an indirect interaction
through the Mn31 ions (Mn41-O-Mn31-O-Mn41, labeled
J2). The J1 direct interaction would be AFM; the indirec
interaction Mn41-O-Mn31, J2, is also AFM and it seems to
predominate in such a way that the final coupling betwe
Mn41 cations atz0 and 12z0 planes is ferromagnetic. Sum
marizing, Mn41 magnetic moments are alternatively ferr
magnetically and antiferromagnetically coupled, along thc
axis, the moments always remaining on theab plane.

The magnetic structure of BiMn2O5 is different from
those of the other members of theRMn2O5 family (R
5rare earths!: it is defined by the commensurate propagat
vectork5(1/2,0,1/2), whereas for the other members of
family the magnetic structure is incommensurate along thc
axis, withk5(1/2,0,t), as shown in Fig. 9. In BiMn2O5, the

FIG. 7. Schematic view of the magnetic structure, along succ
sive Mn planes (c-axis direction!.
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above-mentioned Mn41-O-Mn31-O-Mn41 indirect interac-
tion ~i.e., the coupling between Mn41 neighbors via bridging
Mn31 cations! predominates, in such a way that the fin
coupling between the Mn41 planes separated by Mn31

planes is purely ferromagnetic. The commensurability of
structure is directly related to this pure ferromagnetic int
action between couples of Mn41 neighbors. In other mem
bers of the family, as in ErMn2O5, HoMn2O5, and
NdMn2O5, the moments of those Mn41 couples form a cer-
tain angle~different from zero and always on theab plane!,
implying the incommensurability of the magnetic structu
The imperfect parallelism between these moments indic
a competition between the direct (Mn41-O-Mn41) an indi-
rect Mn41-O-Mn31-O-Mn41 superexchange interaction
i.e., betweenJ1 and J2. The relative strength of both inter

FIG. 8. Thermal variation of the magnetic moments and
angle with respect to thea axis belowTN ~a! for the Mn atoms at
4h site and~b! for the Mn atoms at 4f site.
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actions is certainly related to the concerned Mn-O-Mn d
tances. In the previous structural part, we described
Mn41 cations are linked by O2 and O3 oxygens along thc
direction, and two Mn41 neighbors are also linked togeth
by Mn31 cations via O3 and O4 oxygens. We commen
that in BiMn2O5, Mn41-O2 distance is larger than in an
other member of theRMn2O5 series; this means a weak
AFM direct coupling along the chains~weakJ1), in such a
way that the indirect (Mn41-O-Mn31-O-Mn41) coupling
predominates (J2.J1), but only for BiMn2O5; for the re-
maining RMn2O5 members the shortening of the cruci
Mn41-O2 bond lengths means a strengthening of the di
AFM interactions between Mn41 couples (J1'J2). The
competition between the AFM direct (J1) and indirect (J2)
interactions gives rise to an imperfect alignment of Mn41

magnetic moments and to the incommensurability of
structure. Figure 9 shows the evolution of thekz component
of the propagation vectork5(1/2,0,kz) in terms of the ionic
radius forRMn2O5 according to the data presented in Ref.
kz decreases for the smaller rare-earth metals, since the
duction in size of theR31 cation is concomitant with the
shortening of thê Mn1-O& distances, thus increasing th
value of theJ1 direct AFM interaction term along the chain
of Mn1-O6 octahedra.

VI. CONCLUSIONS

Neutron-diffraction measurements have confirmed t
the perovskite-related compound BiMn2O5 orders below
TN539 K, with a noncollinear commensurate magne
structure characterized by the propagation vectork
5(1/2,0,1/2). The moments of the Mn31 ions, located at the
4h sites, are ordered according to the basis vec
(Fx ,Cy,0), whereas for Mn41 ions, placed at the 4f sites,
the basis vectors are (Gx8 ,Ay8,0). Mn41 ions are distributed
in ~001! planes forming infinite chains along thec axis and
are intercalated, either by Bi31 planes or by Mn31 planes. In
the first case the coupling between the moments of the M41

planes is AFM whereas in the second one it is ferromagne

FIG. 9. Evolution of thekz component of the propagation vecto
k5(1/2,0,kz) as a function of theR31 ionic radius~in eightfold
coordination! for the RMn2O5 family. Ionic radii are taken from
Ref. 15 andkz from Refs. 6–9.
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thus FM and AFM couplings alternate along the chains
Mn41O6 octahedra. The commensurability of the magne
structure of BiMn2O5 is understood in terms of the con
cerned Mn41-O-Mn41 distances; in couples of Mn41 cations
bridged by Mn41-O-Mn31-O-Mn41 paths, a perfect FM or-
dering between these couples is provided by the rela
weakness of the direct Mn41-O-Mn41 superexchange inter
actions. For the remaining terms of theRMn2O5 series, the
progressive shortening of direct Mn41-O-Mn41 bond
lengths, enhancing the direct AFM interactions, accounts
the observed incommensurability of the magnetic structu
along thec-axis direction.
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APPENDIX: GROUP THEORY ANALYSIS

The possible magnetic structures compatible with
symmetry of BiMn2O5 are determined by following the rep
resentation analysis technique described by Bertaut.16 For the
propagation vectork5(1/2,0,1/2), the small groupGk ,
formed by those elements of the space group that leavk
invariant, coincides with the space groupPbam. For k
5(1/2,0,1/2), the irreducible representations of the groupGk
are those shown in Table V, which have been taken fr
Ref. 17. In the Kovalev’s tables17 only the irreducible repre-
sentations of the point groupgk appear, which is constructe
from the groupGk by only taking into consideration the
rotational part of the elements of symmetry. The irreduci
representations ofGk are obtained from those given b
Kovalev through the expression zkn(hi /t)5exp
(2ikt)gkn(hi). The two-dimensional irreducible represent
tions obtained in this way are complex, and they have b
transformed into real through a unitary transformation
using the matrix

A5
1

2 S i 1

1 i D . ~A1!

The irreducible representationsGk shown in Table V are
determined fromzkn by means of the transformationGkn

5AzknA21. A representationG is then constructed with the
Fourier componentsmk corresponding to the Mn atoms o
each site. The Mn atoms at the 4h site are denoted as~1!
(x,y,1/2), ~2! (2x,2y,1/2), ~3! (2x11/2,y11/2,1/2), and
~4! (x11/2,2y11/2,1/2). The Mn atoms at the 4f site are
numbered as~5! (1/2,0,z), ~6! (1/2,0,2z), ~7! (0,1/2,z), and
~8! (0,1/2,2z). The decomposition of the representationG in
terms of the irreducible representations ofGk is for the 4h
site,

G~4h!54G112G2 , ~A2!

and for the 4f site,

G~4 f !53G113G2. ~A3!
3-7
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TABLE VII. Basis vectors with equal magnetic moments for the atoms of the 4h site.

Mn(4h) Mn(4 f )

G1 SFx

Cx
D SGx

Ax
D SCy

Fy
D SAy

Gy
D SGx8

Ax8
D SAy8

Gy8
D SCz8

Fz8
D

G2 SFz

Cz
D SGz

Az
D SCx8

Fx8
D SFy8

Cy8
D SGz8

Az8
D

F5m11m21m31m4 G5m12m21m32m4 F85m51m61m71m8 G85m52m61m72m8

C5m11m22m32m4 A5m12m22m31m4 C85m51m62m72m8 A85m52m62m71m8
ib
p
th

t
l
-
o
in

II.
are

-
is
The different basis vectors associated with each irreduc
representation and calculated by following the projection o
erator technique, are presented in Table VI. Regarding
basis vectors corresponding to the 4h site, there is a relation-
ship between the atoms~1! and~3! and between~2! and~4!;
therefore solutions with different magnetic moments for bo
groups of atoms are possible. On the contrary, all the so
tions belonging to the 4f site imply the same magnetic mo
ment for all of the Mn atoms. The basis functions given f
the 4h site would lead to solutions with equal moment
case the matrix elements of each basis functionVi

a verify

Vi
a~11!5Vi

a~12! or Vi
a~11!52Vi

a~12! ~A4!

or
.

a

-

J

14442
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-
e
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Vi
a~21!5Vi

a~22! or Vi
a~21!52Vi

a~22!. ~A5!

The basis vectors finally obtained are shown in Table V
Let us point out that some of the possible solutions
equivalent. For instance, in the case ofG1, a solution such as
(Fx ,Ay,0) for the 4h site plus (Fx8 ,Gy8,0) for the 4f site is
equivalent to the solution (Cx ,Gy,0) plus (Cx8 ,Ay8,0). It is
due to the fact that the amountsFxAy1CxGy , FxFx8
1CxCx8 andAyGy81GyAy8 are invariant. The symmetry ele
mentshi /t with i 51, 3, 26, and 28 transform each bas
vector into itself, whereashi /t with i 52, 4, 25, and 27
transformsF into C and vice versa, andG into C and vice
versa.
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