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A manganocolumbite with nominal composition Mnidlz has been prepared under air in order to
characterize its electrical behavior. Although powder X-ray diffraction indicates the presence of a single
phase, electrical and microscopic characterization reveals two different bulk responses. The origin of
these two bulk elements seems to relate to the presence of two compositions with slight excess of either
manganese or niobium. These are stabilized instead of MDd\mdicating the instability of the nominal
composition. However, these variations of composition are not large enough to be detected by our structural
characterization methods, although the effect is easily detected by impedance spectroscopy and from
particle shape in scanning electron microscopy (SEM). Under reducing conditions, monophasic samples
with Nb/Mn ratio close to 2 are obtained. From magnetic measurements the main magnetic contribution
is determined to be from M in all cases. The oxygen deficiency of reduced MpBl s was only just
determinable by thermogravimetry, indicating that 0.02. On annealing at 115C in 5% H,, a decrease
in unit cell volume of 0.22%, an increase in electrical conductivity of 4 orders of magnitude, and the
appearance of a Pauli contribution also indicate a small degree of Nb reduction.

Introduction

Columbite is a well-known class of mineral exhibiting a
3-D framework that is related to thePbQ, structural type.
The structure of MnNjDs was described some time ago.
Projections of the framework are depicted in Figure 1. Mn
and Nb are ordered in an orthorhombic structure, with-Mn
Os and Nb-Og octahedra forming chains along thexis.
The octahedra share edges along the chain, while parallel
Mn—0g and Nb-Og chains alternate along tHeaxis. In Figure 1. Schematic representqtion_of the columbite structure projected

. . . along thec-axis (left) and thea-axis (right) (adapted from ref 1).
theab plane an interesting topology can be seen. atais
is the oxygen packing direction along which half of the
octahedral sites are occupied, alternating the empty and fullconditions are too extreme, for instance, when Nb or Ta metal
half set. While all the occupied sites are Pb siteaiRbG;, are used as oxygen getters, reduction is accompanied by
the sequence MaNb—Nb—Mn—Nb—Nb... is found in the  structural changes and the phases Mih; and MnNBO; 67
columbite MnNhOs. Hence columbite can be considered as are obtained.
a superstructure ai-PbG. This is the motivation that led us to investigate the

The structure is extremely interesting inasmuch as natureelectrical properties of ceramics crystallizing with the
has shown that very different type of cations can be aforementioned structure. This first work is devoted to
distributed and ordered in these two types of octahedra (seeMnNb,Og, which is apparently a simple case where Mn and
for example ref 2 for an updated description of its crystal Nb are expected in thet2and 5+ oxidation state, respec-
chemistry). This capability for metal accommodation opens tively. We are presenting the electrical behavior of both
a possibility of tuning some properties through compositional nominal MnNBOg and a reduced sample, Mnp@s-s.
control. Besides, the presence offNin nominal MNNbOg Other physical properties have been previously investi-
and the stability of niobium in lower oxidation states may gated for different members of the columbite fantifi In
allow the formation of relatively large amounts of anion particular, the magnetic properties are of interest since this
deficiency under reducing conditions. If such reducing structural type allows cooperative interaction between mag-
netic ions as reported in the case of M and more
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Experimental Section

The synthesis of manganocolumbite was carried out by solid-
state reaction of a 1:1 mixture of predried MngCaihd NBOs. After
the reagents were ground with acetone, the mixture was pressed
into pellets and slowly heated to 80C. The temperature was then
held for a couple of hours to ensure decomposition of the carbonate
as thermogravimetric analysis, performed in a TGA 1060M
apparatus (Fine Work Co. Ltd.), showed that this process is
completed at 560C. Afterward the temperature was increased up
to 1050°C at 1°C/min and kept there for 20 h. After being reground
and pressed into pellets, the product was fired again at 2050
for a further 15 h, to achieve homogeneity. Three different samples
were afterward obtained from the as-prepared manganocolumbite
by three different thermal treatments for the sintering step. In all
cases the product was pressed into pellets with a saturated water
solution of poly(vinyl alcohol) as binder. Afterward, pellets were
heated at 2C/min up to 800°C to decompose and eliminate the
binder. A first sample was obtained by sintering pellets at 1’150
for 16 h. A second sample was prepared by sintering at the same
temperature but for a longer period of time (48 h). A third sample
was sintered at 1150C under reducing conditions with a flow of
H/Ar (5%) for 20 h.

X-ray diffraction (XRD) data were collected in transmission
mode with a Stoe StadiP X-ray diffractometer, with CuyK
radiation in the range@= 5—80° in steps of 0.5 at 300 s/step.
XRD data were indexed by a least-squares procedure. The micro-
structure was investigated with a JEOL-JSM-5600 scanning mi- — - —
croscope equipped with an Oxford Link detector to perform energy- Figure 2. Selected area electron diffraction patterns of redgced_ “Mab
dispersion spectroscopy (EDS) analysis. Selected area electrorialong several zone axes and corresponding high-resolution images.

diffraction (SAED) and high-resolution transmission electron 0 duction d h . Il vol by ab
microscopy (HRTEM) were performed on a JEOL JEM 2011 Hz (5%). Reduction decreases the unit cell volume by about

electron microscope equipped with -820° double-tilt sample ~ 0-22%. The oxygen deficiency of reduced Mni-, was
holder, operating at 200 kV. The equipment was also fitted with Only just determinable by thermogravimetry, indicating that
an Oxford Link detector to perform EDS analysis. Samples for TEM 6 ~ 0.02 at 900 C under H (5%). For most transition metal
work were prepared by dispersion of fine ground material onto a oxides, volume increases on reduction; however, this is not
perforated carbon film supported on a Cu grid. The variation of the case for @ispecies such as Rband T#**, where a very
the magnetic susceptibility was recorded on a Quantum Design's small degree of reduction creates a significant decrease in
magnetic property measurement system (MPABRUID) in the it cell size due to a change in the nature of bonding. This
2-300 K temperature range. The applied field was 1000 Oe. reqction can be viewed as introducing electrons into the
inpetncs pecosop) v e A SO L5 oy ban and nence ladng ( & degre of meali
bonding. This effect counterbalances the limited intrinsic

°C. Measurements were carried out on pellets coated with either Isi ina f o ¢ oxide. Simil ff
gold or silver paste, which act as electrodes. In the case of the expulsion ongoing from a‘do a d oxide. Similar effects

sample sintered underHr (5%), the same atmosphere was used have previously been observed in fluorite, perovskite, and

for electrical measurements. ramsdellite lattices (see for example ref 6).
The microstructural study made by TEM revealed that
Results and Discussion neither local ordering nor superstructure is introduced on

) , ) _reduction. Figure 2 shows typical electron diffraction patterns
X-ray diffraction experiments showed that the synthesis 4 high-resolution images obtained from crystals belonging
performed at 1050C yielded crystalline compounds. The {5 the sample reduced under 5%. #Patterns can be fully

corresponding diffraction pattern can be fully indexed on jygexed by use of the columbite cell obtained by XRD. For
the basis of thg well-known columbite _Mn&(b(;. After the the nonreduced sample, exactly the same types of SAED
sample was sintered at 115€, we did not detect any 5,4 HRTEM images have been recorded. We have not found
significant change in the diffraction pattern, indicating no 4,y gifference between these two samples, apart from relative
change in the crystallographic nature of the samples. Regafd‘stability of crystals under the beam. While the reduced
ing cell size, nominal MnNfDs sintered under air exhibits sample is very stable, the unreduced MaGibseems to be

the following cell parametersa = _14.4587(8) A_,b = affected, most probably reduced, by the beam.

5.7740(3) A, and = 5.0919(3) A, while when the sintering g first results discussed regarding the electrical proper-

occurs under b (5%) the obtained parameters ame= ties correspond to the sample obtained by sintering the

14.4459(11) A,’b = 5.7703(4) A, andc = 5.0880(5) A. ___manganocolumbite at 115C for 16 h. The relative density
Besides the unit cell decrease and slight changes of intensities

for some refle_ctlons, no other_dlfferences were fognd between (6) Canales-Vaquez, J.; Ruiz-Morales, J. C.: Irvine, J. T. S.. Zhou, W.
the sample sintered under air and the sample sintered under ~ J. Electrochem. So@005 152, A1458.
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810% | - bulks, B and B.
(7]
E e10' 10khz - case of the intermediate frequency arc since the correspond-
° . ve® i coe,, ing capacitance value, although 1 order of magnitude larger
NI B e, T (2.6 x 10~ F/cm withn close to 1), may also be indicative
210 L ".B 2 % 100Hz | of a bulk-type contribution. The capacitance value might
Z 1M1HZ \GB indicate that this bulk response is due to the presence of a
0 ' 1 J secondary phase. However, X-ray diffraction experiments
0 510* 110° 1510° 210° did not detect such a second phase. Another possibility is
7108 ‘ _ Zlohms ‘ that this second semicircle could be due to a constriction-
610° | . 200 °C | type grain boundary, but as we will see below SEM data
. * will rule this out and confirm two types of bulk crystal. We
2 510° - . i will refer to these two contributions hereafter as bulk
S 410° - .° 7 contributions B and B. Finally, at low frequency we can
=~ 310° | o - observe (see Figure 3, 70C) a semicircle that is highly
N 2105 L o®T—10KHz i depressed. The complex fitting at different temperatures
1 10° o* | yielded values ranging from 44 108to 5.6 x 10°° F/cm
£WZ with n values of around 0.5. The presence of this semicircle
0 1 1 | 1 | I

cannot be unambiguously assigned to a grain boundary
contribution due to the fact that fitted data are associated
_ o Z/ohms ’ with a significant error in the low-frequency part of the
e o Tovors LGS Lot s e SPCU. due 10 the large impedance elements at lower
recorded at 700, 400, and 20G. frequency. We performed some other experiments with a
different metal electrode (i.e., silver) and the spectra obtained
dvere similar. This seems to indicate that the low-frequency
part of the spectrum shown in Figure 3 (top) is not dominated

by the electrode response.

0 210° 410° 610° 810° 110" 12107 1.410°

of the sample was close to 76%. Some attempts were mad
to prepare denser pellets of Mnpy by sintering at 1200
°C. However, a decrease in the relative density to 68% was

observed. Therefore, pellets obtained at 14G@vere chosen As a general comment on the results presented in Figure
to perform the comparative study presented below between3: One could say that the electrical resistance is controlled
nonreduced and reduced Mnj@y. by bulk resistances. As expected, the high-frequency semi-

Typical impedance plots are shown in Figure 3. At 400 circle is still visible at low temperatures (see for example
°C, the corresponding Nyquist plot reveals the existence of data obtained at 20C) while the low-frequency semicircle
at least three different semicircles that can be associated withiS better defined at higher temperatures (709.
as many electrochemical responses. After appropriate cor- The temperature dependence of bothaBd B conduc-
rection of the experimental setup contribution, the responsestivities is shown in the Arrhenius plots depicted in Figure 4.
were considered as three RCPE elements in series, wherdoth B, and B follow linear behavior in the temperature
CPE represents constant phase elements used as an alternegnges where the resistance values extracted from the
tive to pure capacitors due to the presence of depressed arcgomplex fitting are reliable. B is associated with an
The “true capacitances” can be extracted from the so-calledactivation energy (0.57 eV) smaller than that corresponding
pseudo-capacitanc€) through the very well-known rela-  to B2 (0.97 eV). As a consequence of such different activation
tionshipC = RA-"nQn whereR is the resistance amlis energies, a crossover appears at relatively low temperatures
an exponent indicating the degree of deviation from the ideal (close to 470°C). The fact that the total conductivity is
pure capacitor behavior, or in other wordsindicates a ~ dominated by B at high temperatures as well as low
frequency distribution. The capacitance associated with thetemperatures, despite an anticipated crossover, demonstrates
highest frequency semicircle is approximately %9012 the occurrence of parallel conduction paths with an effective
F/cm with then value close to 1, which clearly indicates
that it is due to a bulk contributiohThis may also be the (7) Irvine, J. T. S.; Sinclair, D. C.; West, A. Rdv. Mater.199Q 2, 132.
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short circuit through the small grained phase (see below) at
high temperatures. At lower temperatures current would flow
more easily through B while at higher temperatures the
easiest bulk path would be through.Brhe circuit model
could perhaps be refined to allow for the combined series
and parallel elements; however, there is insufficient dif-
ferentiation between the element responses, especially at the
grain boundaries, to allow a more complex model to be
refined without introducing unacceptable errors. The total
conductivity values presented later are of course reliable in
any event. The poor definition of the low-frequency response
(grain boundary), also prevented good-quality data about its
activation energy being obtained. However, the grain bound-
aries do not have a strong influence on the total resistance,
at least at high temperature, since the resistance associated
with this response is quite low (see Figure 3, 400 and 700
°C).

We now pay attention to the presence of two bulks even
though the characterization made by powder X-ray diffraction
indicated that the prepared manganocolumbite is single-
phase. For this purpose, Figure 5a shows the morphology
of one face of the electrically characterized pellet as seen
by scanning electron microscopy. Two different types of
grains are clearly detected, at least according to particle size
and morphology. Energy dispersive analysis indicated that
both types of crystals contain Nb and Mn in ratios that are
never very far from nominal (2:1). However, the possibility c)
of having a phase of variable composition cannot be ;
excluded. We have to note that the average size of crystals
is in the range 47 um for one type, the largest and loosest
crystals, but this value becomes close to115 um, for the
other type, the smallest and agglomerated. This is an
important limitation when thinking on the EDS results since,
for example, the penetration depth of the X-ray used to record
the EDS spectra at 20 kV is close tq:# for a density of
about 4.5 g cm?. In our case, with experimental densities
even smaller (3.53.8 g cn®), we have to be aware that
analysis of crystals is affected by the presence of other LA _. i 2
c_:ry_Sta_Is that are undernea_\th. This is a very We”'kn_own Figure 5. ‘éEM images of (a) pellet face oE “MnN@e” sintered at 1150
limitation of the EDS technique when used on a pelletized °c/16 h, (b) pellet face of MnNiDs sintered at 1156C/48 h, and (c) pellet
sample, but it is especially important when small variations cross section of MnNi®s sintered at 1150C/48 h.
of composition are expected in small crystad/hen this
limitation is taken into account, our EDS results just indicate
that the composition of the sample is not far from homoge-

nf't%/t' but stil ? t_er;)dencg ofbthe Izrgtest cdryztals qu h?vetha One set has a clear low Nb/Mn ratio, ca. 1.80, while for the
SUIgNT EXCess of hiobitm has been detected. Accordingly, € gy q - et the ratio is the same as for large crystals. These

\sAr/n alrl1 crystallls seerr to dhave a i“%ht excelssbof ggggsrleéel'atter crystals are likely to arise from grinding large crystals,
€ have aiso analyzed a crushed sample by UL DY\ hile the first set correlates with the small crystals observed
use r?.f a tr"ﬁnfrTSS'gtn_eleCtr?jn mlcr_(()jsctcr)lpe.bPreparatltqn béllby SEM in the prepared pellet (see Figure 5a). For these, if
:?ru_? Fg petie SthQ 0 a|rtw ||30W tﬁr :v_m S%d? a ot\llqe-lmen |_<t)ne one assumes again that stoichiometry is kept, the composition
imitation as a thin crystal method 1S USEHievertneless, | would be Mn Nb; Os. Therefore, to have an average

mtroduct(_as a ]Ic|m|tat|<|)n fas psrt|clet§|zeI[|s modified dL:_rlr;)? composition of MnNBOs, the ratio between MysNb, 106
preparation of sample for observation. However, a reliable _ Mn.iNb; Os is calculated to be 80:20.

c:)n(illislo;_lv(\)/asmogta:/medr.“Vz? r:a\;e conﬁ_rrrr]nedvtf:at IaNrgt];/e It is very important to mention that such variation of
(l\:/lﬁsratis (f ng w) ave 2 3‘; X emﬁﬁsst'h tefieh?gri ir composition has a strong influence in both morphology and
atio fou as ca. 2.of. Assuming that stoIChIOMENY g|qctrical properties. Hence results may be pointing to a

R — - ” S Al tendency of the metals to adopt oxidation states different
® ?;ﬁor ew. P. . Humphreys, F Blectron Microscopy and Analysis  from Mn2* and possibly N, which correspond to nominal
(9) Cliff, G.; Lorimer, G. W.J. Microsc.1975 103 203. and stoichiometric composition Mn0s.

is maintained in these large crystals, the corresponding
formula is My gNb, 10s. On the other hand, two different
sets of small crystals are found regarding their Nb/Mn ratios.
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Figure 6. (a) Typical impedance data presented in #fe-Z' plane for 1000/T (1/K)
pelkitlzed ‘MnNbOg” sintered at 1150C/48 h. Spectrum was recorded at  rigure 7. Arrhenius plot showing the temperature dependence of conduc-
400°C. (b) Arrhenius plot for pelletized MnNis sintered at 1150C/48 tivity of bulks B; and B for two different sintering times (16 and 48 h):

h showing the temperature dependence of conductivity for two different (a) By (b) Be.
bulks, B, and B, and grain boundary, GB.

Since this lack of homogeneity in the cationic distribution ©duivalent data showed in Figure 3. The high-frequency arc
could be due just to slow kinetics of reaction between the Of Figure 6a is due to a bulk respons@ {- 1.85 x 102
reagents, we have studied another sample that was treateff/c™: Ea = 0.60 eV)) and this is also the case of the
at the same temperature but three times longer, that is, atNtérmediate frequency semiar€ & 5.62 x 1072 F/em,
1150 °C for 48 h. The relative density, 78%, was only Ea = 1.03). And finally the low-frequency semiar€ (=

enhanced by 2% with respect to the previous treatment, -2 X 107 Flem, E; = 0.99 eV) corresponds to grain
Nevertheless, the effect of the different thermal history on boundary contribution. The Arrhenius behavior of the three

electrical properties, composition, and morphology has also contributions detected by ac impedance can be seen in Figure
been evaluated. 6b. It can be seen that the high resistance pti@minates

The top-view SEM shown in Figure 5b shows that a the electrical behavior for almost the whole range of
different morphology of the pellets has been produced. temperature investigated. Resistance is dominated,tst B

Although a higher dispersion of particle sizes is observed, it &l lemperatures. _
is very important to note that the Am crystals have The phase diagram of the binary system Meib,0s was

disappeared. A cross-section SEM image, presented in Figurd€Ported a long time ag:'* Only the 1:1 phase, that is,
5¢, shows that in fact the big plates are composed by crystalsMNNbz:Os, has been detected between MnO and,®éb

of different morphology where microcrystals are still present, HOWeVer, our results seem to point to the existence of other

though in a smaller amount. Energy dispersion spectroscopy?table phases, especially under nonreducing cpnditions. This
indicates still the presence of two compositions. Nothing IS Why we have started a new study exploring the solid
could be concluded regarding the evolution of composition Solution between MnO and N0s and its defect chemistry.

of crystals but that large crystals have slightly evolved toward Results will be reported elsewhere. o
nominal composition MnNi®s. It is interesting to note now that conductivity of the bulk

In agreement with the morphological and chemical char- with the smallest capacitance;,Bhcreases when the thermal
acterization, we still found that the electrical response is due 'éatment s longer, while in the case of the bulk with larger
to the contribution of two different bulks and grain boundary CaPacitance, Bthe conductivity decreases despite a decrease
elements. A first difference is that the grain boundary N capacitance (Figure 7). The evolution in capacitance
contribution can be analyzed now in more detail, and hence behavior is consistent with the evolution of microstructure
fitting of data produced reliable results regarding the origin ©PSeérved in Figure 5. Bgrains become larger and more
of this element. Besides,;Bind B relative resistances have (10) Robert S. R., Echase Equilioria Di Volume Xhmeri

. . H f opert, 5. R., ’hase unibria Diagrams: Volume merican
changed. _Th|s can be seen clearly in Figure 6a, Whlch shows™ ceramic Society: Westeﬁvi”e’ OH, 1%95.
a typical impedance plot at 400C if compared with the  (11) Han, H.; Lin, Q.; Wei, S. KChin. J. Met. Sci. Technol99Q 6, 98.
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isolated, B grains become more continuous through the
microstructure, and hence the conduction pathway becomes
essentially series-dominated. The net result is that the overall
conductivity does not change strongly with thermal treatment
(Figure 8).

In view of all data shown above, it is now surprising that
X-ray diffraction experiments show the existence of just one
single phase. The difference in compositions detected by EDS
(Mno dNb, 106 and Mn 1Nb; ¢Og) does not seem to be enough
to induce a change in the long-range crystallographic unit
cell that is determined through conventional XRD. Still, the
existence of two bulk electrical responses seems to be related
with two different phases. The different compositions of the
two phases are enough to produce bulks with different
electrical properties. Large crystals, that is, those presenting
a manganese deficiency (MsNb,,0s), are expected to
contain Mn in the lowest oxidation state (i.e., M Note
that interstitial oxygen is not likely to be allowed in this
structure to compensate the excess of cations with very high
oxidation states (Nb and NHB*). On the contrary, small
crystals, having a deficiency of niobium, may allow the
presence of both Mt and Mr#*. Both extreme situations
should have an influence on the electrical properties, and
thus two different electrical behaviors can be justified.

The existence of two polymorphs coexisting in columbites Figure 9. SEM images of “MnNRO" sintered at 1150C/20 h under 5%
has been previously reported in CLM.5'12 CuNb,Og forms ?éeti(c?r)l pellet face; (b) larger magnification of pellet face; (c) pellet cross
an orthorhombic columbite phase at temperatures above 1000 '
°C. At lower temperatures (ca. 70C€), however, although

the unit cell parameters are almost unchanged, the symmetr))q_omInal MnNBGs under 5% hydrogen for not too long a
is lower, rendering a monoclinic ceff& 91.8") with much time (_20 h) and at the same temperature used for semples
smaller particle size. There may be a similar situation for described above (115). After this treatment a relative

MnNb,Os. Nevertheless, if a very weak monoclinic distortion density of c.a..80% was obtalned. Although this vaI_ue IS
was present, it would be difficult to detect the two different somewhat similar to those obtained for the samples sintered

phases, unless higher resolution techniques were used. Fror‘hmder air, the subsequent results help to clarify many of the

our data we cannot say that such a monoclinic phase does{oo"?tS raised above. _
coexist with the orthorhombic columbite. Figure 9 shows several SEM images of a pellet annealed

Using the aforementioned thoughts about oxidation statesun_d(_er 5% H. The s_urface Image is presen_ted _in Figure 9a.
as hypothesis, we suppose that our nominal MiDdb If it is compared with the surface shown in Figure 5a, we

contains a certain ratio of Mn-rich and Mn-poor phases that can deduce that this is quite homogeneous since mainly one

evolves very slowly because of its dependence upon thetype of crystal is observed. Only very small and scattered

oxygen partial pressure. Only a change in this parameter ma ubmicrometric crystals (white spots) can be observed
ygenp P y d P yEesides the main type of crystals. Figure 9b shows a

allow a fast change of composition and ratio of both types

of crystals. It was for this reason that we sintered a pellet of Magnification for a better visualization of such submicro-
metric crystals. EDS analysis reveals that these crystals have

(12) Wahistrom, E.; Marinder, B. dnorg. Nucl. Chem. Lett1997 13, a Nb/Mn ratio of 1.6. They are the very scarce remnants of
559. the Mn-rich phase. On the other hand, the main type of
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o 6 | | | | | | | Figure 12. Magnetic susceptibility of both nominal “MnNB®s" (1150 °C
16 18 2 22 24 26 28 3 32 under air) and reduced MnMBs—s (1150°C, 5% H) versus temperature
in the range 4.2300 K. The inset shows a selected temperature range
1000/T (1/K) allowing a better visualization of Pauli contribution in the reduced sample.

Figure 10. (a) Typical impedance data presented in #ie-Z' plane for
pelletized “MnNBOg” sintered at 1150C/20 h under 5% K Spectrum
was recorded at 90C. (b) Arrhenius plot showing the temperature
dependence of conductivity for bulk,Band grain boundary, GB.

is carried out under very reducing conditions the sample is
homogeneous with a composition of Mnj@3.

The drastic influence of the atmosphere on phase homo-
geneity is likely to be related to the presence of*Mim the
crystals should belong to the Nb-rich phase, but as it has NP-deficient COTPOU”d2-+ Reducing conditions may favor
grown at the expense of Mn-rich phase, the final composition redgft'on of M#™ to Mn?" and hence formation of Mn-
is now less rich in niobium and hence closer to nominal (Nb/ (NP**)20s. Oxidizing conditions favor the formation of Mn
Mn = 2.1; within the experimental error this is Mn;). and hence the observed compositional segregation.

A cross section of the same pellet is presented in Figure 9¢c. 1otal conductivity is also drastically affected by reduction,
As can be seen, it shows the same morphological charac-2S can be seen in Figure 11. This shows Arrhenius behavior
teristics. This sample can be considered as a single phasdor the three samples analyzed in this work. A change of
with nonvariable composition. more than 4 orders of magnitude is observed when Milb

In accordance with this observation and since the presencd$ treated under H(5%) at 1150°C. This stror51+g change
of the Mn-rich phase is negligible, impedance spectra (seemalr pomj to the4+further reduction of MR(Nb>"),0s to
Figure 10a) show only two semicircles. The high-frequency MN*"(Nb”")>—(Nb*"),Os-x2, although thermal analysis does
semicircle is interpreted as coming from a bulk with a Indicate thai is very small.
capacitance of 2.74 10712 F/cm. From the Arrhenius To investigate the possible presence of'Nlwe have
behavior shown in Figure 10b, an activation energy of 0.66 Performed magnetic measurements. Magnetic susceptibility
eV is calculated. Both capacitance and activation energy &S @ function of temperature over the wide range-8@
seems to indicate that this bulk is related to what we have K iS shown in Figure 12 for both Ehe sample sintered in air
termed B, while B, is not present. From the second semiarc and the sample sintered in,H5%). The same general
a capacitance of 8.24 10~1° F/cm and an activation energy behavior has been found. At low temperature the presence
of 0.84 eV can be calculated. We assign this semiarc to thef cooperative effects can be observed. A maximum in the
grain boundary response. xm Versus temperature curve indicates that an antiferromag-

We come back now to those samples presented previously'€liC interaction dominates at very low temperaturégs=
that were prepared and sintered in static air. Two bulk 6.3 and 6.0 K for the sample sintered in air and in reducing

responses were detected and now we can say thatith conditions, respectively. According to these values, it seems

the lower activation energy, is assigned to a Nb-rich phase, that this interaction is not affected by reduction. The
whereas B, with higher activation energy, is assigned to a €Xistence of antiferromagnetism in Mnp@ columbite is
Mn-rich phase. very well reported'314 since even the antiferromagnetic

On the basis of EDS analysis, we can say that in samples(lg) Kiein. S.: Weitzel, HActa Crystallogr A 1976 32, 587
. . .. . ein, S.; Weitzel, cta Crystallogr ) .
prepared and sintered in static air the two average COMPOSI<12) Nielsen, O. V.; Lebech, B.; Larsen, F. K.; Holmes, L. M.; Ballman,

tions My oNb 106 and Mn ;Nb; dOg exist, while if sintering A. A. J. Phys. C: Solid State Phy$976 9, 2401.
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structure has been determined by neutron diffraction of single Conclusions
crystals. o ) N
For the MnNRO; sintered in air, the CurieWeiss law is A manganocolumbite with nominal composition Mnilia

obeyed between temperatures just above the maximum andas been prepared in order to characterize its electrical
room temperature (RT). Betweéd K and RT the obtained behavior. Although the samples were considered as XRD
Weiss constant is-20.5 K while the Curie constant is 4.37.  Single-phase, electrical and microscopic characterization
The effective magnetic moment calculated for free ions is reveals the presence of two different bulks. The origin of
5.91ug, which agrees with a high-spin 5 system expected these two bulks seems to be the intrinsic instability of the
for the formulation MA*(Nb5"),0s. However, note that for nominal composition prepared under air. Indeed, it seems
this sample two different average compositions have beenthat compositions with slight excess of either manganese or
detected: MgoNb, :0s and Mn jNb; (Os. For both of them niobium are stabilized. These variations of composition are
the main contribution is arising from the presence of large hot large enough to be detected by our structural character-
quantities of MA*, as their compositions are close to the ization methods; however, they do have an influence on the
ideal MNNBOs. electrical response. This is because the variation of composi-
Regarding the reduced sample, the treatment under ation may be accompanied by a change in the oxidation states
reducing atmosphere provokes an increase in the magneti®®f manganese. Under reducing conditions, monophasic
susceptibility (see Figure 12). Abovk this increase has ~ Samples can be obtained with Nb/Mn ratio close to 2. Much
been found to be constant, indicating the contribution of Pauli higher conductivity than in nominal MnN®s has been
paramagnetismyf, ~ 2.24 x 102 emu/mole). The Curie ~ found for this reduced MnNiDs-, columbite due to the
paramagnetic contribution has been calculated to be identicalproduction of delocalized electrons upon a small degree of
to that of the nonreduced sample, corresponding again mainlyNb reduction.
to the presence of a high-spin 5 system. It is interesting
to note that while we have found evidence of the reduction  Acknowledgment. We thank The Royal Society for funding
of Nb>" from the existence of Pauli paramagnetism, ther- the Spair-U.K. Joint Project Grant 20042006 and EPSRC
mogravimetric experiments showed that oxygen deficiency for platform grant. F.G and A.O. also acknowledge the financial
is small and close to the resolution of the instrument, pointing support received from the Ministerio de Educacip Ciencia
to a very low NY* concentration. However, the production (Grant MAT2004-03070-C05-01) and Universidad San Pablo
of few delocalized electrons upon a small degree of Nb CEU. We are also indebted to ourcolleag_ues JC Ruiz Morales,
reduction has a drastic effect in conductivity, which has been J- Romero, and U. Amador for helpful discussions.
determined to change by 4 orders of magnitude. CM0603203



