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Magnetic structure and properties of BiMn,Os oxide: A neutron diffraction study
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BiMn,Og 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
BiMn,Os is orthorhombic(space groupPbam Z=4) and contains infinite chains of MhOg octahedra
sharing edges, linked together by D5 pyramids and Bi@ units. These units are strongly distorted with
respect to those observed in other members oRil@,05 family (R denotes rare earthglue to the presence
of the electronic lone pair on Bi. BiMn,Os becomes magnetically ordered beldy=39 K. The magnetic
structure, investigated from low-temperature NPD data, is defined by the propagationkee¢id?,0,1/2). A
group theory analysis has been carried out to determine the possible solutions for the magnetic structure. For
the MP" ions located at the i site, the magnetic moments are ordered according to the basis vectors
(Fx,Cy,0); for the Mt ions placed at the f site, the basis vectors areS,(,A)’,,O). At T=1.6 K, the
magnetic moments for Mid and Mrf* cations are 3.23(6)g and 2.51(7 g, respectively. The commensu-
rate character of the magnetic structure of Bi@g, in contrast with the incommensurate structure observed
for other compounds of th&Mn,Os family, for which k=(1/2,0k,), 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 nunider75.25+z

. INTRODUCTION k=(1/2,07). Both Mn ions are ordered according to a heli-
coidal arrangement with the moments in thke plane. The
The discovery of a colossal magnetoresistance effect ilR®* cations order at lower temperatures with a sinusoidal
the hole-doped rare-earth manganiis ,A,MnO; (A de-  magnetic structure. Subsequent results also showedR for
notes alkaline earjh(Refs. 1 and 2 has originated a great =Er and Th(Ref. § that the amplitude of the moments for
interest in the study of the manganese oxides, in general, artle Mn ions is modulated. The magnetic structure of
particularly in those containing a mixed valence for Mn cat-DyMn,0O; was analyzed in detafl;it is defined by two
ions.RMn,Os (R stands for rare-earth metals, Y, and Bie  propagation vector&,=(1/2,0,0) andk,=(1/2,07). With
included in this category. According to the first studies car-respect to BiMpOsg, a propagation vectde=(1/2,01/2) was
ried out in the 1960s to determine their crystallographicreported to define its magnetic orderiffgalthough no more
structure’* all the compounds of thRMn,Os series crystal-  details were given. On the other hand, the published results
lize in the orthorhombic space grotibam The manganese on the dielectric and magnetoelectric propertieRtvfn,Og
ions occupy two sites with different oxidation states. The(Refs. 11-13 seem to indicate the possibility of ferroelec-
Mn** ions (4f site) are octahedrally coordinated to oxygens; tricity in these compounds.
the Mrf*Og octahedra share edges to form infinite chains The aim of this paper is to carry out a detailed study of
along thec axis. The MA™ ions (4n site) are coordinated to  the magnetic behavior of BiMy®s, whose magnetic struc-
five oxygens located at the apexes of a distorted tetragonalire seems to be different from that of the remaining com-
pyramid. The MA*Og chains are interconnected by pounds of the series. A detailed crystallographic study from
Mn3* Og pyramids. TheR3" cations formROg polyhedra. A high-resolution neutron powder diffraction data, followed by
bond-valence study from high-resolution neutron powdera study of its magnetic structure and its evolution with tem-
diffraction (NPD) data revealed the presence of importantperature, are complemented with magnetization and specific-
tensile and compressive stresses, which are progressively reeat measurements.
leased along the series as the rare-earth metal size
decreases. _ , Il. EXPERIMENTAL
Regarding the magnetic properties of these compounds,
some work has been devoted to the determination of their BiMn,Os was obtained as a dark brown polycrystalline
magnetic structures by neutron diffraction. According to thepowder starting from precursors previously synthesized by a
first reports>’ these oxides present an antiferromagneticwet-chemistry technique. Stoichiometric amounts of analyti-
(AFM) ordering below 40 K. FoR=Nd, Tb, Ho, Er, and Y, cal grade BjO; and Mn(NG,),-4H,0O were solved in citric
the magnetic structure is defined by the propagation vectaacid. The citrate solutions were slowly evaporated and de-
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FIG. 1. Thermal evolution of the dc susceptibility and its recip-

rocal measured under a 0.5 kOe magnetic field in zero-field-cooling FIG. 2. Temperature dependence of the specific heat under zero
(ZFC) and field-cooling conditions. Inset: Isothermal magnetizationanol 9 T magnetic field. The dotted line represents the calculated
curve atT=5 K. lattice contribution. Inset: Thermal evolution of the magnetic con-
tribution to the specific heat.
composed at temperatures up to 600 °C. All the organic ma-
terials were eliminated in a subsequent treatment at 800 °geptibility increases and exhibits an outspread maximum
in air. The sample was finally annealed at 1000 °C in air forwith two characteristic temperature$=39 K and T
12 h. =36 K, which would suggest the appearance of an AFM
X-ray powder diffraction patterns were collected with Cu order with Ty=39 K. The existence of two transition tem-
Ka radiation in a Siemens D-501 goniometer controlled by gyeratures could indicate a small delay in the ordering of the
DACO-MP computer. The magnetic measurements were cafnagnetic moments associated with one of the manganese
ried out in a commercial superconducting quantum interfersjtes with respect to the second one. The evolution of the
ence device magnetometer. The dc susceptibility measurgFC and the FC curves is very similar, which seems to ex-
ments, both under zero-field-cooligFC) and field-cooling  clude the presence of weak ferromagnetism effects. This is
(FC) conditions, were performed in a 0.5 kOe magnetic fielda|so confirmed by the magnetization curve shown in the inset
for temperatures ranging from 1.8 K to 300 K. An isothermalof Fig. 1, exhibiting a perfectly linear behavior with the mag-
magnetization curve was obtainedTat5 K in a magnetic netic field. Above 100 K the susceptibility follows a Curie-
field up to 54 kOe. The specific-heat measurements wergyeiss behaviofsee Fig. 1 characterized by a paramagnetic
carried out in a semiadabatic He calorimeter using the heaiemperatureﬁ)p: —357(3) K and with an effective para-
pulsed method for temperatures going from 2 K to 200 Kmagnetic moment of 6.9(1)s. This figure is close to the

under a zero and 90 kOe magnetic field. A high-resolutionpeoretical value of 6.245 that has been calculated through
NPD pattern was acquired at room temperature at the D2B,e EXpressiom = \/szf(Mn3+)+P2ff(Mn4+)
e .

diffractometer of the Institut Laue-Langevin in Grenoble €
(France, with a wavelength of 1.594 A. The collection time
for a 6-g sample was about 3 h. The magnetic structure and
its thermal evolution was studied at the D1B multidetector The temperature evolution of specific heat under zero and
(400 counters diffractometer with a wavelengthh ~ B=9 T magnetic fields is shown in Fig. 2. A sharp anomaly
=2.532 A. A good statistics pattern, collected in 30 min atappears at around the ordering temperaflige=39 K, in

1.6 K, was used to resolve the magnetic structure. The thegood agreement with the magnetic measurements. In the
mal evolution was studied from sequential diagrams colcurves there are no differences between the measurements
lected every 2 K, on heating from 1.6 K to 53 K, with a obtained in zero and 9 T magnetic fields. The low-
counting time of 10 min each. The refinements of the crystemperature specific-heat data has been fitted by the expres-
tallographic and the magnetic structures were performed bygion

using the Rietveld method with theJLLPROF program™* In

B. Specific-heat measurements

the profile refinements, the peak shape was simulated by a C=~T+BT3+BT’. (1)
pseudo-Voigt function and the background was fitted with a
fifth-degree polynomial function. The linear term is associated with the charge-carrier
contribution, theBT? term corresponds to the lattice contri-
IIl. RESULTS FROM MAGNETIC AND SPECIFIC-HEAT bution, and the last terlBT? is related to the spin-wave
MEASUREMENTS excitations. By considering the data ffinc2 K to 16 K, the
, best fit is obtained if the linear term is neglected a2,
A. Magnetic measurements with the parameters 8=0.0012(1) J/molK and B

The dependence of the magnetic susceptibility with tem=0.0048(13) J/molR The Debye temperatur®p can
perature is presented in Fig. 1. At low temperatures, the sude calculated from B through the expression
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TABLE I. Structural parameters obtained after the Rietveld refinement of the high-resolution NPD pattern
at 295 K withA =1.594 A. Space groupbam

Atoms Positions X y z B(A)?
Bi 4g 0.15972) 0.16591) 0.0000 0.4®)
Mn1 4f 0.5000 0.0000 0.2613) 0.21(4)
Mn2 4h 0.40743) 0.35143) 0.5000 0.2%4)
01 4e 0.0000 0.0000 0.2868) 0.6003)
02 4g 0.15532) 0.4442) 0.0000 0.31)
03 4h 0.144G2) 0.42412) 0.5000 0.3®)
04 8i 0.38561) 0.1995%1) 0.25392) 0.452)
Cell parameters a=7.56078(8) A,b=8.53299(8) A,c=5.76066(5) A

Volume V=371.654(6) R

Disc. factors R,=43%  R,,=5.6% x?=13
D:(127T4p R/5B)1/3, R being the gas constant armthe IV. NEUTRON-DIFFRACTION MEASUREMENTS

number of atoms per formula unit. The Debye temperature
obtained in this way i9,=235(4) K. The quadratic term _
in the thermal behavior of the specific heat is characteristic The crystal structure was refined from room-temperature
of the AFM spin waves. The entropy associated with theD2B data, collected with a wavelengih=1.594 A. All the
magnetic transition can be determined through the expred3ragg reflections of the diagram were indexed with the lat-
sion AS=[(Cpnag/T)dT. The magnetic contribution to the tice parametera=7.56078(8) A,b=8.53299(8) A, and
specific heat is extracted after evaluating the lattice contribuc="5.76066(5) A. The pattern was refined in the space
tion. The lattice contribution has been obtained by fitting thedroup Pbam taking as starting structural modethat of

data to two Einstein optical modes, one associated with thtaMn,Os. The good agreement between the calculated and
Bi + Mn atoms and the other with the O atoms. The oscil-0bserved patterns is presented in Fig. 3. The most character-
lator corresponding to the B Mn atoms is centered at istic parameters after the refinement are listed in Table I. A
®:=172(1) K and the other ad-=648(1) K. The mag- Selection of the most important atomic distances and bonding
netic contribution is represented in the inset of Fig. 2, and th@ngles are included in Tables Il and IIl, respectively.

entropy change is 12.5(dtol K). This value is close to that ~ Figure 4 shows a view of the crystallographic structure
expected for a mixture of free M and Mrf™ ions, AS along thec axis. Mrf* (Mnl at0m$ are located within dis-
=0.5RIn(2S,+1)+0.5R In(2S,+1)=12.45 J/molK §,=2  torted octahedral environments. The M@ octahedra

for Mn3* andS,=3/2 for Mr**). The shape of the magnetic form infinite linear chains along theaxis, sharing edges via
peak of the specific hedinset Fig. 2 seems to suggests that O2 and O3 oxygens. M cations are surrounded by five

the transition is achieved in two steps, with a shoulder at 3@xygens, forming MA"Os distorted tetragonal pyramids.
K and and a main peak at,=39 K. These units contain rather significantly different bond

lengths: four oxygen atom$wo of O1 and two of Oftare in

a square planar configuration and the fifth oxyg®s) is in

an axial position at a longer distance (2.085 A). The pyra-
mids interconnect the Mii Og octahedra along theaxis via

03 and O4.

A. Crystallographic structure

6000 —————————————

Room Temperature
2=1.594 A

3 4000 |
TABLE Il. Selected interatomic distances at 295(iK A).

Neutron counts (arb. units)

2000 Mn‘”OG Bi3+08
1 Mn1-02 (X 2) 1.9682) Bi-O1 (X 2) 2.4881)
‘ & 14 1415, U Mn1-03 (x2) 1.87G2) Bi-02 2.3742)
0 - ! IIIllIlIH!,‘IIII:II-IIIllllllllllll:Il--Imlrnlllllllllllll Mn1-O4 (X 2) 1.91@1) Bi-02 2.3532)
Y A M L (Mn1-0) 1.9162) Bi-O4 (X 2) 2.2672)
20 40 60 80 100 120 140 Mn** O Bi-O4 (x2) 278582
20(Degrees) Mn2-O1 (x2) 1.8992) (Bi-0) 2.4762)
Mn2-03 2.08%3) Mn1-Mn1 2.7514)
FIG. 3. Observedsolid circles, calculatedsolid line), and dif- Mn2-04 (X 2) 1.9292) Mn1-Mn1 3.01@04)
ference(bottom ling NPD patterns. The tick marks correspond to (Mn2-O) 1.9483) Mn2-Mn2 2.8943)

the Bragg reflections of the orthorhombic space grBumam
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TABLE lll. Selected bonding angles at 295 (i deg.

02-Mn1-02 80.2) 01-Mn2-01 80.7 8 (
02-Mn1-03 97.861) 01-Mn2-03 98.91) —-
02-Mn1-03 173.81) 01-Mn3-04 90.21) o
02-Mn1-04 85.01) 01-Mn2-04 162.91) _&
02-Mn1-04 92.11) 03-Mn2-04 96.81) q
03-Mn1-03 85.81) 04-Mn2-04 94.61) S
03-Mn1-04 93.51) Mn2-01-Mn2 99.82) g
03-Mn1-04 88.41) Mn1-O2-Mn1 99.82)
04-Mn1-04 177.81) Mn1-O3-Mn1 94.72)
Mn1-03-Mn2 13122 %0
Mn1-O4-Mn2 123.00) A
&7 =
Z p o ©
@ 20(Degrees)

The BiG; units can be described as bicapped trigonal
prisms. It is noteworthy that they are significantly more dis- FIG. 5. Thermal variation of the NPD patterns acquired with
torted than theROg units in otherRMn,0,.° In particular, A=2.42 A in the temperature range<d <100 K.
the two Bi-O4 distances(Table 1) are much shorter
(2.267 A) or longer (2.785 A), respectively, than the cor- In a systematic study oRMn,Os for R denoting rare-
responding figures for oth@& members; for instance, La-O4 earth metals,a regular increase &, b, and ¢ unit-cell pa-
bond lengths are 2.496 A and 2.562 A, respectively. Theameters was found to correspond to the increase of the ionic
distortion of the coordination environment is due to the presradius of theR3" cation along the series from Er to La.
ence of the electron lone pair on3Bi the repulsion of the However, for R=Bi®*, with an ionic radius of 1.20 A,
lone pair with Bi-O bonds leads to an asymmetric distribu-greater than that of 1’4 (r=1.16 A), we have only ob-
tion of these bonds around Bi, involving significant shifts of served an important increase in the parameter|[c
some oxygen positions. Also, a coupled shift of the Bi posi-=5.76066(5) A for Bi versus 5.7214(1) A for Lé&Ref.
tion, by 0.15 A along the directiofil10] is observed with  5)], whereas the parameter is close to that of Pr ahds
respect to the position of the rare-earth cations in othesimilar to that of Eu. Again, the anisotropy observed in the
RMn,Os oxides®> The mentioned oxygen shifts indirectly Bi-O bond lengths, driven by the presence of thé Belec-
lead to important changes in Mn-O distances. In particulartron lone pair, is responsible for the anomalous variation of
Mn10; octahedra show Mn1-O2 distancgs968 A) larger  the unit-cell size.
than any other members of the series. Mg2®ramids are
also strongly affected, showing Mn2-O1 distances B. Determination of the magnetic structure
(1.899 A) smaller and Mn2-O4 bond lengths (1.929 A)
larger that any otheRMn,Os. These different interatomic
distances will play an important role in the different spin
arrangements along tleedirection for BiMn,Og with respect
to those observed for oth& cations.

The thermal evolution of the NPD patterns acquired in the
temperature range <6T<53.1 K and withA=2.532 A'is
shown in Fig. 5. BelowlT ~40 K, new diffraction peaks ap-
pear at scattering angles different from the Bragg positions
corresponding to the space groBfmam This confirms the
appearance of a magnetic ordering beldw40 K, in good
agreement with the magnetic data. The magnetic reflections
can be indexed by the propagation veckor (1/2,0,1/2),
which agrees with the results obtained in Ref. 10. Below the
ordering temperature no anomalies are observed in the mag-
netic peaks, except an increase in the intensity on decreasing
the temperature; therefore the magnetic structure seems to
remain stable down td=1.6 K.

In the search of the possible magnetic structures, we have
taken into consideration only those solutigese the Appen-

dix) that lead to equal magnetic moments for all the Mn
atoms at the same site. All these solutions, given by the basis
vectors presented in Table VII, have been contrasted with the
experimental NPD data. The solution that gives a better
agreement with the experimental resultsks (C,,0) for the

4h site and Gy ,A;,0) for the 4 site. The results of the fit
carried out affT=1.6 K are shown in Table IV. The agree-

FIG. 4. A view of the crystallographic structure approximately ment between calculated and experimental NPD patterns at
along thec direction. 1.6 K is displayed in Fig. 6. According to the experimental
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TABLE IV. Results from the magnetic structure determination at L B A A R A R B

T=16 K. | ]

2 | T=1.6K J
Mn(4h) Mn(4f) % 15000 | A=2.532 A .

£ ! 1

Solution Fx.Cy.0) (Gyx,A},0) o 10000

Values (ug) (—3.129),-0.8(2),0  (2.44(10),06(2),0 3 ]

|m|(ug) 3.236) 2.51(7) © 5000

Disc. factors Rg(Nuc.)=2.4%, Rg(Mag.)=4.2%, x*>=2.7 I
§ 0 i | I ! 1 : lI III| II II'I IIIIIIIII IIl :Il 'III III : 'IIIIIIIIIII II"III 'I“II'-

A "
e

results the magnetic structure is given by the basis vectors of  -5000
I'1, which corresponds to a magnetic structure with the mo- 2'0 4‘0 6'0 8'0
ments oriented in theb plane, as shown in Fig. 7. The
thermal evolution of the magnetic moments at both Mn sites 26(Degrees)
is displayed in Fig. 8. The values of the magnetic moments ¢ 6, Observedsolid circles, calculatedsolid ling), and dif-
reach saturation bel 5 K and, for both Mn sites, the ori-  ference(bottom line NPD patterns corresponding to the solution
entation of the moments with respect to thexis remains (F,,C,,0) for the 4 site and G ,A},0) for the 4 site. The two
nearly constant belowly. The magnetic moments at  series of tick marks correspond to the crystallographic and magnetic
=1.6 Kare 3.23(6)g and 2.51(7 g for 4h and 4f sites,  Bragg reflections.
respectively. This result is concomitant with the different
oxidation states exhibited by Mn cations at both crystallo-
graphic sites.

Let us point out that this solution, as has been explaine
in the Appendix, is equivalent to the solutio@,(,F,,0) for

covalency effects. The neutron-diffraction experiments, per-
(gormed with a rather broad temperature aquisition step, did
not allow us to clarify whether a small delay exists in the
. ¥ .
the 4h site and @,,,G,,,0) for the 4f site. On the other hand ord_ermg temperatgres of the Mn and_ Mﬁ1 sublattices,
y which could explain the two characteristic temperatures ob-

there is another solution, also belonging Itg, that is in . - o
agreement with the experimental results, although the disgerved in the anomaly of the §uscept|b|ll|ty and sp_emﬁc—heat
crepancy factors are slightly worse. This solution jg CUNVes. However,' thellarge difference in magnetlc-moment
(F...A,.0) for the 4 site and G/ .A’,0) for the 4 site, with values at b(_)th_sne_zs just below the ord_erlng temperature,
Xy Y could be an indication that a small delay indeed takes place.

the correspondin@g (Magne=6.8%. As shown in Fig. 7, MA" ions (labeled Mn1, 4 siteg
are distributed in(001) planes forming a chain along the
V. DISCUSSION axis: they are present at thee=1-2,, z=2,, andz= —z,

planes g,=0.261). Intercalated between them, there are

Neutron-diffraction experiments have confirmed thatplanes of MA™ ions atz=1/2. Also, we must consider the
BiMn,Os presents an AFM ordering belo®,=39 K. The interleaved planes of Bf ions atz=0. Thus, thez=z, and
magnetic structure is commensurate with the chemical unig= —z, Mn*" planes are separated by & Biplane and the
cell, with k=(1/2,0,1/2); the magnetic moments at the two coupling between them is AFM; on the contrary, between the
crystallographically independent sites are very different, ag=1—2z, and z=z, Mn** planes, separated by a Rin
should correspond to Mn cations in different oxidation statesplane, the coupling is ferromagnetisee Fig. 7. In the first
Mn** cations at 4 sites are octahedrally coordinated, hencecase the distance between the Virplanes is 3.010(4) A
a t3, electronic configuration is expecteds£3/2). For and in the second case it is 2.751(4) A. Within each Mn
Mn3* cations(located at 4 siteg the corresponding elec- plane, for both MA* and Mrf* sublattices, the coupling
tronic configuration in a pyramidal crystal field ]iggeé (S along theb direction is ferromagnetic and along thalirec-
=2). In both cases the saturation momdr51(7)ug and tion, it is AFM. In the Mr* planes, the ions related by an
3.23(6)ug, respectively are slightly lower than those ex- inversion center are antiferromagnetically coupled.
pected (Jug and 4ug, respectively, which can be due to In both Mr®* and Mrf* sublattices, the superexchange

TABLE V. Irreducible representations of the space gréupam for k=(1/2,0,1/2). The symmetry elements are written according to
Kovalev’s notation.r=(1/2,1/2,0).

hy h,/(7) h3/(7) hy has has/(7) ho7/(7) hasg
I'y (1 o) (o 1) (1 o) (o 1) (o 1) (1 o) (o 1) (1 o)
0 1 17 0 0 1 10 10 0 1 17 0 0 1
I'p 10 0 1 10 01 0 1 10 0 1 10
N e e T N O B
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TABLE VI. Basis vectors.

Mn(4h) Mn(4f)

I'y [ MaxtMae Myt Myy V'X(G;( G;() V,y(A;’ A;’)
! My =My My Mgy ! A; A; ! G)I/ G),’

VY= My =My My~ My V,Z_(Cé Cé)

Polmymy, mym, LA =
I’ (Mt Mg, My My, Ve Cx C;) V= Fy F)”)
2 My, —My, My~ My, 2 F>,< F>,< ? C),/ C),’

(Gé Gé)

V£Z= ! !

AZ AZ

interaction among the Mn ions takes place via tfe @ns;  above-mentioned M1 -O-Mn®*-O-Mn** indirect interac-
within the Mrf** planes, O1 and O4 oxygens are responsibldion (i.e., the coupling between M# neighbors via bridging
for superexchange; in the Mh planes the O3 oxygens are Mn®* cationg predominates, in such a way that the final
involved in this process. In both cases the Mn-O distancesoupling between the Mr planes separated by Nin
along theb axis are greater than those observed alongathe planes is purely ferromagnetic. The commensurability of the
axis. This fact would explain that the superexchange interacstructure is directly related to this pure ferromagnetic inter-
tions between closer neighbors along thaxis is ferromag- action between couples of Mh neighbors. In other mem-
netic whereas along theaxis it is AFM. Along the chains of bers of the family, as in ErMi©;, HoMn,Os, and
Mn**Og octahedra, we observe different interactions be-NdMn,Os, the moments of those MA couples form a cer-
tween Mf" planes separated by Bi planes and those tain angle(different from zero and always on tkb plane,
separated by Mt planes, as commented above. In the firstimplying the incommensurability of the magnetic structure.
case, the direct M -O-Mn** interaction results are AFM. The imperfect parallelism between these moments indicates
In the second case, it must be considered as an admixture afcompetition between the direct (KhO-Mn**) an indi-

a direct interaction between the K planes rect Mrf*-O-Mn®"-O-Mn** superexchange interactions,
(Mn**-O-Mn**, labeled J;) and an indirect interaction i.e., between); andJ,. The relative strength of both inter-
through the MA" ions (Mrf*-O-Mn3"-O-Mn**, labeled

J,). The J, direct interaction would be AFM; the indirect 35 L A S S S S -100
interaction M*-O-Mn®", J, is also AFM and it seems to ~ 30 Ry
predominate in such a way that the final coupling between 2 / 180 >
Mn** cations atz, and 1-z, planes is ferromagnetic. Sum- & 2°[ 2
marizing, Mrf* magnetic moments are alternatively ferro- £ 20} 160 g
magnetically and antiferromagnetically coupled, alongahe g sl (a) Mn(4h) =
axis, the moments always remaining on #ie plane. g 1™ 2
The magnetic structure of BiMOs is different from o 10f {/{ )
those of the other members of tRMn,Os family (R = s _§§_§§_§§_§_§§§§.§§.§.§§§ — 1 =
=rare earthk it is defined by the commensurate propagation
vectork=(1/2,0,1/2), whereas for the other members of the 6o 0
family the magnetic structure is incommensurate alongcthe 25 %ﬁﬁiﬁ§'§'§§§§§§'§§{'§{% {150
axis, withk=(1/2,07), as shown in Fig. 9. In BiMsOs, the £ ' 33 — >
£ 20} / i‘i <
Mn#* Mn* Mn? M £ | i\I 1-100 £
z2=-2 =2y z=1/2 z=1-z, b g - \i g
o I
= Q
2 o (b) Mn(4f) {s0 &
\ \ a S os} ~
m 00 ‘ . | ‘ . . . . 0
0 5 10 15 20 25 30 35 40 45
T(K)

FIG. 8. Thermal variation of the magnetic moments and the
FIG. 7. Schematic view of the magnetic structure, along succesangle with respect to tha axis belowTy (a) for the Mn atoms at
sive Mn planes ¢-axis direction. 4h site and(b) for the Mn atoms at # site.
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07 — thus FM and AFM couplings alternate along the chains of
Mn** Qg octahedra. The commensurability of the magnetic
osk J structure of BiMROs is understood in terms of the con-
Bi ] cerned MA™-O-Mn** distances; in couples of M cations
sl o ] bridged by MA*-O-Mn®*"-O-Mn** paths, a perfect FM or-
! dering between these couples is provided by the relative
Nd / ] weakness of the direct Mii-O-Mn** superexchange inter-
04r Y o T actions. For the remaining terms of tRMn,O5 series, the
o Tb/./ 1 progressive shortening of direct K-O-Mn**  bond
03} ;@ Eu . lengths, enhancing the direct AFM interactions, accounts for
Er./°Ho : the observed incommensurability of the magnetic structures
0.2 . ' along thec-axis direction.
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actions is certainly related to the concerned Mn-O-Mn dis- APPENDIX: GROUP THEORY ANALYSIS

tances. In the previous structural part, we described that The possible magnetic structures compatible with the
Mn** cations are linked by O2 and O3 oxygens alongdhe symmetry of BiMOs are determined by following the rep-
direction, and two Mfi* neighbors are also linked together resentation analysis technique described by BeHdeor the

by Mn®* cations via O3 and O4 oxygens. We commentedpropagation vectork=(1/2,0,1/2), the small groufs,,

that in BiMn,Os, Mn**-O2 distance is larger than in any formed by those elements of the space group that léave
other member of th&Mn,O5 series; this means a weaker invariant, coincides with the space groupbam For k
AFM direct coupling along the chainsveakJ,), in such a  =(1/2,0,1/2), the irreducible representations of the gréyp
way that the indirect (Mh"-O-Mn®**-O-Mn**) coupling  are those shown in Table V, which have been taken from
predominates J,>J;), but only for BiMn,Os; for the re-  Ref. 17. In the Kovalev's tablésonly the irreducible repre-
maining RMn,Os members the shortening of the crucial sentations of the point groug, appear, which is constructed
Mn**-02 bond lengths means a strengthening of the directrom the groupGy by only taking into consideration the
AFM interactions between M couples (;~J,). The rotational part of the elements of symmetry. The irreducible
competition between the AFM direc{) and indirect {,) representations of5, are obtained from those given by
interactions gives rise to an imperfect alignment ofVin  Kovalev  through the  expression ¢, (h;/7)=exp
magnetic moments and to the incommensurability of the—ikr)y,(h;). The two-dimensional irreducible representa-
structure. Figure 9 shows the evolution of thecomponent tions obtained in this way are complex, and they have been
of the propagation vectde=(1/2,0k,) in terms of the ionic  transformed into real through a unitary transformation by
radius forRMn,Os according to the data presented in Ref. 6;using the matrix

k, decreases for the smaller rare-earth metals, since the re-

duction in size of theR®* cation is concomitant with the 1/i 1

shortening of the{Mn1-O) distances, thus increasing the AZE 1 i (A1)
value of theJ; direct AFM interaction term along the chains

of Mn1-Og octahedra. The irreducible representatioy shown in Table V are

determined from¢,, by means of the transformatiohi,,

=A{, AL Arepresentatiod’ is then constructed with the

Fourier componentsn® corresponding to the Mn atoms of
Neutron-diffraction measurements have confirmed thagach site. The Mn atoms at thé 4ite are denoted ad)

the perovskite-related compound Bib® orders below (X,Y,1/2),(2) (—x,—V,1/2),(3) (—x+1/2y+1/2,1/2), and

Ty=39 K, with a noncollinear commensurate magnetic(4) (x+1/2,—y+1/2,1/2). The Mn atoms at thef 4site are

structure characterized by the propagation vector numbered ag5) (1/2,02), (6) (1/2,0,-2), (7) (0,1/27), and

=(1/2,0,1/2). The moments of the Mhions, located at the (8) (0,1/2;-2). The decomposition of the representatloim

4h sites, are ordered according to the basis vectoréerms of the irreducible representationslaf is for the 4

(Fx.C,.,0), whereas for Mfi" ions, placed at the fsites, ~ Site,

the basis vectors are3( ,A;,0). Mr** ions are distributed

in (001 planes forming infinite chains along tleaxis and

are intercalated, either by Bi planes or by MA* planes. In  and for the 4 site,

the first case the coupling between the moments of th&"Mn

planes is AFM whereas in the second one it is ferromagnetic; I'(4f)=3I;+3I,. (A3)

VI. CONCLUSIONS

T'(4h)=4T,+2T,, (A2)
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TABLE VII. Basis vectors with equal magnetic moments for the atoms of thaite.

S R
: O R

F=m;+my+ms+m, G=m;—my+mz—m,; F'=mg+mg+m;+mg G’ =mg—mg+m;—mg
C=m1+m2*m3*m4 A:m17m27m3+m4 C,:m5+m57m77m8 A’:m57m67m7+m8

The different basis vectors associated with each irreducible VH(21)=V&(22) or V&21)=-V*(22). (A5)
representation and calculated by following the projection op-
erator technique, are presented in Table VI. Regarding the
basis vectors corresponding to thie gite, there is a relation- The basis vectors finally obtained are shown in Table VII.
ship between the atont$) and(3) and betweeri2) and(4);  Let us point out that some of the possible solutions are
therefore solutions with different magnetic moments for bothequivalent. For instance, in the caselqf a solution such as
groups of atoms are possible. On the contrary, all the SO'“(FX,Ay,O) for the 4 site plus €,,G,,0) for the 4 site is
tions belonging to the #site imply the same magnetic mo- equivalent to the solutionQ,,G,,0) plus (C; ,A§,O). It is
ment for all of the Mn atoms. The basis functions given for )
. : X . due to the fact that the amounts,A,+C,G,, F,F
the 4h site would lead to solutions with equal moment in C.C! andA G/ + G A’ , . 'I)'/h Y XI
case the matrix elements of each basis functigrverify T andAG, G A, are Invariant. The symmetry e e
mentsh; /7 with i=1, 3, 26, and 28 transform each basis
VA1) =VX(12) or VX1D)=-V12) (Ad) vector into |t.self, Wheregbilf with |=2,. 4, 25, and. 27
transformsF into C and vice versa, an® into C and vice

or versa.
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