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Polycrystalline BgMnsO, 4 has been characterized by neutron diffraction and magnetic measurements. The
structural essential feature of PdnsO;; is the presence of zigzag layers perpendiculdi0td] separated by
Ba atoms and folded along the axis. The layers are built up from (M®;g) units constituted by five
face-sharing octahedra connected via their apices by two of their three terminal corners at each end of the
(Mn504g) group. The BgMns0O,c magnetic structure, determined from the neutron diffraction data, suggests a
strong antiferromagnetic coupling within the (Mdyg) units, and also an antiferromagnetic coupling between
the different layers alon§010]. BasMnsO,¢ presents a long-range three-dimensional antiferromagnetic order
below T\=87 K. Around this temperature, the specific heat is comparable to that shown,MnBa,,, 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 long-range magnetic ordering seems to occur at 40 K. Neu-
tron diffraction results confirm this ordered situation at 5 K
One of the last momentous events related to the perowhere the antiferromagneti¢AFM) structure has been
skite structural type has been the discovery of colossal magolved?
netoresistancéCMR) in manganese related perovskites. Fol-  BaMnsOy,™ which constitutes the only example of a
lowing the observation of CMR in the three-dimensionallayered oxide isotypic to GBlisFig,** is made from the
La,_,CaMnO;, system: research into the magnetic trans- Same building principles of BMn;0,, but the layers are
port properties of manganese mixed oxides was extended W formed by (MBO,g) units of five octahedra sharing
layered Ruddlesden-Popper mangarfitBifferent structures faces_. These units are linked via th_e|r apices, in a similar way
can be stabilized in tha-Mn-O (A=alkaline-earth) system than in BaMnsO,, as shown in Fig. ().
as a function of the chemical nature of tAdon, the A/Mn In this paper, the magnetic structure of (B0,
ratio and the oxygen content. Fér=Ba, many perovskite- §olved from neutron dlffra(_:t_lon data, and its magnetic beha_v-
like oxides have been reported. BaMn® isotvpic with ' &€ dpscnbed. In _addltlon, a comparative study of this
b Ma yp hase with BaMn30, is reported
CsNiF,,” crystallizes in the one-dimensional 2H structural ? 3+10 P '
type. The introduction of anionic vacancies in this structure
gives rise to an increase of the structural dimensionaitty.
The variation of the Ba/Mn ratio also affects the dimension-  High resolution neutron diffraction data were obtained on
ality of the structures. In this sense, two new layered manthe D20 powder diffractometer at the Institute Laue Lange-
ganates (BaMn;O,q and BgMnsO,¢) have been recently vin (Grenoble, Frangewhich is equipped with a multidetec-
reported, opening new research routes in the fruitful Bator (1600 countersand works at a wavelength of 2.40 A.
Mn-O system. The angular range covered by the detector expands from 2°
Ba,Mn30;,° isotypic to CgNigFo,'% is built up from  to 154° in scattering anglstep size 0.10°). The temperature
[Mn3;0;,] units of three sharing-faces octahedra. Two ofwas changed sequentially from 2 to 300 K.
these units are linked via their apices through two of their BaMns0;5 and BaMn;O;y were synthesized as poly-
three terminal corned$=ig. 1(a)]. The magnetic properties of crystalline samples by heating stoichiometric amounts of
this material are the outcome of intratrimer and intertrimerBaCQO; (Aldrich 99.98% and MnGQ (Aldrich 99+ %) in air
interactions. At high temperatures, the magnetic susceptibilat 1250 and 1350 °C, respectively, for three days and then
ity of Ba,Mn3;0,4 obeys the Curie-Weiss law; at 130 K, a quenched to room temperature. The chemical composition
broad maximum is observed in the susceptibility, probablywas analyzed by inductive coupling plasma and an energy-
caused by short-range spin pairing within the layers. Finallydispersive x-ray analysis. In both cases, the metal composi-
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FIG. 2. Graphic result of the fitting of the neutron powder dif-
fraction data of BaVinsO;¢ at 2 K: experimentalpoints, calcu-
lated (solid line), and differencebottom.

experimental patterns at different temperatures up to 110 K
was performed using, as starting model for the nuclear struc-
ture that one proposed in a previous pafenp additional
peaks or scattering contributions to the Bragg peaks of mag-
netic origin were observed above this temperature. Neutron
diffraction patterns recorded below 110 K contain low-angle
additional peaks of magnetic origin. These peaks can be in-
dexed in the cell of the nuclear structure, but they are not
compatible with the C centering. Figure 2 depicts the graphic
result of the fitting of the neutron powder diffraction pattern
recorded &2 K to thenuclear and magnetic structures shown
in Figs. 1b) and 3a), respectively; the corresponding struc-
tural parameters are collected in Table |, whereas Table Il
shows some selected inter-atomic distances.

The fitting of the neutron diffraction data confirms the
model of the nuclear structure previously propogé&dl.
1(b)]. No vacancies were observed in the cationic sublattice
tion is in agreement with the nominal one. or in the oxygen one. Accordingly, the chemical composition

The magnetic SUSCthib”iMC and agwas measured in a seems to be very close to the nominal one, in agreement with
commercial superconducting quantum interference devic@Ur previous results; therefore, the manganese oxidation
magnetometer from Quantum DesigBan Diego, USA state can be assumed to be four. This structure is essentially
The temperature was varied from 1.7 to 800 K; the maxi-maintained from room temperature to 2 K, since no struc-
mum applied magnetic field was 5 T. The frequency rangeural transition is observed. In this way, Fig. 4 shows the
covered in the ac magnetic susceptibility was from 1 Hz to ltemperature variation of the lattice constants. A continuous
kHz. decreasing of the parameters is observed down to 80 K,

The specific heat was measured by the heat pulsewhere the variation becomes smaller till lower temperatures.
relaxation method in a commercial cryost@PMS, from  No anisotropic distortion is observed along any crystallo-
Quantum Design, San Diego, CA, Ugiith a temperature graphic axis.
range from 1.7 to 300 K and magnetic fields up to 90 kOe. A" The average Mn-O distances are larger than in other Ca
pellet of the sampléapproximately 15 mgwas attached to & (Ref. 15 or Sr(Ref. 16 related manganites, and similar to
sapphire platform by a small amount of Apiezon N greasesse found in barium-manganese oxidés? the large size
The density of the pellet is close to 90% of the correspondingyt the parium atoms originates the relax of the Mn-O dis-
theoretical valug5.99 g/cg. The addenda heat capacity Was (3nces. The (MgDye) units are linked through @) which

measured in a separated run and subtracted from the samplg, the common vertices of two NIh) O octahedra of dif-

data. ferent (MnyOyg units; thus, the only nonshared terminal
oxygen is @2) and, as in BgVingOyq, this Mn-terminal-
oxygen distance is the shortest one in the structure. This
Neutron diffraction data were analyzed by the Rietveldshort Mn(1)-O(2) distance is compensated for by a large
method®® using theFuLLPROF programt* The fitting of the  Mn(1)-O(3) one, giving a quite distorted M) O terminal

FIG. 1. Schematic representation along éhaxis of the nuclear
structures of(a) Ba;Mn30,4 and (b) BagMns;0;5. Ba atoms are
represented by black dots.

RESULTS
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) - TABLE |. Final structural parameters for the nuclear and mag-
ﬁiﬂ% : . 1?9 netic structures of Bea\/ln5(§16 at 2 K. S.G. Cmc&d4), a ’
Nnu.+ o* oD a =0.5723@2)nm, b=1.322235)nm, c=1.9973%8)nm, V

o0 =1.51141)nn?, Ry=0.024, R,,=0.007, R,,=0.065, and y?
Mn (8 o =16.1.
Q" posy o'h Atom Site x/a y/b zlc
Y Jo Ba(1) af 0 0.122%7) 0.16253)
- 4 Ba(2) 8f 0 0.41566) 0.17924)
‘7J J., Jm Ba(3) 8f 0 0.14526) 0.47774)
v/ v Mn(1) 8f 0 0.25367)  0.31224)
J’m) ! Mn(2) 4a 0 0 0
“ Mn(3) 8f 0 0.38168)  0.40985)
ov Py o(1) 8e 1/4 0.25765) 1/4
” y 02 8f 0 0.11726)  0.31784)
” 0o@3) 8f 0 0.41006) 0.31423)
,,_)c‘_‘)"r’—- : 0o(4) 8f 0 0.35635) 0.50274)
O(5) 169 0.22687) 0.48224) 0.43082)
Q(6) 169 0.283%7) 0.27484) 0.11392)
Magnetic structur®d
atom position momentg)
L va»?’ Mn(1) (1/2,y,2; (1/2,1/2-y,1/2+z)P —-1.98(2)
JA) oy Mn(1) (0,y,1/2—2); (0,1/2—y,1/2+z)° 1.982)
Mn(2) (0,1/2,1/2 1.982)
o > Mn(2) (2/2,1/2,0 —1.98(2)
& ¥ \ Mn(3) (1/2,y,2; (112~y,—2)° 1.982)
U, 4 o Mn(3) (0,y,1/2—2); (0,—y,1/2+2)° —1.98(2)
0>
aamag=a, Bnag= b, Gnag=C: and R,,=0.094; equal and opposite
o P iy moments at+ (1/2,1/2,0).
- Vel 4 ) bFor Mn(1): y=0.2536, z=0.1878.
& —~ B °For Mn(3): y=0.3816, z0.0902.

FIG. 3. Magnetic structure of(a) BazMnsO,; and (b)

Ba,Mn;0;, (see Ref. 9at 2 K; only Mn cations are shown. of 1.98(2)ug, at 2 K. The Md™ magnetic moment in ox-

ides is very often significantly reduced from the spin-only

octahedra. As shown in Table Il, the degree of distortion ofvalue (3.9+g), mainly due to zero-point and covalence
the MnQ, octahedra increases from the center of theeffects'® However, the refined value seems to be too low. A
(Mn50,g) unit to its end: the M(R) coordination octahedron low magnetic moment in this compound could be explained
is almost regular, but that corresponding to (8nis slightly ~ on the basis of covalent effects. These effects have also been
distorted. The regularity is also observed in the metal-metabbserved in BgMn;O,, where trimers (MgO,,) exist to
distances: the two Mi)-Mn(3) distances are equabnd be greater in two-face-sharing Mg@ctahedra than in the
shord; Mn(3) has a Mrf1) at 2.59 A besides a M@) at 2.39  terminal ones. In BeMngO,5, most(60%) of the MnQ; oc-
A and, finally, Mr(1) has, as neighboring cations, two M  tahedra shares two faces; thus, the reduction in the ordered
at 3.79 A besides one MD). magnetic moments is expected to be important.

The BgMns;0,4 magnetic structure, shown in Fig(&B, is The magnetic susceptibility for B&InsO,¢ [see Fig. £a)
quite similar to the corresponding to Pdn;0,,,° shown, in Ref. 11] obeys a Curie-Weiss law in the temperature range
for comparison, in Fig. ®). The spin arrangement depicted from 500 to 800 K with ©=—-774K and e
in Fig. 3@ was developed assuming, as in other similar=4.0 ug/Mn. This effective magnetic moment is close to
compounds;'®that Mn-Mn interactions are AFM, intrachain that expected for Mh™ (3.9u), in the spin only approxi-
interactions being stronger than those between neighboringation. The value of the Weiss constant is very large and
(Mng0;g) units. This gives the suppression of the C centernegative, indicating strong AFM correlations in the system.
ing in the magnetic arrangement since the spins related b order to shed some light on the magnetic dynamics, ac
the translation associated to this centering are antiparallel. lsusceptibility measurements in a range of frequencies from 1
order to keep the number of refined parameters low enougHz to 1 kHz have also been performed. The observed behav-
to ensure their reliability, it has been assumed that the orior is rather close to that obtained in the dc susceptibility, i.e.,
dered magnetic moments of the three crystallographicallg broad bump centred around 180 K, a clear drop in the
different Mn cations are equal. This leads to a common valususceptibility below 100 K, an increase of the susceptibility
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TABLE Il. Selected inter-atomic distancés A) less than 3.5 A 5736 : , ‘ - — 13.255
in BagMn;0y5 at 2 K. 5.734 2 13.250
Ba(1)-O(1) 2.880(8)<2  Mn(1)-O(1)  1.895(6)x2 5732 13.245
Ba(1)-0(2) 3.1029) Mn(1)-O(2) 1.81(1) 2 570 13240 o
Ba(1)-0(2) 2.889(1)x2  Mn(1)-0(3) 2.071) e >
Ba(1)-0(3) 2.851) Mn(1)-O(6)  1.948(8)x2 5728 13235~
Ba(1)-0O(4) 3.2041) Average 1.92R) 5.726 13.230
Ba(1)-O(5) 2.932(8)x2 Distortiorf 16.8104 5724 13225
Ba(1)-O(6) 2.761(8)x 2
Average 2.91@) Mn(2)-O(4) 1.901(7)x 2 5722 A : ] 1320
Mn(2)-0(5)  1.911(2)x4 L —21 1520
Ba(2)-0(1) 2.900(9)x 2 Average 1.90@2)
Ba(2)-0(2) 2.671) Distortior? 0.0610°* — 2000 | 1518 §
Ba(2)-0(3) 2.7012) 7 516 g
Ba(2)-0(3)  2.866(1)x2  Mn(3)-O(3) 1.951) ° ol i
Ba(2)-0(5) 2.836(8)x2  Mn(3)-0(4) 1.891) 1514 =¥
Ba(2)-0(6) 2.791(8)X2  Mn(3)-O(5)  1.906(9)x2 1998 |
Average 2.816) Mn(3)-O(4)  1.938(9)x2 1512
Average 1.9204) 19.97 34 ' r ‘ ‘ 1510
Ba(3)-0(2) | 3.2‘2‘((1; Distortiorf 1.3010* O Rmperatrex) Y
Ba(3)-0O(4 2.841
Ba(3)-0(4) 2.888(1)x2  Mn(1)-Mn(1)  3.79(1)x2 FIG. 4. Variation of(a) a andb unit cell parameters angh) ¢
Ba(3)-0(5) 2.937(8)x2  Mn(1)-Mn(3) 2.541) axis and cell volume as a function of the temperature.

Ba(3)-O(5) 2.822(8X2  Mn(2)-Mn(3)  2.39(1)x2

Ba(3)-0(6) 2.797(8)2 mation. At high temperature$400—-150 K, the system be-

i haves as an AFM spin chain or as some type of dimmer spin
i\?éf;;e)(e) 3'3;(;(62; 2 pairing, with very strong AFM interactions. This is consistent
) with the magnetic parameters obtained from the Curie-Weiss
*Distortion=1/n3.[ d— (d))/(d)]2. behavior in the inverse magnetic susceptibility along this
temperature range. At intermediate temperatui@&s—150
below 20 K and a very weak dependence on frequency. K). these short range AFM correlations compete vyith the
The specific heat for BMnsO,4 is shown in Fig. ). A long range 3[_) AFM ordering and a complex magnetic clus-
clear peak is observed around 87 K, which would indicate 46 Pehavior is probably created. Moreover, we could pro-
phase transition. Extra anomalies are observed neither at lo@PSe that zigzag chains couple inside the layer, presenting
temperaturegbelow 50 K) nor at high temperaturefaip to ~ Some type of 2D complex prde_rlng. Fln_ally, below 87 K, a
400 K). In order to connect these anomalies to the magneti!ond range 3D AFM ordering is established. Actually, the
properties, the temperature derivative of the magnetic sug92ag chains seem to be strongly coupled in the layer be-
ceptibility has been calculated and the data included on thiveen 87 to 150 Kiinterchain distance 2.56 )Aas well as
same temperature scale in the inset of Fig).5Since these between the different layetbelow 87 K giving rise to a 3D
anomalies clearly coincide, the peak in the specific heaftFM structure(interlayer distance 3.8 Jwith Ty~87 K. In
could be due to a transition to a long-range magnetic orderetfct, this Neel temperature coincides with the peak observed
phase(AFM long range orderTy=287 K), though a clear N the denvg_‘uve of the magnetic susceptibility and the peak
peak is not observed in the magnetic susceptibility. Thes&f the specific heat. .
data are in agreement with the temperature dependence of The magnetic behavior of B&InsO, is related to the 2D
the neutron diffraction data that shows a three-dimensiongature of the structure, being expected to be similar to that
(3D) AFM ordering for BgMnsOy. The variation of the observed in BaMn;O,,.” Accordingly, a comparative study
ordered magnetic moment with temperature, shown in Fig. 65an be performed. Actually, the main features are compa-
suggests for BiMnsO,¢ a Neel temperature about 105 K. rable: the low value of the susceptibility, a broad maximum
The displacement in temperature is most likely due to differ-centered around 180 K, the rather sharp drop of the suscep-

susceptibility below 20 K. From the temperature dependence
DISCUSSION of the inverse of the magnetic susceptibility for B30,

(not shown; see Ref.)9the paramagnetic behavior can be
From the magnetic bulk data and the neutron powder difextracted assuming a Curie-Weiss law. The obtained para-
fraction patterns at low temperature, a coherent picture of thenagnetic moment is 445, /Mn and® = — 640 K. These val-
magnetic behavior of BMnsO;¢ can be obtained. At tem- ues are rather unexpected, since the paramagnetic moment is
peratures well above 600 K, the system is paramagnetic witfar from the expected value for MA (3.9¢5/Mn). Besides,
the localized moment of the Mii ions (spin only approxi- the Curie temperature is very high, indicating very strong
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octahedra with different linkage patterns; the covalent inter-
actions are greater in an octahedron which shares two faces
with the neighboring polyhedra. In BélnsO;5, the three
crystallographically different manganese ions should have
also different magnetic moments as a consequence of their
different environments. However, due to the limited resolu-
L5+ tion of our data, we forced the same magnetic moment at the
three positions in order to reduce the number of free param-
eters in the Rietveld fit. The value for the magnetic moment
9 e of the manganese atoms is low, 1(®Bug, probably due to
Ec 10 L & ..l A - the fact tha_t in B@Mn5016, the ql_Jantity of tV\go—face—sharing
E K octahedra is much higher than in Bén;0,,.
= K s In order to complete this comparative study we have mea-
S e = sured the specific heat for Bdn;0;, [Fig. 5(b)] A peak is
e sl )ﬁ clearly observed af =280 K. The total specific heat should
05 I : usually have at least three components: electronic, magnetic,
.0 te'r s and lattice(phonons. In our case, the first one can be as-
o o [ sumed to be negligible. Thus, if the lattice contribution is
’ NN, W cg_lculated, it coulq be subtracted to obtain the magnetic spe-
0.0 L ! L ! ! cific heat. The lattice component can be assumed to follow a
0 20 40 60 30 100 Debye model T3) in the low temperature range. At interme-
Temperature (K)
FIG. 5. Temperature dependence of the specific heat(dor soF I I ' .0'
BagMns;0,¢ and(b) Ba;Mn30,4. The inset shows the derivative of 356
the magnetic susceptibility in a similar temperature range. 401 355 |
-8%
AFM interactions in the system. <z Ba Mn O Dggaa'
The BaMnsO,s magnetic structure determined from the 330 3 10 oo -
) : : o
neutron diffraction data suggests a strong AFM coupling E Dgi'
within the five-octrahedra (MyD;g) units, and also an anti- 2 A
ferromagnetic coupling between the different layers along 2 20 ce |
[010]. This AFM structure is quite similar to that reported for DE‘.' Ba Mn O
Ba,;Mn30,4,° shown for comparison in Fig.(B). In this 1.0 | e a 5 16 _
compound, the intratrimer Mn-Mn interactions are also AFM iy g
and stronger that the intertrimer ones that seem to be ferro- o .o.
magnetic. The refinement of the atomic magnetic moments 0.0 cieeent® ' : > '
60 70 9 100 110 120

of the two crystallographically different Mn gives 2,238
and 1.96.gz values. The difference in the ordered magnetic
moments of both manganese atoms has been attributed to the FIG. 7. Temperature dependence of the magnetic entropy at zero
different bonding environments experienced by cations irmagnetic field for BagMngO,5 and BaMnOy,.

80
Temperature (K)
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diate temperatures, the lattice contribution was calculated bghase transition. In principle, this low value could be related
considering three Einstein optical modes. The oscillator corto a non-accurate subtraction of the lattice component of the
responding to these modes are centred at 100, 450, and 8@Pecific heat. Alternatively, this could suggest that some of
K. The specific heat can also be compared in both comthe spins of the Mfi" ions at the ends of the three or five

pounds, aroundry [see Figs. &) and 8b)]. It is clearly  octahedra units are not strongly correlated to the rest. This
observed thaly is close in both case@0 K vs 87 K), the  fact would show a paramagnetic Curie Weiss tail in the mag-

difference in the specific heat being related to the differenhetic susceptibility at low temperature, as clearly observed in
number of magnetic atoms in each caalso see Fig. 6 To  Fig. 5g) of Ref. 11.

obtain the entropy associated with the AFM ordering the
magnetic specific heat was integratédg. 7). The total en-
tropy is much lower than the expected for three or five*Mn
[s=2(RIn(25+1))], with S=3/2. In particular, the entropy
is only 15% (BaMn3z0;q) or 9% (BgMns0O;¢) of the ex- Financial support through Research Projects Nos.
pected entropy associated with a long raig®) magnetic ~ MAT2001-1440 and MAT2002-1329 is acknowledged.
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