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CaMn,-,FeXOg-y samples prepared in air contain several types of intergrowing microdomains as ob- 
served by electron microscopy. Using Mdssbauer spectroscopy we have proved the existence of three 
differently coordinated Fe3+ cations and we propose a model for microdomain composition and distri- 
bution that accounts well for Miissbauer and electron microscopy data. Here, we study in detail the x 
= 0.5 and 0.6 terms of this series. We show that for this composition the brownmillerite-type domains 
are large enough to suppress superparamagnetism at room temperature. According to our own earlier 
suggestions, room-temperature magnetic ordering is observed for these samples. o 1989 Academic PKSS, 

Inc. 

Introduction in the sample. X-ray diffraction is unable to 
reveal the existence of such ordering but 

Compositional variations, either chemi- electron diffraction and microscopy have 
cal substitutions or nonstoichiometry, in a undoubtably shown the existence of micro- 
compound can be accommodated in a very domains and have been used to determine 
complex manner. In some cases, the for- the vacancy arrangement in each domain 
eign atoms or vacancies can be randomly (I, 2). 
distributed or ordered in some particular Vallet-Regi et al. (3) reported an electron 
way. In other cases, phase segregation can microscopy study of the CaMnl-,Fe,03-,, 
happen. Indeed, in some perovskite sys- system. These authors showed that for x = 
terns AB03-,, it has been shown that the an- 0.2 there exist perovskite-type domains 
ionic vacancies are ordered in such a way (FTD) with a doubled axis arranged in three 
that three-dimensional microdomains exist different orientations through the crystal. 
0022-4596189 $3.00 150 
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For x = 0.4, a more complicated microdo- 
main structure is observed. Electron mi- 
croscopy reveals the coexistence of PTD 
and brownmillerite-type domains (BTD), 
both with the long axis oriented at random 
in the directions (100) of the cubic 
perovskite substructure. Note that in the 
PTD (CaMn03-type) the transition-metal 
cation is octahedrally coordinated but in 
the BTD (Ca2Fe20S-type) there are octahe- 
drally and tetrahedrally coordinated metal- 
lic cations in a ratio 1 : 1. 

spectra reveal the existence of the typical 
magnetic fields of Ca2Fe205 (4). Conse- 
quently, it was suggested that for x > 0.4 it 
should be possible to observe the hyperfine 
magnetic splittings even at room tempera- 
ture . 

As mentioned above, X-ray powder dif- 
fraction fails to reveal the nature of this 
complex microstructure. Only a broadening 
of Bragg reflections is detected. Conse- 
quently, a local probe should be helpful to 
fully characterize these samples. Recently, 
we used (4) Miissbauer spectroscopy to 
study the x = 0.2, 0.3, 0.4 terms of the Ca 
Mni-,Fe,Os-,, system when quenched from 
14OO”C, and from this analysis a model of 
vacancy ordering emerged. In the brown- 
millerite Ca2Fe205, the structure is built up 
by octahedra and tetrahedra sharing an api- 
cal corner, and this pair of polyhedra can be 
viewed as the structural brick. It was sug- 
gested (4) that the octahedral-tetrahedral 
(OT) units of the BTD grow as isolated en- 
tities, increasing their concentration as the 
total amount of oxygen vacancies in the 
sample increases, which in turn rises with 
the concentration of Fe cations (x). The 
composition of the BTD deduced from the 
analysis of Mossbauer spectra was Caz 
FeZOx, thus showing that Mn cations do not 
participate in the brownmillerite-type do- 
mains. 

Recently, we performed (6) the structural 
study of the 0.5 < x < 0.9 terms of this 
series by using X-ray diffraction and elec- 
tron microscopy. Here, we report the 
Mossbauer study of the x = 0.5 and x = 0.6 
terms of the CaMni-,Fe,03-,, system. We 
show that, in agreement with the results so 
far obtained for the x < 0.4 terms, these 
materials are also constituted by inter- 
growth of PTD and BTD. Our present data 
confirm the previously reported sugges- 
tions and we perform a general analysis of 
the microdomain structure of all the investi- 
gated terms of the system (0.2 < x < 0.6). It 
must be noticed that for the sample x = 0.6, 
electron diffraction and microscopy (6) re- 
veal the presence of some crystals with mi- 
crodomains of the G-phase (GTD), of ideal 
composition A3B308 (7). As we demon- 
strate below, the presence of this phase 
does not invalidate our analysis. 

Experimental 

CaMni-,Fe,Os-, samples (x = 0.5, 0.6) 
were prepared from stoichiometric mix- 
tures of CaCOs, MnC03, and a-Fe203. The 
mixture was heated at 1100°C in air for 48 
hr to decompose the carbonates and, then, 
fired at 1400°C for 16 hr. The black mate- 
rials thus obtained were homogeneous un- 
der the optical microscope. 

In pure Ca2Fe205, the atomic magnetic Powder X-ray diffraction patterns were 
moments are ordered at room temperature, carried out on a Siemens D-500 diffractom- 
and a hyperfine magnetic splitting is ob- eter using CuKcv radiation and silicon as in- 
served in Mossbauer spectra (5). The lack ternal standard. Both samples, x = 0.5 and 
of apparent magnetic order at room temper- 0.6, gave patterns that could be assigned to 
ature, in our CaMni-,Fe,03-y sample (x = an average cubic perovskite-like structure, 
0.4), was interpreted on the basis of a su- although a slight broadening of Bragg re- 
perparamagnetic behavior of isolated OT flections was observed. Unit cell parame- 
units. Indeed, low-temperature Mossbauer ters are summarized in Table I. 
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TABLE I 

CHEMICALANALYSISDATAAND UNIT 
CELL PARAMETERS 

x (nom.) Chemical composition 

0.5 CaF&Md%f&&~~ 
0.6 Ca~~~~~d~&h%@~.~~~ 

a 64 

3.775 
3.784 

Total amounts of calcium, iron, and man- 
ganese were confirmed by atomic absorp- 
tion spectrometry. The oxidation state of 
iron in the samples was determined by 
chemical analysis by using a K&r207 0.1 N 
solution after dilution in 3 N HCl with an 
excess of Mohr salt. It is observed that all 
iron is in a trivalent state of oxidation. The 
amounts of both Mn4+ and Mn3+ were de- 
termined, as proposed by Fyfe (8, 9), by 
dissolving the sample in hydrochloric acid 
and adding potassium iodine solution in the 
presence of acetylacetone. The iodine liber- 
ated was determined by titration with 
Na2S203 solution in the presence of starch. 
Chemical compositions thus obtained are 
listed in Table I. 

Mossbauer spectra have been recorded 
using a conventional constant acceleration 
drive system. The spectra were recorded at 
two different velocity ranges: k12 and +4 
mmlsec in order to get a better resolution of 
the central part of the spectra. The data of 
Table II refer to parameters obtained from 
the fit of the spectra recorded in the +12 

mm/set velocity range. For the x = 0.6 
sample, we also include the relevant param- 
eters obtained from the low-velocity range 
spectrum. In this fit, the hyperfme parame- 
ters of the magnetic phase have been con- 
strained to be equal to those obtained for 
the high-velocity range. Data of Table II 
show the internal consistency of both sets 
of results. 

Results and Discussion 

Figures la and lb show the room-temper- 
ature Mossbauer spectra of the x = 0.5 and 
x = 0.6 samples. Both spectra reveal the 
existence of a paramagnetic phase together 
with a magnetically ordered phase whose 
relative intensity increases from x = 0.5 to 
x = 0.6. The magnetic phase of x = 0.6 has 
been fitted by using a set of two hyperfine 
sextets which are broadened by a Lorent- 
zian distribution of hypertine magnetic 
fields. The convolution of Lorentzian distri- 
bution (HWHM = AH, where HWHM is 
the half-width-at-half-maximum) of Lorent- 
zian intensity lines (HWHM = I) produces 
a new Lorentzian function whose width is 
related to the widths of both Lorentzian 
distributions. We have assumed I to be the 
natural line width and we have fitted AH. 

In Table II are included the relevant pa- 
rameters obtained from the fit of the mag- 
netic phase. ISMl, QSMI, HFI and ISM2, 
QSM2, HF2 are the isomer shift, quadru- 
pole shift, and hype&e magnetic field for 

TABLE II 

RELEVANTM~SSBAUERPARAMETERS 

x ISMI ISM2 IS1 IS2 IS3 QSMl QSM2 QSl QS2 QS3 HFl HF2 

0.5 0.20 (19) 0.40 (19) 0.32 (24) 0.20 (17) 0.29 (21) 0.51 -0.74 0.61 1.49 1.07 349(19) 367(56) 
0.6 0.18 (33) 0.40 (33) 0.34 (13) 0.21 (18) 0.30 (6) 0.72 -0.71 0.64 1.51 1.07 351(19) 387(67) 
0.6” Fixed Fixed 0.33 (16) 0.20 (14) 0.29 (7) Fixed Fixed 0.65 1.51 1.09 Fixed Fixed 

Note. IS and QS are in millimeters per second. The hyperfme magnetic fields and the HWHM of their distributions (AH) are 
given in KOe units. IS are referred to a-Fe. The relative area in percentage of each subspectrum is given within parentheses. The 
estimated error of the area parameters are about 5%. 

a These parameters are obtained from the lower velocity range spectrum. 
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FIG. 1. Room-temperature Miissbauer spectra of CaFe,Mn,-,O,-, samples forx = 0.5 (a) and x = 0.6 
(b). 

sextets 1 and 2, respectively. Within the ex- 
perimental error both sextets have the same 
relative intensity (see Table II). The IS val- 
ues are typical of tetrahedrally coordinated 
Fe3+ (EM1 = 0.18 mm/set) and octahe- 
drally coordinated Fe3+ (ISM2 = 0.40 mm/ 
set) (10). Consistent with this finding are 
the hyperfine magnetic field values, being 
smaller for the tetrahedral coordination as 
usually found. Note that the quadrupole 
splitting for both sites have opposite signs. 
For the x = 0.5 sample, a similar analysis 
holds, but the lower relative intensity of the 

magnetically ordered phase (= 38%) gives 
a larger error of the fitted parameters. 

At this point it is worth emphasizing that 
the measured Mossbauer parameters are in 
excellent agreement with those reported for 
CazFe205. Not only the hyperfine magnetic 
fields but also the quadrupole splitting val- 
ues are very similar (5). 

The central part of the spectrum for x = 
0.6 has been fitted by using three quadru- 
pole split lines. The corresponding parame- 
ters are included also in Table II. Note that 
IS1 = 0.34 mm/set and IS2 = 0.20 mm/set 
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FIG. 2. Room-temperature Miissbauer spectrum of x = 0.6 sample measured at a narrower velocity 

values are typical of Fe3+ in octahedral and 
tetrahedral coordination, respectively. The 
value of IS3 = 0.30 mm/set which lies be- 
tween those of IS1 and IS2 can be attrib- 
uted to Fe3+ in fivefold oxygen coordina- 
tion. A similar analysis has been previously 
done (4) for x = 0.2, 0.3, and 0.4 samples of 
the same substitutional series. 

To check the accuracy of the fit, we have 
remeasured the central part of the spectrum 
in the +4 mm/set velocity range (see Fig. 
2). To perform this fit, we have used as 
fixed parameters those corresponding to 
the magnetic subspectra already obtained 
from the fit of the spectra of Fig. 1. The 
results are also included in Table II. Note 
that they compare very well with those ob- 
tained from the first spectrum. 

The quadrupole splitting values (QSl, 
QS2, QS3) measured for the nonmagnetic 
part of the spectra are close to those previ- 
ously reported for the x = CO.4 term of this 
system. In fact, as shown in Fig. 3, the 
quadrupole splitting of the octahedrally co- 
ordinated Fe3+ ions increases when the 
concentration of Mn4+ ions in the PTD in- 
creases. This result should have been ex- 
pected on the basis of the consideration of 
the asymmetric surrounding caused by the 
existence of Mn4+ cations. 

The discussion of these results starts 
from the consideration of the area data in 
Table II. The relative area of the subspectra 
associated with tetrahedrally coordinated 
Fe3+ ions (Fe,&, increases when going from 
x = 0.5 to x = 0.6; I(Fe,J = 36% and 5 l%, 
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FIG. 3. Dependence of the quadrupole splitting of 
the octahedrally coordinated Fe3+ ions on the concen- 
tration of Mn4+ ions in the PTD. Data for x < 0.5 are 
taken from Ref. (4). 

respectively. This result is in agreement 
with the results obtained by electron mi- 
croscopy, where brownmillerite-type do- 
mains (BTD), which contain OT units, are 
more abundant when x value increases (4, 
6). We previously suggested (4) that the OT 
units can be spatially arranged to form BTD 
and we have proposed a structural formula 
that reflects this particular arrangement: 

CaMn:‘,-,Mn~‘Fe,““_‘,_,Fe~Fe:e’03-y 
= q[CaM~~-,Fe~tFe~:Oz.sloT 

+ (1 - q)[CaMn:+,-,Mnl’Fe,OC’,Fe~O~-~1~~. 

From the chemical analysis the overall 
oxygen vacancy concentration (y) and the 
total concentration of Fe(x) and Mn(z) are 
known. By assuming similar recoilless fac- 
tors for all iron atoms, the relative amounts 
of Fe3+ in fivefold, octahedral, and tetrahe- 
dral coordinations can be deduced from the 
MGssbauer spectra. Of course, it is far from 
obvious that octahedral, tetrahedral, or 
penta-coordinated Fe3+ ions all have the 
same recoilless fractions. However, in the 
brownmillerite CaFezOS it is observed that 
the ratio of the areas of the FeOCt and Fetet 
lines have the right value, thus suggesting 
that theirfvalues are indeed very similar. 
However, we are extending this result to 

the Fe” ions. The consistency of all our data 
appears to support this hypothesis. With 
these data, the charge neutrality condition, 
and the equivalence of both members of 
Eq. (l), it is possible to deduce (4) the con- 
centration of OT units (q), the relative 
amount of Mn4+ ions (r) and of fivefold co- 
ordinated Fe3+ ions (w), and the oxygen va- 
cancy concentration (6) in PTD. 

For the sample x = 0.6, in which GTD 
exist, the interpretation of q is not directly 
related to the amount of BTD, but it is clear 
that q represents the concentration of OT 
units despite the particular spatial arrange- 
ment of them. The G-phase (7) presents 
a structure intermediate between the 
perovskite and brownmillerite: along the 
b axis exists a staking sequence of octahe- 
dral and tetrahedral layers of type: 
OOTOOTOOTOOT. . . , then the OT 
units are arranged in planes alternating with 
an octahedral layer. The Miissbauer signal 
arising from GTD contributes to both parts 
of the second member of Eq. (1); this fact 
prevents obtaining the concentration of 
GTD. 

In order to perform the compositional 
analysis of the samples it should be consid- 
ered that the OT units can reveal a magneti- 
cally split spectrum when they are arranged 
in a BTD of sufficient size. The magnetic 
part of the spectrum must be added to the 
paramagnetic one to take into account the 
correct concentration of OT units. In Table 
III we show the q, I, w, and d values de- 
duced in such a way. Figure 4 shows the 
dependence of some of these parameters on 
the substitutional parameter (x). We have 
included, for completeness, some of the 
data reported in our previous paper (4). 

From Fig. 4 it is clear that the OT con- 
centration in the samples increases continu- 
ously when the total amount of Fe in- 
creases. For lower concentrations of OT 
units (q) their magnetic interaction is weak 
and they show a superparamagnetic behav- 
ior; consequently, the Miissbauer spectra 
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TABLE III 

PARAMETERS OBTAINED FROM THE SOLUTION OF 
THE EQUATIONS (1) 

X 4 r W 6 

0.5 0.36 0.58 0.17 0.21 
0.6 0.62 0.66 0.095 0.17 

Note. q is the relative concentration of OT units in 
the sample; r is the Mn4+ concentration in the PTD; w 
is the Fe3+ concentration in the FTD; 6 is the oxygen 
vacancy concentration in the PTD. 

at room temperature does not show any 
magnetic splitting. As we previously re- 
ported, at low temperature a magnetic split 
spectrum is shown by the x < 0.5 samples. 
As q becomes larger, free rotation of the 

0.40 

0.35 

g 030 
f 

2 
I5 
Y 
8 0.25 

0.15 c 
0 0.2 0.4 0.6 

x [Fe] 

-( 

-( 

-( 

0.6’ 

1.75 

I.50 

1.25 

) 

FIG. 4. Dependence of the compositional parame- 
ters on the substitution rate. y, 6, and q are the concen- 
trations of oxygen vacancies in the sample and in the 
PTD and BTD, respectively. Data for x < 0.5 are taken 
from Ref. (4). 

magnetic moments of the OT units is 
avoided and the hyperfine magnetic field is 
apparent (bulk CazFe205 is magnetically or- 
dered at room temperature). As mentioned 
at the beginning of this discussion, the co- 
existence of two magnetic hyperfhre fields 
arises from the Fetet and FeOCt ions of the 
OT units in the BTD. 

Note also that the total amount of oxygen 
vacancies increases when substituting Mn 
by Fe, but they are not randomly distrib- 
uted over the sample. The 6(x) dependence 
displayed in Fig. 4 reveals that the oxygen 
vacancies have a tendency to order in OT 
units as their concentration becomes larger, 
thus leading to more stoichiometric FTD. 

Finally, according to our data, the com- 
positional formulas of the samples x = 0.5 
and x = 0.6 are: 

x = 0.5: 0.36[CaFe02,5] 
+ 0.64[CaMna~oM~~8Feo’.,702.791 

x = 0.6: 0.62[CaFe02..J 
+ 0.38[CaMn~~oM~~~e~.~~O~.*~l. 

Therefore, the reported results confirm 
the predictions already made by us (4, 6) in 
the following sense: 

(1) As the concentration of Fe increases 
the total amount of oxygen vacancies in- 
creases. 

(2) As the concentration of oxygen va- 
cancies is increased, they tend to be or- 
dered in OT units. 

(3) The OT units are structural elements 
for building BTD. Therefore, as expected, 
when the concentration of OT units is large 
enough, bulk magnetic properties of Ca2 
Fe205 (antiferromagnetic ordering at room 
temperature) are apparent and the magnetic 
splitting in Mossbauer spectra are clearly 
seen. 
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