Chem. Mater2007,19, 3425-3432 3425

Structure —Property Relationships of the 10H Hexagonal-Type
Perovskite BaMny 4F€p.602.73

Laura Mirandd, Khalid Boulahya!, Aurea Vareld, JoseM. Gonzdez-Calbef
Marina Parras,;* Maria Hernandd;# M. Teresa Feriradez-Daz;} Antonio Feteira and
Derek C. Sinclaff

Departamento de Qmica Inorganica, Facultad de Qumicas, Uniersidad Complutense de Madrid,
E-28040-Madrid, Spain, Institut Laue Lange, BP 156X, F-38042 Grenoble, France, and Department of
Engineering Materials, Uniersity of Sheffield, Mappin Street, Sheffield, S1 3JD, United Kingdom

Receied March 7, 2007. Résed Manuscript Receéd May 7, 2007

The crystal structure of BaMnF& 0273 a recently identified oxygen-deficient 10H-type hexagonal
perovskite in the system BaMnFeOs.y, has been established by a combination of electron
microdiffraction and neutron diffraction. The structure (space gfeégmmgc a = 5.74435(5) A, and:
= 24.0331(3) A) can be described by a stacking sequencécfijgtalong thec-axis with the anion
deficiency located exclusively in thé-BaOs-type layers. The anion distribution in théBaG; layers
differs significantly from that observed for 10H BaFg{and results in a 70:30 random distribution of
corner-sharing tetrahedral & dimers and face-sharing octahedral (Mn:Eg)dimers as opposed to
the exclusive F£; dimers in 10H BaFe@s The difference is attributed to the preference of Mn for
octahedral coordination. The compound is a “leaky” insulator at room temperature with a permittivity of
~20. The conduction mechanism has low activation enerdy3 eV, and is consistent with polaronic
hopping associated with the Fe and/or Mn ions.

Introduction with a (hchch) stacking sequence, Figure 1 @his polytype
can also be stabilized in both BaFeQ® and BaMnQ-y

The perovskite structure of ideal formula AB®an be  systems. The structure of 10H-BaFRg@ determined using
regarded as resulting from the stacking of pseudo-close-single-crystal X-ray diffractiosd,is closely related to the
packed AQ layers with B cations occupying one-quarter of - stoichiometric 10H AB@polytype, but to fulfill the chemical
the octahedral holes. When all the Al@yers stack in a cubic  composition, there are two oxygen deficient hexagonal h
close-packed (ABC) sequence, c-4Ghe BQ octahedra  BaQ, layers per unit cell in a (hébh), sequence. The
form the three-dimensional corner-sharing B@twork of remaining two oxygen atoms are arranged in such a way
the well-known cubic perovskite (3C structure-type). Con- that only one of them is within bonding distance of the two
versely, if all the AQ layers are in a hexagonal close-packed iron atoms adjacent to the layer, giving rise to the formation
(AB) sequence, h-Ag) the BQ octahedra share faces and of two corner-sharing tetrahedra, Figure 1b. In th&8a0,
form infinite one-dimensional chains along thaxis, which layers, the barium and oxygen atoms are displaced from
is referred to as the 2H structure-type hexagonal perovskite.hexagonal special positions and lower the symmetry from
Varying the ratio and the Stacking sequence of the c- and hexagonal to orthorhombic. Moreover, additional oxygen
h-AQ; layers leads to different hexagonal polytypes in which deficiency can be tolerated up to a limiting composition of
the coordination polyhedra around the B sites can link BaFeQ s these additional vacancies are randomly distrib-
together by sharing either a common face (h) or common Uted over the h-Badlayers?
corner (c). Many factors influence the stability of a particular ~ Although our previous XRD study on a sample with
polytype for a given composition, including the relative sizes composition BaMgsFe 602 73" has shown this compound to
of the A and B cations, the electronic configuration of the B adopt a 10H-type structure, the data did not permit elucida-
cations and the oxygen content. tion of details concerning the cation arrangement, anion
vacancy distribution and/or subtle changes in symmetry.
Here, we provide a more detailed structural characterization
of BaMny /e 60273 from electron microdiffraction and
neutron diffraction data. From these, the structural charac-

Recently, we have been investigating polytypism and
oxygen deficiency in the BaMn,Fg0Os-, system and have
reported the chemical composition and basic crystal structure
of a new hexagonal perovskite with= 0.6 andy = 0.27
that, according to XRD data, adopts a 10H-type structure
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a

Figure 1. Structural models corresponding to: (a) (hchctQH-ABO; polytype; (b) 10H-BaFegko (according to ref 1). Only the M sites and nonbonding
O are marked.

teristics of BaMp 4~& ¢02.73have been established and show of materials to be potentially interesting for microwave
that partial substitution of Fe by Mn in BaFeg3 gives rise dielectric resonator/filter applications. Oxygen deficiency is
to distinct structural differences involving both the crystal also commonly observed in cation stoichiometric hexagonal
symmetry and anion vacancy distribution. In addition, ac perovskites, for example, undopednd Fe-doped 6H-
electrical property measurements have been performed orBaTiOs:-s.° In this case, mixed oxidation of the B-site cations
the title compound, as there has been considerable interesbccurs, e.g., Fif/Ti*t in 6H-BaTiO;—s, and results in

in the electrical properties of cation stoichiometramd/or semiconducting behavior due to electronic polaronic hopping
oxygen-deficient hexagonal perovskftesin recent years.  on the mixed-valence B-site cation sublattice. The combina-
For example, several cation-stoichiometric hexagonal per-tion of structural and electrical characterization performed
ovskites such as 12R-BakMn;;,0:* and Mn-doped 6H- in this study therefore permits rationalization of the structure
BaTiO:? exhibit high permittivity values¥40) and resonate  compositior-property relationships of this new hexagonal
at microwave frequencies, therefore demonstrating this classperovskite-type compound.

(4) Keith, G. M.; Kirk, C. A.; Sarma, V.; Alford, N. McN.; Cussen, E. J.; Experimental Section
Rosseinsky, M. J.; Sinclair, D. GChem. Mater.2004 16, 2007~ . .
25’152?'”3 ¥ M. )i Sinclair, D. Ghem. Mater2004 16, 200 BaMny sFey 603-y was prepared by the mixed oxide route from
(5) Sinclair, D. C.; Skakle, J. M. S.; Morrison, F. D.; Smith, R. I.; Beales, a well-ground stoichiometric mixture of BaGQAldrich, 99.98%),
T. P.J. Mater. Chem1999 9, 1327-1331. MnCO; (Aldrich, 99%), and FgO; (Aldrich, 99.98%). The mixture

©) Eege'f;nAégrzgna’sgéopggog% ';'lgﬂ_cl'\é'; Reaney, I. M.; Sinclair, D. a5 calcined in an AD; crucible at 1127 K in air for 48 h then

(7) Rampling, M. J.; Mather, G. C.; Marques, F. M. B.; Sinclair, D.JC. ground in a mortar and pestle and treated at 1473 K for 1 day before

Eur. Ceram. Soc2003 23, 1911-17. o quenching to room temperature. This process was repeated four
(8) Keith, G. M.; Rampling, M. J.; Sarma, K.; Alford, N. McN.; Sinclair,  times with intermediate grinding to ensure homogeneity. Details
D. C.J. Eur. Ceram. S02004 24, 1721-1724. . : -
(9) Keith, G. M.; Sarma, K.; Alford, N. McN.: Sinclair, D. CJ. of the purity, chemical composition, and oxygen content of the

Electroceram 2004 13, 305-3009. powder have been reported elsewhere.
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Figure 2. (a) SAED and (b) microdiffraction pattern along [001] for BapdRey 60273

Electron microdiffraction was performed in a JEOL 2000FX
electron microscope, fitted with a double tilting goniometer stage
(+45° +45). Scanning electron microscopy (SEM) was performed

Chem. Mater., Vol. 19, No. 14, 2008427

hexagonal special positions lowers the symmetry from
hexagonal to orthorhombfcAs this subtle structural distor-
tion does not alter the orthohexagonal cell from the ideal

on Au-coated as-prepared pellet surfaces using a JSM-6336F FEGyyis ratio, it does not introduce significant differences in

SEM microscope operating at 10 kV.

Neutron powder diffraction (NPD) data were collected at room
temperature on the high-resolution powder diffractometer D2B at
the Institute Laue Langevin (ILL), Grenoble, France, with neutrons
of wavelength 1.594 A and covering a two theta range from 0 to
160 (step size 0.09. Diffraction data were analyzed by the
Rietveld metho& using the Fullprof prograrkt

Powder was milled using a mortar and pestle and uniaxially
pressed (Specac, Kent, UK) into cylindricéd & 5 mm) pellets
under an applied pressure-060 MPa and then isostatically pressed
(model CIP 32330, Flow Autoclave System Inc., Columbus, OH)
at 200 MPa. Pellets were sintered in air at 1523 K 2oh and
reached a ceramic density©6.44 g cn3 (~95% of the theoretical
X-ray density). Electrodes fabricated from gold paste (T-10112,
Engelhard-CLAL, Cinderford, Gloucestershire, UK) were applied
to both faces of the pellets, which were sintered in air at 1073 K
for 1 h toremove volatiles and harden the residue.

Electrical properties of BaMyyFe) 60, 73 ceramics were inves-
tigated in the temperature range-1800 K using a cryocooler

powder XRD patterns. To elucidate whether or not this
symmetry change is present in BabpiRe 0273 we have
performed an electron microdiffraction study. The crystal
symmetry can be obtained from patterns with the highest
net symmetry and the Bravais lattice can be determined by
comparing experimental patterns with theoretical patterns
given by Morniroli et al*?

Figure 2a depicts the whole pattern (zero-order Laue zone
(ZOLZ)) and clearly shows that only diffraction maxima
corresponding to a basic hexagonal cell are observed. To
confirm the hexagonal symmetry, we have performed
electron microdiffraction along [001] as shown in Figure 2b,
in which mirror planes are observed and superimposed in
the figure, suggestinB6mmsymmetry. This result confirms
the hexagonal symmetry of the crystal and a whole pattern
(zolz + holz) symmetry oP6mm BaMny 4~& 6O, 73therefore
does not have an orthorhombic distortion as observed in

coupled to an LCR bridge (model HP 4284, Hewlett-Packard, Palo BaFeQ.so

Alto, CA) and to an impedance analyzer (model HP 4192A,

Having established the hexagonal symmetry of the phase,

Hewlett-Packard, Palo Alto, CA) for fixed frequency and impedance we investigated the cation and anion distribution by Rietveld
spectroscopy measurements, respectively. All impedance data wergefinement of neutron diffraction data using the starting
corrected for sample geometry and analyzed using the commercialmodel (space grouB6z/mmg from our previous XRD studly.
software .package Z-view (Scribner Associates, Inc., Charlottesville, Initially, oxygen vacancies were accommodated in a way
VA, version 2.1). similar to that in BaFegx? i.e., by the formation of Ba®
layers with one bonding and one nonbonding oxygen atom
(Figure 1b). Mn and Fe were randomly distributed over the
two different octahedral (M2 and M3) and tetrahedral sites
(M1) of this space group in a 40/60 ratio according to the
formula BaMny /& (O, 73 The essential features of the cation
distribution were established in a preliminary refinement.
Although both metals are distributed over all polyhedra, Mn
shows a strong tendency to occupy the central octahedron
of the trimers (M3) rather than the outer sites (M2), whereas
the tetrahedral sites are mainly occupied by Fe (M1). The
refined composition (Mn:Fe= 0.69) is consistent with the

Results and Discussion

The basic crystal structure of Balire, 0275 obtained
from XRD, electron diffraction, and high-resolution electron
microscopy data, corresponds to the regular 10H (hghch)
hexagonal polytype. As mentioned in the introduction, the
anion deficiency in BaFeg), is accommodated by the
formation of two h-BaO, hexagonal layers per unit cell
according to a (hckh), sequencé? A displacement of
barium and oxygen atoms in these Ba@yers from

(10) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65.

(11) Rodfguez-Carvajal, JPhysica B1993 192 55. (12) Morniroli, J. P.; Steeds, J. Wlltramicroscopy1992 45, 219.
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Figure 3. Observed, calculated, and difference profile neutron diffraction pattern for Ba#eO. 73 at room temperature.

Mn:Fe experimental ratio. Having established the cation both polyhedra was considered for Co/Ir in the 2d crystal-
sublattice, an attempt was made to establish the oxygenlographic sites of thé3m space group.

sublattice. _ _ To achieve this structural model in BalyfFe, 6O 73, the

Durlng the early stages of the refinement, the nonbonding nonbonding oxygen at O1 was removed and two sites were
oxygen in the Ba@layer showed an anomalous thermal sed: O1a and O1b, forming the tetrahedra and octahedra,
parameter with its occupancy factor tending to zero, sug- respectively. Simultaneous refinement of both M1 polyhedra
gesting the observed diffraction data were not consistent with improved the fit. The observed, calculated, and difference
an anion distribution analogous to that of Bake profile patterns of neutron diffraction data for Bapin

Therefore, in order tq get the oxygen arrangement of Fen.d0,.73 at room temperature are shown in Figure 3. The
BaMny JF&.602.73 we refined the occupancy factor of all the  fing) structural parameters resulting from this refinement are

oxygen atoms. The obtained occupation numbers did notjisieq in Table 1, and selected interatomic distances are given
reveal a significant concentration of oxygen vacancies in the i, Taple 2.

BaG; layers forming the octahedral trimers (O2 and O3),
but as in the case of BaFeg), they are confined to the O1
site at the center of the My dimers. This result proves the
oxygen vacancies are correctly located in this structural block
but they are distributed over the-BaO;-y layers in a
different way compared to BaFe@)?

At this point, it is noteworthy that whereas Fe (lll, 1V)
stabilizes both octahedral and tetrahedral oxygen environ-
ments?2 in the case of Mn, the tetrahedral coordination is
not likely for Mn®" or Mn*", which usually adopt square
pyramidal or octahedral coordinations, respectively. As
previously mentioned, the M1 site is occupied by both Mn ~ The Mn/Fe(1) is coordinated by either four or six oxygen
and Fe; therefore, a new model was devised in which Fe/ atoms corresponding to tetrahedral and octahedral environ-
Mn at the M(1) site have both tetrahedral and octahedral ments, respectively. Once again, to reduce electrostatic
coordination. This assumption was also made in the refine- repulsions, we displaced the metal atoms in these polyhedra
ment of 5H-Balg,Coy g0, 8512 in which a combination of  from their centers toward the c-Ba(ayers. As a conse-
quence, the in-plane G303 distance, 2.968 A, is longer
(13) Vente, J. F.; Battle, P. 0. Solid State Chen200Q 152, 361—373. than the corresponding inner and outer in-plane- G

A representation of the structure is given in Figure 4a.
The central octahedron associated with the trimers (M3) is
regular with six identical distances of 1.917 A, whereas the
outer one (M2) is distorted with three long (2.060 A) and
three short (1.893 A) MO distances. This distortion is
caused by displacement of the metals away from the common
face-sharing oxygen atoms between the M3 and M2 octa-
hedra. This increases the M812 distance and thus reduces
electrostatic repulsion between cations in adjacent face-
sharing polyhedra.
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Table 1. Structural Parameters from the Refinement of Neutron Diffraction Data for BaMng 4Fep 60278

atoms site xla y/b zc occupancy Biso (A2)

Bal 2b 0 0 0.25 1 b

Ba2 4f 1/3 2/3 0.1322(2) 1 0.86(7)
Ba3 4f 1/3 213 0.5407(2) 1 1.25(8)
M1 af 1/3 2/3 0.67950(16) 0.893(4)Fe/0.106(4)Mn 2.06(8)
M2 4a 0 0 0.1085(2) 0.549(3)Fe/0.450(3)Mn 0.37(1)
M3 2a 0 0 0 0.055(6)Fe/0.943(6)Mn 1.411(1)
Ola 6h 0.522(3) 0.044(6) 0.25 0.324(8) c

O1lb 2d 2/3 1/3 0.25 0.70(2) d

02 12k 0.1508(5) 0.301(1) 0.04976(12) 1 1.76(4)
03 12k 0.8389(6) 0.678(1) 0.15049(12) 1 2.10(4)

a Space group:P6s/mmc(194); a = 5.74435(5) Ac = 24.0331(3) A;Rs = 6.98, Rexp = 4.14,%2=2.12." Anisotropic temperature factors for BaBi1
= 0.025(4),322 = 0.025(4),33 = 0.0023(2),412 = 0.012(2)313 = 0, 523 = 0. ¢ Anisotropic temperature factors for O1#11 = 0.023(8),522 = 0.07(1),
B3z = 0.0013(3) 812 = 0.034(6),813 = 0, B23 = 0. ¢ Anisotropic temperature factors for 01811 = 0.17(2),822 = 0.17(2),833 = 0.0025(6) 812 = 0.09(1),

P13=0, B3 =0.
Table 2. Selected Interatomic Distances (A) in BaMfsFep 0273
Bal-Ola 2.88(2)x 6 M1-M1 3.3898(5)
Bal-O1b 3.32(2)x 3 M1-M2 3.729(3)
Bal-03 2.879(3)x 6 M2—M3 2.609(6)
Ba2-Ola 3.39(2)x 3 M1-Ola 2.22(2)x 3
Ba2-02 2.689(5)x 6 M1-0O1b 1.694(4)
Ba2-03 2.906(6)x 6 M1-03 1.850(6)x 3
Ba3-02 2.885(4)x 6 M2—-02 2.060(6)x 3
Ba3-02 2.834(5)x 3 M2-03 1.893(6)x 3
Ba3-03 3.146(6)x 3 M3-02 1.917(5)x 6
03-03 2.968(8)x 2
03-03 2.776(8)x 2
02-02 2.596(7)x 2

distances associated with the trimers,~@® = 2.596 A
and 03-03 = 2.776 A, respectively. The polyhedral units
associated with the M1 sites are therefore distorted.

The fractional occupancies of the oxygen (Ola and O1b)
lead to an average Ba@ composition for the oxygen-
deficient H layers that, according to the (Hch), sequence,

gives rise to an oxygen content corresponding to 2.73 per

formula unit, which is in excellent agreement with that
obtained by TGA analysisThe central octahedron of the
trimers is occupied almost exclusively by Mn (94.3%),
whereas Fe and Mn are present in equal amoun&O%b6)

on the M2 sites within the trimers; the M1 sites are occupied
mainly by Fe (89.3%). From the fractional occupancy of the

O1b/O1a sites, the tetrahedral/octahedral ratio involving this

crystallographic position is calculated to be 70/30; therefore,
if the tetrahedral sites are fully occupied by Fe, the following
cation distribution is obtained: Ba[(MmFe o1)onms[(MNo1s
Fe.290n m2[(MNo.0adF&.077)on(F& 280t M1O2.73 i.€., BaMy a1y

Fey 5202732, Which agrees well with the composition
established by chemical analysis.

The above results show that partial substitution of Fe by
Mn in 10H-BaFeQg*® gives rise to distinct structural

changes. Both compounds maintain the basic structural

characteristics of the 10H-polytype with (hchgjacking
but, unlike BaFe@sg the crystal symmetry of BaMn-

oxygen constituting the non-close-packed Bafdayer. In

this sense, the anisotropic thermal factors for Bal, Ola, and
O1b atoms have been refined; the ellipsoids are shown in
Figures 4a-c, respectively. These anisotropic thermal factors
reveal the local disorder due to the presence of the large
number of oxygen vacancies in the Ba® layer. In
particular, the high value in they plane observed for Olb
(Figure 4c) indicates significant delocalization of this atom
around its mean position. Such behavior has also been
observed for 5H-BabCa g0z .83 BasErRAlZrO:3,* and

for 10H-BaFeQgs® in all these cases, the presence of
significant anion disorder gives rise to anomalous thermal
parameters.

The typical ceramic microstructure of Balyre) ¢02.73
fired in air at 1523 K fo 2 h isillustrated in Figure 5. The
SEM micrograph of the as-fired surface reveals a ceramic
body consisting essentially of randomly oriented anisometric
plate-like grains and residual open porosity, which is in
reasonable agreement with a measured ceramic density of
~95% of the theoretical X-ray density. There is considerable
variation in the grain size within the microstructure; however,
in general, grains are in the size rang2—10 um and often
exhibit anisometric aspect ratios 82—3:1. Such plate-like
microstructures are commonly observed in ceramic micro-
structures of hexagonal-type perovskites! A detailed
microstructural evolution of Ga-doped hexagonal BaliO
ceramics is given by Feteira et ‘dlThey observed three
distinctive microstructures depending on the sintering tem-
peratures and time. Microstructures consisting of randomly
orientated equiaxed grains, within a narrow grain size
distribution resembling the initial particle distribution, were
observed at low sintering temperatures. Necking between
grains was also visible and is consistent with the low relative
density (92%) achieved. With increasing sintering tem-
perature/time, this microstructure was gradually replaced by
a bimodal microstructure consisting of some large anisotropic

Fen602.73remains hexagonal. Both compounds aCCommOdate(14) Shpanchenko, R. V.; Abakumov, A. M.; Antipov, E. V.; Nistor, L.;

anion deficiency by the formation of hexagonal Bap
layers in the center of the dimers but the deficiency is
distributed in different ways. The distribution of anion
vacancies in BaFeQ3 leads to the formation of corner
sharing dimers only, whereas in Bablte 0,75 there is

a random distribution of corner-sharing tetrahedral dimers

and face-sharing octahedral dimers. The presence of sucQ

disorder is reflected in the thermal factors for barium and

Van Tendeloo, G.; Amelinckx, Sl. Solid State Chenil995 118
180-192.

(15) Rawal, R.; Feteira, A.; Sarma, K.; Alford, N. McN.; Sinclair, D.I.
Am. Ceram. So2006 89, 332—-335.

(16) Rawal, R.; Feteira, A.; Arenas Flores, A.; Arma, K.; Alford, N. McN.;
Hyatt, N. C.; West, A. R.; Sinclair, D. Cl. Am. Ceram. So2006
89, 336-339.

(17) Feteira, A.; Sinclair, D. C.; Reaney, |. M. Am. Ceram. SoQ006

8, 2105-2113.

Morrison, F. D.; Sinclair, D. C.; West, A. R. Am. Ceram. So2001,

84, 531—-38.

18)
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Figure 4. (a) Schematic representation of the structure of Balf& ¢02.73 The anisotropic thermal ellipsoids for (a) Bal, (b) Ola, and (c) O1b reveal the
local disorder in the non-close-packed Ba®layer.

grains embedded into a fine grained matrix, eventually Fe,¢O,73ceramics in the temperature range-B20 K are
reaching a microstructure consisting essentially of anisotropic given in Figure 7ac.

grains as observed for BaMifre ¢, 73 ceramics. In the case Variation of the parallel capacitancg,, with frequency

of BaMny 4~& 602 73ceramics, it is worth noting the relatively ¢ fixed temperatures is shown in Figure 7a. At 1000,
poor intergranular connectivity, as this may affect the 16 pF cnmtis frequency independent between 1 kHz and
electrical response as discussed latter. 1 MHz and is consistent with bulk behavidZy). At 300 K,

The temperature dependenceepffor BaMny 4~ 60273 C, decreases continuously from4.7 pF cnt at 10 kHz to
ceramics measured at 1 kHz, 10 kHz, 100 kHz, and 1 MHz reach 2.8 pF cmt at 1 MHz. This dispersion becomes more
in the temperature range 4300 K is shown in Figure 6.  evident as the temperature increases, as shown by the
Between 10 and 100 K is essentially frequency indepen- intermediate temperature of 200 K. Combin&d, M"
dent and shows a small positive temperature coefficient; spectroscopic plots exhibit Debye-like peaks; however, the
however, above 100 Kg, rises significantly and exhibits  peak maxima are not coincident in frequency and e
frequency dependent behavior, with decreasing with  peak shows significant asymmetry at high frequency (Figure
increasing frequency. For example,decreases from-56 7b). Using <Cp = 1/2M"__ and R = lwmal, (@max =
at 10 kHz to~33 at 1 MHz at 300 K. The origin(s) for the  27fma, Wherefyna is the applied frequency in hertz at the
apparent rise ing, at temperatures above 100 K and its peak maximum), which hold approximately at th€ peak
frequency dependency were studied by impedance spectrosmaximum,C ~ 3.4 pF cm* andR~ 1 MQ cm at 250 K.
copy (IS). A selection of IS data plots obtained for Bajvn The complex impedance plangt, plots consist of a large
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Figure 6. ¢ vs temperature at selected radio frequencies for BaMn ZkC.cm

Fep.602.73 ceramics.
Figure 7. (a) Cp vs frequency at 100, 200, and 300 K, (b) combird
andM'" spectroscopic plot at 250 K, and &) plot at 286 K for BaMn 4~

arc with an associated capacitance of a few pFlgm  F&eOz27aceramics.

however, there is also some asymmetry associated with the

arc, as shown in Figure 7c. The low-frequency intercept with (Ba,La,Ca)(Mn,Ti)@" and CaCuli4012,2° and the increase

the Z' axis (Figure 7c) gives the total dc resistanBg)(of in apparent permittivity has been successfully attributed to

the sample, and the overall conductivity(c = 1/Ry), for an internal barrier layer capacitance (IBLC) effect. Although

BaMny /&0, 73 ceramics is plotted against reciprocal the associated capacitance from Mé andZ* data give a

temperature in Arrhenius format in Figure 8. The data show bulk-type value of~3—4 pF cn?, the nonideal Debye-like

the ceramics to be semiconducting near room temperatureM" spectroscopic plots, asymmet#t plots and frequency

and reasonable linearity is observed over the measureddependence o€, at >100 K all indicate that the IS data

temperature range with an activation enefgy,for conduc- cannot be modeled on a single parallel RC element to
tion of ~0.32 eV. represent an electrically homogeneous bulk response.

IS analysis show the bulk capacitance below 100 Kto be There are two plausible explanations for the nonideal
~1.6 pF cn?, which corresponds te. ~ 18 and therefore ~ behavior. First, the grains are electrically heterogeneous and
is in good agreement with the fixed frequency data below consist of conducting cores and more resistive outer grain
100 K. From this data, it is clear that Balyufre) 0273 regions (core-shell model). This may be associated with the
ceramics have bulk permittivity:20. The apparentincrease development of oxygen-concentration gradients between the
of ¢ at temperatures abovel00 K observed from fixed-  grain and grain boundary regions in the sintered ceramics,
frequency capacitance measurements may be explained ags oxygen nonstoichiometry is known to occur in this phase.
an extrinsic effect associated with the electrically heteroge- Second, a constriction resistance associated with incomplete
neous microstructure of the ceramics as opposed to an
intrinsic effect associated with the bulk response. Similar (19) Li, M.; Feteira, A.; Sinclair, D. CJ. Appl. Phys2005 98, 084101
behavior has peen repo_rted in recent years for several(zo) %inclair’ D. C.. Adams, T. B. Morrison, F. D.; West, A. Rppl.
centrosymmetric perovskites or related materials, such as ~ Phys. Lett2002 80, 2153-2155.




3432 Chem. Mater., Vol. 19, No. 14, 2007

— ‘5 i T
E
._u
€
£
s
L
o™ St 7
g

E~0.32 eV “0on 1

-7 —1 L L
3.2 36 40 4.4

1000/T (K)

Figure 8. Arrhenius plot of conductivity for BaMguFe 02,73 ceramics.

sintering/poor grain connectivity (Figure 5) or a grain

Miranda et al.

is 2.40331 A for BaMp JF& 60273 compared to 2.327 A for
12R-BaTi;;Mn,,,05* and 2.328 A for 6H-BaTi@® The larger

¢/N for BaMny sF& 60273 can be attributed to a combination
of the different stacking sequence of the Ba&yers in this
compound (40% ccp compared to 50 and 60% ccp in 12R-
and 6H-polytypes, respectively) and to increased cation
cation repulsion effects associated with the presence of
oxygen vacancies.

Finally, the semiconductivity~5 uS cn1! at 300 K) and
low activation energy for conduction-Q.32 eV) is consistent
with polaron hopping most probably associated with a small
amount of mixed valency associated with Fe and/or Mn ions
on the B-site sublattice. The conductivity is significantly
higher than that observed for 12R-Bgi¥in;;;0; (<1 nS
cm™! at 300 K} which contains negligible levels<(Q0.1 at
%) of oxygen vacancies and therefore mixed valency of the
B-site cations. The appreciable level of electronic conduction
exhibited by BaMp sF& 602,73 ceramics in comparison with

boundary phase not observed by SEM may be present in12R-BaTiMn1205 ceramics will certainly dramatically

the ceramics. These regions may have a composition similarincrease their dielectric losses at microwave frequencies, and
to that of the grains but they have a lower volume fraction it can be anticipated that resonance behavior will be inhibited.

and therefore have a time constant (RC product) similar to  In conclusion, the 10H-type hexagonal crystal structure
that of the bulk response. Although it is difficult to establish ©Of BaMro.4Fé 60,73 has been established and differs sig-
whether either (or both) explanation is correct, the IS results hificantly from BaFeQgo In particular, the presence of 40%

demonstrate that the increasedpand therefore, at >100
K is associated with an extrinsic (IBLC) effect and that
BaMny 4Fe 60,73 ceramics have bulk permittivity of20.
This permittivity value is considerably lower than that

Mn on the B-site results in a different distribution of the
anion vacancies in the oxygen-deficieritBaO, ¢s layers.

In BaFeQ g, the distribution of oxygen vacancies leads to
the formation of corner-sharing tetrahedral dimers only,

observed for other Ba-based cation stoichiometric hexagonalhereas in BaMgJFe 60,75 a random distribution of Fe-

perovskites such as undoped and doped 6H-BgTiGnd
12R-BaTi;;Mny,03.4 This may be understood on the basis
of the Clausius-Mossotti equation that shows the permit-
tivity to be related directly to the sum of the ion polarizability
of the ions in the unit cell and inversely to the unit cell molar
volume. Fe and Mn have lower ion polarizibility compared
to Ti?! and the normalized “thickness” of the Ba©lose-
packed layers, estimated by the ratidl (wherec = c-axis
length,N = number of close packed layers in the unit cell)

(21) Shannon, R. DJ. Appl. Phys1993 73, 348-366.

containing corner-sharing tetrahedral dimers and mixed Fe/
Mn-containing face-sharing octahedral dimers occurs. The
compound is a leaky insulator at room temperature with a
permittivity of ~20. The conduction mechanism has a low
activation energy and is consistent with polaronic hopping
associated with the Fe and/or Mn ions.
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