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Magnetic characterization of layered Ba6Mn5O16 and Ba4Mn3O10
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Polycrystalline Ba6Mn5O16 has been characterized by neutron diffraction and magnetic measurements. The
structural essential feature of Ba6Mn5O16 is the presence of zigzag layers perpendicular to@010# separated by
Ba atoms and folded along thec axis. The layers are built up from (Mn5O18) units constituted by five
face-sharing octahedra connected via their apices by two of their three terminal corners at each end of the
(Mn5O18) group. The Ba6Mn5O16 magnetic structure, determined from the neutron diffraction data, suggests a
strong antiferromagnetic coupling within the (Mn5O18) units, and also an antiferromagnetic coupling between
the different layers along@010#. Ba6Mn5O16 presents a long-range three-dimensional antiferromagnetic order
below TN587 K. Around this temperature, the specific heat is comparable to that shown by Ba4Mn3O10, the
difference being related to the different number of the magnetic atoms in each case. From the magnetic specific
heat, the value of the entropy associated with the antiferromagnetic ordering is obtained for both layered
phases.
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INTRODUCTION

One of the last momentous events related to the pe
skite structural type has been the discovery of colossal m
netoresistance~CMR! in manganese related perovskites. F
lowing the observation of CMR in the three-dimension
La12xCaxMnO3 system,1 research into the magnetic tran
port properties of manganese mixed oxides was extende
layered Ruddlesden-Popper manganites.2 Different structures
can be stabilized in theA-Mn-O (A5alkaline-earth) system
as a function of the chemical nature of theA ion, theA/Mn
ratio and the oxygen content. ForA5Ba, many perovskite-
like oxides have been reported. BaMnO3,3 isotypic with
CsNiF3 ,4 crystallizes in the one-dimensional 2H structu
type. The introduction of anionic vacancies in this structu
gives rise to an increase of the structural dimensionality5–8

The variation of the Ba/Mn ratio also affects the dimensio
ality of the structures. In this sense, two new layered m
ganates (Ba4Mn3O10 and Ba6Mn5O16) have been recently
reported, opening new research routes in the fruitful B
Mn-O system.

Ba4Mn3O10,9 isotypic to Cs4Ni3F10,10 is built up from
@Mn3O12# units of three sharing-faces octahedra. Two
these units are linked via their apices through two of th
three terminal corners@Fig. 1~a!#. The magnetic properties o
this material are the outcome of intratrimer and intertrim
interactions. At high temperatures, the magnetic suscept
ity of Ba4Mn3O10 obeys the Curie-Weiss law; at 130 K,
broad maximum is observed in the susceptibility, proba
caused by short-range spin pairing within the layers. Fina
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long-range magnetic ordering seems to occur at 40 K. N
tron diffraction results confirm this ordered situation at 5
where the antiferromagnetic~AFM! structure has been
solved.9

Ba6Mn5O16,11 which constitutes the only example of
layered oxide isotypic to Cs6Ni5F16,12 is made from the
same building principles of Ba4Mn3O10 but the layers are
now formed by (Mn5O18) units of five octahedra sharin
faces. These units are linked via their apices, in a similar w
than in Ba4Mn3O10, as shown in Fig. 1~b!.

In this paper, the magnetic structure of Ba6Mn5O16,
solved from neutron diffraction data, and its magnetic beh
ior are described. In addition, a comparative study of t
phase with Ba4Mn3O10 is reported.

EXPERIMENTAL DETAILS

High resolution neutron diffraction data were obtained
the D20 powder diffractometer at the Institute Laue Lang
vin ~Grenoble, France!, which is equipped with a multidetec
tor ~1600 counters! and works at a wavelength of 2.40 Å
The angular range covered by the detector expands from
to 154° in scattering angle~step size 0.10°). The temperatu
was changed sequentially from 2 to 300 K.

Ba6Mn5O16 and Ba4Mn3O10 were synthesized as poly
crystalline samples by heating stoichiometric amounts
BaCO3 ~Aldrich 99.98%! and MnO2 ~Aldrich 991%) in air
at 1250 and 1350 °C, respectively, for three days and t
quenched to room temperature. The chemical composi
was analyzed by inductive coupling plasma and an ene
dispersive x-ray analysis. In both cases, the metal comp
©2004 The American Physical Society18-1
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tion is in agreement with the nominal one.
The magnetic susceptibility~dc and ac! was measured in a

commercial superconducting quantum interference de
magnetometer from Quantum Design~San Diego, USA!.
The temperature was varied from 1.7 to 800 K; the ma
mum applied magnetic field was 5 T. The frequency ran
covered in the ac magnetic susceptibility was from 1 Hz t
kHz.

The specific heat was measured by the heat pu
relaxation method in a commercial cryostat~PPMS, from
Quantum Design, San Diego, CA, USA! with a temperature
range from 1.7 to 300 K and magnetic fields up to 90 kOe
pellet of the sample~approximately 15 mg! was attached to a
sapphire platform by a small amount of Apiezon N grea
The density of the pellet is close to 90% of the correspond
theoretical value~5.99 g/cc!. The addenda heat capacity w
measured in a separated run and subtracted from the sa
data.

RESULTS

Neutron diffraction data were analyzed by the Rietve
method,13 using theFULLPROF program.14 The fitting of the

FIG. 1. Schematic representation along thea axis of the nuclear
structures of~a! Ba4Mn3O10 and ~b! Ba6Mn5O16. Ba atoms are
represented by black dots.
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experimental patterns at different temperatures up to 11
was performed using, as starting model for the nuclear st
ture that one proposed in a previous paper;11 no additional
peaks or scattering contributions to the Bragg peaks of m
netic origin were observed above this temperature. Neu
diffraction patterns recorded below 110 K contain low-ang
additional peaks of magnetic origin. These peaks can be
dexed in the cell of the nuclear structure, but they are
compatible with the C centering. Figure 2 depicts the grap
result of the fitting of the neutron powder diffraction patte
recorded at 2 K to thenuclear and magnetic structures show
in Figs. 1~b! and 3~a!, respectively; the corresponding stru
tural parameters are collected in Table I, whereas Tabl
shows some selected inter-atomic distances.

The fitting of the neutron diffraction data confirms th
model of the nuclear structure previously proposed@Fig.
1~b!#. No vacancies were observed in the cationic sublat
or in the oxygen one. Accordingly, the chemical compositi
seems to be very close to the nominal one, in agreement
our previous results;11 therefore, the manganese oxidatio
state can be assumed to be four. This structure is essen
maintained from room temperature to 2 K, since no str
tural transition is observed. In this way, Fig. 4 shows t
temperature variation of the lattice constants. A continuo
decreasing of the parameters is observed down to 80
where the variation becomes smaller till lower temperatur
No anisotropic distortion is observed along any crystal
graphic axis.

The average Mn-O distances are larger than in other
~Ref. 15! or Sr ~Ref. 16! related manganites, and similar t
those found in barium-manganese oxides;3,9,17 the large size
of the barium atoms originates the relax of the Mn-O d
tances. The (Mn5O18) units are linked through O~1! which
are the common vertices of two Mn(1)O6 octahedra of dif-
ferent (Mn5O18) units; thus, the only nonshared termin
oxygen is O~2! and, as in Ba4Mn3O10, this Mn-terminal-
oxygen distance is the shortest one in the structure. T
short Mn~1!-O~2! distance is compensated for by a lar
Mn~1!-O~3! one, giving a quite distorted Mn(1)O6 terminal

FIG. 2. Graphic result of the fitting of the neutron powder d
fraction data of Ba6Mn5O16 at 2 K: experimental~points!, calcu-
lated ~solid line!, and difference~bottom!.
8-2
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MAGNETIC CHARACTERIZATION OF LAYERED . . . PHYSICAL REVIEW B69, 024418 ~2004!
octahedra. As shown in Table II, the degree of distortion
the MnO6 octahedra increases from the center of
(Mn5O18) unit to its end: the Mn~2! coordination octahedron
is almost regular, but that corresponding to Mn~3! is slightly
distorted. The regularity is also observed in the metal-m
distances: the two Mn~2!-Mn~3! distances are equal~and
short!; Mn~3! has a Mn~1! at 2.59 Å besides a Mn~2! at 2.39
Å and, finally, Mn~1! has, as neighboring cations, two Mn~1!
at 3.79 Å besides one Mn~2!.

The Ba6Mn5O16 magnetic structure, shown in Fig. 3~a!, is
quite similar to the corresponding to Ba4Mn3O10,9 shown,
for comparison, in Fig. 3~b!. The spin arrangement depicte
in Fig. 3~a! was developed assuming, as in other simi
compounds,9,16 that Mn-Mn interactions are AFM, intrachai
interactions being stronger than those between neighbo
(Mn5O18) units. This gives the suppression of the C cent
ing in the magnetic arrangement since the spins related
the translation associated to this centering are antiparalle
order to keep the number of refined parameters low eno
to ensure their reliability, it has been assumed that the
dered magnetic moments of the three crystallographic
different Mn cations are equal. This leads to a common va

FIG. 3. Magnetic structure of~a! Ba6Mn5O16 and ~b!
Ba4Mn3O10 ~see Ref. 9! at 2 K; only Mn cations are shown.
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of 1.98(2)mB , at 2 K. The Mn41 magnetic moment in ox-
ides is very often significantly reduced from the spin-on
value (3.9mB), mainly due to zero-point and covalenc
effects.16 However, the refined value seems to be too low
low magnetic moment in this compound could be explain
on the basis of covalent effects. These effects have also b
observed in Ba4Mn3O10 where trimers (Mn3O12) exist,9 to
be greater in two-face-sharing MnO6 octahedra than in the
terminal ones. In Ba6Mn5O16, most~60%! of the MnO6 oc-
tahedra shares two faces; thus, the reduction in the ord
magnetic moments is expected to be important.

The magnetic susceptibility for Ba6Mn5O16 @see Fig. 5~a!
in Ref. 11# obeys a Curie-Weiss law in the temperature ran
from 500 to 800 K with Q52774 K and meff
54.0mB /Mn. This effective magnetic moment is close
that expected for Mn41 (3.9mB), in the spin only approxi-
mation. The value of the Weiss constant is very large a
negative, indicating strong AFM correlations in the syste
In order to shed some light on the magnetic dynamics,
susceptibility measurements in a range of frequencies fro
Hz to 1 kHz have also been performed. The observed beh
ior is rather close to that obtained in the dc susceptibility, i
a broad bump centred around 180 K, a clear drop in
susceptibility below 100 K, an increase of the susceptibi

TABLE I. Final structural parameters for the nuclear and ma
netic structures of Ba6Mn5O16 at 2 K. S.G. Cmca~64!, a
50.57230(2)nm, b51.32223(5)nm, c51.99733(8)nm, V
51.5114(1)nm3, RB50.024, Rexp50.007, Rwp50.065, and x2

516.1.

Atom Site x/a y/b z/c

Ba~1! 8f 0 0.1225~7! 0.1625~3!

Ba~2! 8f 0 0.4156~6! 0.1792~4!

Ba~3! 8f 0 0.1452~6! 0.4777~4!

Mn~1! 8f 0 0.2536~7! 0.3122~4!

Mn~2! 4a 0 0 0
Mn~3! 8f 0 0.3816~8! 0.4098~5!

O~1! 8e 1/4 0.2576~6! 1/4
O~2! 8f 0 0.1172~6! 0.3178~4!

O~3! 8f 0 0.4100~6! 0.3142~3!

O~4! 8f 0 0.3563~5! 0.5027~4!

O~5! 16g 0.2268~7! 0.4822~4! 0.4308~2!

O~6! 16g 0.2832~7! 0.2748~4! 0.1139~2!

Magnetic structurea

atom position moment (mB)

Mn~1! ~1/2,y,z!; (1/2,1/22y,1/21z)b 21.98(2)
Mn~1! (0,y,1/22z); (0,1/22y,1/21z)b 1.98~2!

Mn~2! ~0,1/2,1/2! 1.98~2!

Mn~2! ~1/2,1/2,0! 21.98(2)
Mn~3! ~1/2,y,z!; (1/2,2y,2z)c 1.98~2!

Mn~3! (0,y,1/22z); (0,2y,1/21z)c 21.98(2)

aamag5a, bmag5b, cmag5c; and Rmag50.094; equal and opposite
moments at1(1/2,1/2,0).

bFor Mn~1!: y50.2536, z50.1878.
cFor Mn~3!: y50.3816, z50.0902.
8-3
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below 20 K and a very weak dependence on frequency.
The specific heat for Ba6Mn5O16 is shown in Fig. 5~a!. A

clear peak is observed around 87 K, which would indicat
phase transition. Extra anomalies are observed neither at
temperatures~below 50 K! nor at high temperatures~up to
400 K!. In order to connect these anomalies to the magn
properties, the temperature derivative of the magnetic s
ceptibility has been calculated and the data included on
same temperature scale in the inset of Fig. 5~a!. Since these
anomalies clearly coincide, the peak in the specific h
could be due to a transition to a long-range magnetic orde
phase~AFM long range order,TN587 K), though a clear
peak is not observed in the magnetic susceptibility. Th
data are in agreement with the temperature dependenc
the neutron diffraction data that shows a three-dimensio
~3D! AFM ordering for Ba6Mn5O16. The variation of the
ordered magnetic moment with temperature, shown in Fig
suggests for Ba6Mn5O16 a Neel temperature about 105 K
The displacement in temperature is most likely due to diff
ent thermometer calibration.

DISCUSSION

From the magnetic bulk data and the neutron powder
fraction patterns at low temperature, a coherent picture of
magnetic behavior of Ba6Mn5O16 can be obtained. At tem
peratures well above 600 K, the system is paramagnetic
the localized moment of the Mn41 ions ~spin only approxi-

TABLE II. Selected inter-atomic distances~in Å! less than 3.5 Å
in Ba6Mn5O16 at 2 K.

Ba~1!-O~1! 2.880(8)32 Mn~1!-O~1! 1.895(6)32
Ba(1)-O(2)i 3.102~9! Mn~1!-O~2! 1.81~1!

Ba(1)-O(2)ii 2.889(1)32 Mn~1!-O~3! 2.07~1!

Ba~1!-O~3! 2.85~1! Mn~1!-O~6! 1.948(8)32
Ba~1!-O~4! 3.204~1! Average 1.927~2!

Ba~1!-O~5! 2.932(8)32 Distortiona 16.8 1024

Ba~1!-O~6! 2.761(8)32
Average 2.916~2! Mn~2!-O~4! 1.901(7)32

Mn~2!-O~5! 1.911(2)34
Ba~2!-O~1! 2.900(9)32 Average 1.907~2!

Ba~2!-O~2! 2.67~1! Distortiona 0.06 1024

Ba(2)-O(3)i 2.70~1!

Ba(2)-O(3)ii 2.866(1)32 Mn~3!-O~3! 1.95~1!

Ba~2!-O~5! 2.836(8)32 Mn~3!-O~4! 1.89~1!

Ba~2!-O~6! 2.791(8)32 Mn~3!-O~5! 1.906(9)32
Average 2.816~2! Mn~3!-O~4! 1.938(9)32

Average 1.920~4!

Ba~3!-O~2! 3.22~1! Distortiona 1.30 1024

Ba(3)-O(4)i 2.84~1!

Ba(3)-O(4)ii 2.888(1)32 Mn~1!-Mn~1! 3.79(1)32
Ba(3)-O(5)i 2.937(8)32 Mn~1!-Mn~3! 2.58~1!

Ba(3)-O(5)ii 2.822(8)32 Mn~2!-Mn~3! 2.39(1)32
Ba(3)-O(6)i 2.797(8)32
Ba(3)-O(6)ii 3.340(8)32
Average 2.968~2!

aDistortion51/nS@di2^d&)/^d&] 2.
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mation!. At high temperatures~400–150 K!, the system be-
haves as an AFM spin chain or as some type of dimmer s
pairing, with very strong AFM interactions. This is consiste
with the magnetic parameters obtained from the Curie-We
behavior in the inverse magnetic susceptibility along t
temperature range. At intermediate temperatures~87–150
K!, these short range AFM correlations compete with
long range 3D AFM ordering and a complex magnetic clu
ter behavior is probably created. Moreover, we could p
pose that zigzag chains couple inside the layer, presen
some type of 2D complex ordering. Finally, below 87 K,
long range 3D AFM ordering is established. Actually, t
zigzag chains seem to be strongly coupled in the layer
tween 87 to 150 K~interchain distance 2.56 Å!, as well as
between the different layers~below 87 K! giving rise to a 3D
AFM structure~interlayer distance 3.8 Å! with TN'87 K. In
fact, this Neel temperature coincides with the peak obser
in the derivative of the magnetic susceptibility and the pe
of the specific heat.

The magnetic behavior of Ba6Mn5O16 is related to the 2D
nature of the structure, being expected to be similar to t
observed in Ba4Mn3O10.9 Accordingly, a comparative study
can be performed. Actually, the main features are com
rable: the low value of the susceptibility, a broad maximu
centered around 180 K, the rather sharp drop of the sus
tibility below 100 K, and a clear increase in the magne
susceptibility below 20 K. From the temperature depende
of the inverse of the magnetic susceptibility for Ba4Mn3O10
~not shown; see Ref. 9!, the paramagnetic behavior can b
extracted assuming a Curie-Weiss law. The obtained p
magnetic moment is 4.5mB /Mn andQ52640 K. These val-
ues are rather unexpected, since the paramagnetic mome
far from the expected value for Mn41 (3.9mB /Mn). Besides,
the Curie temperature is very high, indicating very stro

FIG. 4. Variation of~a! a andb unit cell parameters and~b! c
axis and cell volume as a function of the temperature.
8-4
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MAGNETIC CHARACTERIZATION OF LAYERED . . . PHYSICAL REVIEW B69, 024418 ~2004!
AFM interactions in the system.
The Ba6Mn5O16 magnetic structure determined from th

neutron diffraction data suggests a strong AFM coupl
within the five-octrahedra (Mn5O18) units, and also an anti
ferromagnetic coupling between the different layers alo
@010#. This AFM structure is quite similar to that reported f
Ba4Mn3O10,9 shown for comparison in Fig. 3~b!. In this
compound, the intratrimer Mn-Mn interactions are also AF
and stronger that the intertrimer ones that seem to be fe
magnetic. The refinement of the atomic magnetic mome
of the two crystallographically different Mn gives 2.23mB
and 1.96mB values. The difference in the ordered magne
moments of both manganese atoms has been attributed t
different bonding environments experienced by cations

FIG. 5. Temperature dependence of the specific heat for~a!
Ba6Mn5O16 and~b! Ba4Mn3O10. The inset shows the derivative o
the magnetic susceptibility in a similar temperature range.
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octahedra with different linkage patterns; the covalent int
actions are greater in an octahedron which shares two f
with the neighboring polyhedra. In Ba6Mn5O15, the three
crystallographically different manganese ions should h
also different magnetic moments as a consequence of
different environments. However, due to the limited reso
tion of our data, we forced the same magnetic moment at
three positions in order to reduce the number of free par
eters in the Rietveld fit. The value for the magnetic mom
of the manganese atoms is low, 1.98~2! mB , probably due to
the fact that in Ba6Mn5O16, the quantity of two-face-sharing
octahedra is much higher than in Ba4Mn3O10.9

In order to complete this comparative study we have m
sured the specific heat for Ba4Mn3O10 @Fig. 5~b!#. A peak is
clearly observed atTN580 K. The total specific heat shoul
usually have at least three components: electronic, magn
and lattice~phonons!. In our case, the first one can be a
sumed to be negligible. Thus, if the lattice contribution
calculated, it could be subtracted to obtain the magnetic s
cific heat. The lattice component can be assumed to follo
Debye model (T3) in the low temperature range. At interme

FIG. 6. Temperature dependence of the ordered magnetic
ment as obtained from the neutron powder diffraction data
Ba6Mn5O16 and Ba4Mn3O10.

FIG. 7. Temperature dependence of the magnetic entropy at
magnetic field for Ba6Mn5O16 and Ba4Mn3O10.
8-5
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diate temperatures, the lattice contribution was calculated
considering three Einstein optical modes. The oscillator c
responding to these modes are centred at 100, 450, and
K. The specific heat can also be compared in both co
pounds, aroundTN @see Figs. 5~a! and 5~b!#. It is clearly
observed thatTN is close in both cases~80 K vs 87 K!, the
difference in the specific heat being related to the differ
number of magnetic atoms in each case~also see Fig. 6!. To
obtain the entropy associated with the AFM ordering
magnetic specific heat was integrated~Fig. 7!. The total en-
tropy is much lower than the expected for three or five Mn41

@s52(R ln(2S11))#, with S53/2. In particular, the entropy
is only 15% (Ba4Mn3O10) or 9% (Ba6Mn5O16) of the ex-
pected entropy associated with a long range~3D! magnetic
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